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Chemical doping of unsubstituted
perylene diimide to create radical
anions with enhanced stability and
tunable photothermal conversion
efficiency

Canyan Che1†, Shaohua Tong1†, Yanhua Jia1, Jiaji Yang1,
Xiandong He1, Shaobo Han2, Qinglin Jiang1 and Yuguang Ma1*
1State Key Laboratory of Luminescent Materials and Devices, Institute of Polymer Optoelectronic
Materials and Devices, South China University of Technology, Guangzhou, China, 2School of Textile
Materials and Engineering, Wuyi University, Jiangmen, China

N-doping of perylene diimides (PDIs) to create stable radical anions is significant
for harvesting photothermal energy due to their intensive absorption in the near-
infrared (NIR) region and non-fluorescence. In this work, a facile and
straightforward method has been developed to control the doping of perylene
diimide to create radical anions using organic polymer polyethyleneimine (PEI) as a
dopant. It was demonstrated that PEI is an effective polymer-reducing agent for
the n-doping of PDI toward the controllable generation of radical anions. In
addition to the doping process, PEI could suppress the self-assembly aggregation
and improve the stability of PDI radical anions. Tunable NIR photothermal
conversion efficiency (maximum 47.9%) was also obtained from the radical-
anion-rich PDI-PEI composites. This research provides a new strategy to tune
the doping level of unsubstituted semiconductor molecules for varying yields of
radical anions, suppressing aggregation, improving stability, and obtaining the
highest radical anion-based performance.

KEYWORDS

controllable doping, perylene diimide, radical anion, stability, photothermal conversion

1 Introduction

Perylene diimide (PDI) and its derivatives (PDIs) are among the most popular organic
dyes and pigments. They are also excellent n-type organic semiconductors with high
molecular absorption coefficients, high electronic affinity, high electron mobility, and
good photothermal stability (Hu et al., 2021). Radical anions or dianions of PDIs can be
easily generated via one-electron transfer or two-electron transfer pathways under chemical,
electrochemical, or light/thermal-induced reduction. PDI radical anions feature intensive
NIR light absorption and photo-energy conversion into heat via non-radiative relaxation
pathways such as molecular vibrations (Jiao et al., 2015; Yang et al., 2017; Zhang et al., 2018;
Yang and Chen, 2019), which makes them promising photothermal materials. Thanks to
these features, PDIs’ radical anions are widely used as optoelectronic materials in the fields of
solar cells (Zhao et al., 2018; Yao et al., 2020; Hu et al., 2021), transistors (Schmidt et al., 2009;
Gao and Hu, 2014; Okamoto et al., 2020), electrochromic devices (Ma et al., 2016),
thermoelectrics (Russ et al., 2014; Wu et al., 2017), photocatalysis (Ghosh et al., 2014;
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Gong et al., 2018; Zhang et al., 2020), and redox flow batteries (Li
et al., 2018). Among the large family of PDIs, unsubstituted PDI is
the simplest model molecule that is commercially available and
inexpensive. However, it is rarely used directly as a photothermal or
an organic optoelectronic material due to the instability of its
reduced species and strong aggregation of PDI, which result in
phase separation during solution processing.

Functionalization is a fundamental strategy used to suppress
aggregation, improve solubility, and enhance the stability of reduced
molecules (Gao et al., 2014; Zhou et al., 2019; Golshan et al., 2020).
The amino-functionalized PDIs have been demonstrated as an
especially effective self-n-doping system with enhanced doping
capability under mild conditions, according to Powell and
Whittaker-Brooks (Powell et al., 2022; Powell and Whittaker-
Brooks, 2022). However, molecular functionalization not only
requires complex synthesis procedures but also reduces the
content of PDI chromophore in the overall molecular weight and
elicits a risk of side effects. For example, the resulting functionalized
PDIs normally have a larger torsion of the planar backbone and
changes in their electronic structure, such as less compact π-π
stacking, which is crucial for the intermolecular charge transport
along the one-dimensional (1D) π-stacking direction (Chen et al.,
2007) and novel properties such as room temperature
ferromagnetism (Jiang et al., 2022). Therefore, it is necessary to
avoid substituents when exploring the inherent photothermal,
magnetic, and optoelectronic properties of the PDI molecule
itself (Dong et al., 2020).

However, the inferior solution processability and strong
aggregation of neutral and n-doped PDI need to be improved.
To track those issues, our group first reported an ionization
strategy that employs hydrazine hydrate as a solvent and a strong
reducing agent to dissolve and reduce PDI (Jiang et al., 2020; Jiang
et al., 2022). As a result, a homogenous mixture of PDI and
hydrazine hydrate can be obtained, and the suspension is feasible
for film casting. However, only the PDI dianion could be obtained
directly after the reduction process because of the strong reducing
ability and the excess amount of hydrazine hydrate. PDI radical
anions were produced by subsequent spontaneous oxidation of the
dry film in the air.

This method has two drawbacks. First, it is a challenge to
precisely control the de-doping process of dianions to form
anions that can be oxidized to neutral PDI in the following
spontaneous oxidation process. Second, it was risky to use the
strongly carcinogenic hydrazine hydrate under high temperatures
and high pressure during the hydrothermal reaction. Therefore,
diluting strong reducing agents or using mild reducing agents to
obtain radical anions directly is significant for the controllable
generation of PDI radical anions. In another aspect, using a
cationic reducing polymer is also conducive to improving the
stability of PDI radical anions via physical encapsulation and
electrostatic interaction. For example, the positively polarized
moiety, cucurbit [7]uril (CB [7]), was reported to suppress the
quenching of PDI radical anions via a supramolecular strategy
(Jiao et al., 2015), and tetra cationic cyclophane (ExBox4+) was
found to improve the stability of radical anions via the surrounding
Coulomb attraction and encapsulation (Jiao et al., 2019).

Polyethylenimine (PEI (C2H5N)n) with a large number of amine
groups is a mild and non-toxic polymer reducing agent that has been

used widely in the reduction of noble metal nanoparticles and
preparation of corresponding core-shell nanocomposites, such as
Au and Ag (Zhang et al., 2013; Mulens-Arias et al., 2019;
Demchenko et al., 2020). It has been proved that PEI is an
effective doping agent for various organic and inorganic
semiconducting materials, such as fullerene derivative (PCBM)
(Dong et al., 2016), poly(benzimidazobenzophenanthroline)
(BBL) (Yang et al., 2021), naphthalene diimide derivative
(P(NDI2OD-T2)) (Long et al., 2017), polythiophene derivatives
(PDBTAZ, PPzDPDP-BT, PDBPyBT, and PDQT) (Sun et al.,
2015), carbon nanotubes (Rdest and Janas, 2021), graphite oxide
(Tadjenant et al., 2020), and MoS2 (Hong et al., 2017). In addition,
the cationic polyelectrolyte also helps to improve the stability of
reduced products via physical encapsulation and strong electrostatic
attraction (Remant Bahadur and Uludağ, 2016). However, there is as
yet no report on the doping of PEI on unsubstituted PDI or on the
effect of PEI in suppressing the aggregation and stabilization of PDI
radical anions.

Here, the polymer reducing agent PEI was employed for
preparing PDI-PEI composites with varying doping intensity to
explore new strategies for controllable doping of PDI and investigate
the effect of dopants on aggregation and stability. UV-vis
spectroscopy was used to characterize the doping evolution of
PDI in the composite with increasing amounts of PEI and to
reveal the effect of PEI on suppressing the aggregation of PDI
radical anions and monomers together with field emission
scanning electron microscopy. Electron paramagnetic resonance
was used to demonstrate the formation of radical anions, and
dynamic light scattering measurement was carried out to study
the particle size of the PDI-PEI composites. The photothermal
conversion efficiency of the radical-rich PDI-PEI composites was
also investigated based on the amount of radical anions with tunable
yield in the composite.

2 Experimental section

2.1 PDI doping

To tune the doping degree of PDI-PEI composites, 0.04 mg/mL
PDI (J&K Scientific) was dispersed in N, N-dimethylformamide
(DMF, 99.9%, extra dry with molecular sieves, Innochem) with
various amounts of PEI (branched, Mw = 600, Energy Chemical)
content, then the suspensions were mixed and treated with an
ultrasonic homogenizer at the power of 540 W (JY92-IIDN,
Scientz), followed by incubation at 140°C for 24 h. The mass
ratio of PEI to PDI is 0.5, 1, 2, 5, 10, 20, 50, 80, 100, 200, 300,
400, 500, 800, 1,000, 2000, and 3,000, which corresponds to a PEI
repeat unit/PDI molar ratio of 4.5, 9.1, 18.1, 45.3, 72.6, 90.7, 181.3,
453.6, 725.7, 907.1, 1814.3, 4,535.8, 7,257.3, 9,071.6, 18,143.2, and
27,214.7.

2.2 Characterization

UV-vis absorption measurements of the series of reacted PDI-
PEI suspensions were carried out with a demountable 2-mm quartz
cuvette in a glovebox. UV-vis spectra of hydrazine-hydrate-reduced
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PDI and PEI-reduced PDI in DMF in exposure to air were
conducted in an ambient atmosphere with quartz of diameter =
10 mm.

Electron paramagnetic resonance (EPR) was recorded on a
Bruker E500 EPR spectrometer (300 K, 9.854 GHz, Xband,
Karlsruhe, Germany). The microwave power was 6.325 mW, and
the amplitude modulation was set to 1 G.

The twinning of PEI on PDI was demonstrated by
microscopy and dynamic light scattering measurements.
Microscopic images were obtained using a field-emission
scanning electron microscope (SEM) (ZEISS, Oberkochen,
Germany) at room temperature. The suspensions were
deposited onto silicon, followed by drying at 60°C. The dry
samples were gold coated for 30 s at 15 mA prior to fixing in the
SEM holder for imaging. Dynamic light scattering (DLS, 90Plus
PALS, Brookhaven Instruments Corporation) was used to
measure the particle size of the PDI suspensions doped with
varying PEI content.

The electronic level of PDI aggregates and monomer was
estimated from cyclic voltammetry and spectroscopy. Cyclic
voltammetry of pristine PDI with and without PEI and
monomeric PDI with PEI was carried in a glass cell in a three-
electrode system in a glovebox. Glassy carbon was used as the
working electrode, Pt mesh was the counter electrode, and Ag/
Ag+ was the reference electrode. The reference electrodes were
calibrated with Fc/Fc+ before use. Tetrabutylammonium
hexafluorophosphate (n-Bu4NPF6, 98%, J&K Scientific) was
recrystallized from ethanol and dried at 120°C in an oven for
12 h before being dissolved in DMF and used as an electrolyte.

The LUMO energy level was calculated from the onset
reduction potential in the voltammogram according to the
following formula:

E LUMO( ) � − 4.8 + EPDI0

red − E1 /

2
Fc/Fc+( ),

where EPDI0
red is the onset reduction potential of the neutral PDI

and EFc/Fc+
1/2 is the redox potential of ferrocene/ferrocenium Fc/Fc+ ≈

0.089 V vs. Ag/Ag+ in a DMF electrolyte with 0.1 M Bu4NPF6.
The HOMO energy level was obtained by

E HOMO( ) � E LUMO( ) − Egap,

where Egap is the energy gap calculated according to ΔE = 1,240 nm/
λonset and λonset is the long wavelength edge of the absorption band.

Photothermal conversion data were collected by recording the
temperature changes of 2 mL of suspension when the laser
irradiation was on and off (Blueprint, VCL-808nmM0-2W). The
power was set to 1.4 W, and the laser spot radius was 10 mm. The
photothermal conversion efficiency, η, was calculated from equation
η � hsΔT−Qdis

I(1−10−Aλ ), where h is the heat transfer coefficient, s is the surface
area of the container, ΔT is the temperature change of the PDI-PEI
suspension at the maximum steady-state temperature, I is the laser
power, Aλ is the absorbance of the composite suspension at 808 nm,
and Qdis is the heat associated with the light absorbance of the
solvent.

Magnetization was measured using a Quantum Design PPMS-9
with a vibrating sample magnetometer at room temperature. The
diamagnetic correction was performed using diamagnetic
susceptibility from the sample holder.

3 Results and discussion

The PDI-PEI composite suspension was first prepared by the
one-pot synthesis described in the experimental section. As shown
in Figure 1, a color change from fuchsia to blue and purple can be
recognized by the naked eye from the PDI suspensions with
increasing content of PEI, visualizing the varied doping extent of
PDI-PEI composite caused by the electron transfer from PEI to PDI.
To define the PDI changes, UV-vis spectra of raw PDI and PDI
monomer (depolymerized electrochemically) were collected
(Supplementary Figure S1). The raw PDI suspension (0.04 mg/
mL in DMF, treated with 5 min of high-power sonication)
showed a broad UV-vis absorption around 480–550 nm and a
new absorption around 590 nm due to aggregation. The neutral
monomeric PDI (depolymerized electrochemically) showed a
characteristic absorption around 453 nm, 486 nm, and 521 nm,
denoted to their (0,2) (0,1), and (0,0) electronic transitions, close
to the reported neutral PDI derivatives that featured main
absorptions at 458 nm, 490 nm, and 526 nm, respectively
(Golshan et al., 2020). The PDI radical was characterized by
main absorptions at 707 nm, 797 nm, and 961 nm, and PDI
dianions displayed absorptions at 566 nm and 637 nm. The
chemically doped PDI is characterized by similar absorptions.
With the gradual increase of PEI content (Figures 1B,C),
absorption peaks around 698 nm, 791 nm, and 951 nm emerged
and increased while the broad absorption around 480–550 nm
decreased. This shift was assigned to the process of PDI
aggregates being chemically reduced to radical anions
(PDI→e− e−PDI·−). When the PEI repeat unit/PDI molar ratio
increased to 725.7 (mass ratio of PEI/PDI = 80), the absorption
of radical anions saturated, predicting a depletion of neutral PDI and
the highest concentration of PDI radical anion (close to 0.04 mg/mL,
that is, ~1 electron/molecule on average). The absorption around
565 nm and 637 nm, assigned to the PDI dianion, arose slowly, far
before the exhaustion of PDI radical anions, indicating that a small
fraction of PDI experiences a chemical disproportionated reaction
from a neutral state to dianion directly (PDI→2e

−
2e−PDI2−). The

intensity of the PDI dianion absorption continued to increase
dramatically when more PEI was added, and the concentration of
PDI radical anion started to decrease, corresponding to the process
of PDI·−→e− e−PDI2−. When the PEI repeat unit/PDI molar ratio
increased to 27,214 (or a mass ratio of PEI/PDI = 3,000), the UV-vis
absorptions around 698 nm, 791 nm, and 951 nm were comparable
to those of the suspensions, which had a PEI repeat unit/PDI molar
ratio of 9.1 and 18.1, suggesting a similar fraction of PDI·− but a
majority fraction of PDI2− instead of PDI. The largest yield of PDI
dianions (~2 electrons/molecule on average) might be obtained if
PEI content were increased further. Therefore, the doping level of
PDI and the yield of PDI radical anions can be controlled precisely in
a wide range with varying content of PEI. The maximum yield of
radical anions was a little smaller than 100% due to the
disproportional reaction of the neutral to the dianion.

DLS results of PDI-PEI composite in suspension exhibited a
positive correlation of hydrodynamic diameter of PDI-PEI particles
with PEI content in DMF. As shown in Supplementary Figure S2,
the hydrodynamic diameter of the composite increased from
122 nm to 867 nm with an increase in PEI content (the PEI
repeat unit/PDI molar ratio increased from 4.5 to 90.7), where
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neutral PDI was consumed to generate the radical anions. The
highest amount of radical anion was created with a PEI repeat unit/
PDI molar ratio of 725.7, as illustrated in Figure 1C. The particle size
dependence in this range visualized the successful bonding of PEI to
the PDI radical anion. The diameter plateau of PDI-PEI particles is
around 1 μm. More PDI radical anions were expected to be
generated when more PEI was added; the plateau suggests that
an electrostatic and steric balance is reached on the PDI radical
anion-PEI composite particles before the formation of the PDI
dianion-PEI particles. The paramagnetic radical anion caused by
electron transfer from PEI to PDI was also demonstrated by electron
paramagnetic resonance spectroscopy (Figure 1D), with a well-
resolved hyperfine splitting pattern and a g-factor value of
2.00305 (Supplementary Figure S3). Two equivalent N atoms (at
imide rings) and two distinct sets of four core-H atoms of PDI·− (Ha

and Hb) were responsible for the splitting pattern, confirming that
electron density is mostly delocalized within the conjugated π-
system (Goodson et al., 2013). Even though the intensity of the
radicals differs and depends on concentration correlated with the
doping state of PDI suspension, a symmetrical pattern was observed
in all EPR signals, suggesting a similar delocalization degree of the

electrons. SEM images demonstrated morphological changes of self-
assembly PDI in the absence and presence of PEI.

As shown in Figure 2, PDI aggregates can be dispersed into
particles around 500 nm after sonication and cast on the silicon
substrate. The hydrazine-hydrate-reduced PDI formed nanorods of
50–60 nm width and around 1 μm length by self-assembly of its
dianions. A small amount of PEI in the composite (molar ratio of
PEI repeat unit/PDI = 9.1) could lead to irregular debris shapes and
clusters when the ratio is raised to 907.2. More PEI twinned onto
PDI leads to a much more irregular cluster morphology,
demonstrating that the presence of PEI in the solution
suppressed the self-assembly of reduced PDI to form regular
compact rods driven by π-π interactions (Jiang et al., 2022). This
suppression of PEI in the self-assembly of the reduced PDI has also
been visualized in the decreased ferromagnetism (Supplementary
Figure S4).

The effect of PEI in suppressing self-assembly aggregation of
neutral PDI was also demonstrated by the UV-vis spectra presented
in Figure 3. When the hydrazine-hydrate-reduced PDI was exposed
to air, the absorption intensity of typical neutral PDI aggregates at
583 nm increased immediately due to the PDI radical anions being

FIGURE 1
(A) Chemical doping of PDI (0.04 mg/mL in DMF) by various amounts of PEI to form radical anions/dianions; (B) UV-vis spectra of the reduced PDI-
PEI suspensions, the molar ratio of PEI repeat unit/PDI increase from 4.5 to 27215; (C) a plot of the intensity of absorption at 698 nm, 564 nm assigned to
PDI-and PDI2-, vs molar ratio of PEI repeat unit/PDI; (D) Electron paramagnetic resonance spectra of PDI suspension doped with PEI content under a
molar ratio of PEI repeat unit to PDI equals to 9.1, 453.6 and 907.2.
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FIGURE 2
SEM images of sonicated PDI (A); hydrazine hydrate reduced PDI (B), and PEI reduced PDI with amolar ratio of PEI repeats unit/PDI equals 9.1 (C) and
907.2 (D).

FIGURE 3
Stability of PDI radical anion and dianion using hydrazine hydrate and PEI as a dopant. (A) UV-vis spectra of hydrazine hydrate reduced PDI
suspension that exposure to air or different time, 50 µL of the reduced suspension(10 mg/mL) was dropped cast on a clean glass substrate and dried at
120°C for 3 hours and then kept at 50°C overnight to remove excess hydrazine hydrate, then the dry film was scraped to dissolve in 5 ml DMF with a
dropper in the glovebox before UV-vis spectroscopy, PDI concentration in DMF is ~0.1 mg/mL; (B) UV-vis spectra of PEI reduced PDI suspension
that exposure to air for a different time; (C) A plot of A0–1/A0–0 ratio as a function of time exposed to air, the data were obtained from Figure 3A; (D)
Diagram of the calculated HOMO and LUMO energy of PDImonomer in DMFwith or without PEI. The dashed lines are the LUMO energy levels of oxygen
and water.
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oxidized and becoming neutral aggregates, demonstrating a quick
self-assembly-driven aggregation process of neutral PDI without
PEI. The aggregation of PDI monomer is observed in hours in the
presence of PEI. To be specific, the aggregation was identified to start
after 5.5 h, accompanied by the appearance of the new peak around
583 nm, while the amount of neutral PDI monomer (485 nm,
520 nm) continued to increase for at least 13 min due to more
PDI radical anions being oxidized into neutral PDI.

The twinning of PEI onto PDI not only limits the aggregating of
PDI but also hinders the electron transfer between PDI dianion or
radical/PEI composite and the oxidants, which can also improve the
stability of PDI radical anions in the air due to physical
encapsulation and electrostatic attraction. The UV-vis
spectroscopy (Figure 3) illustrates the changes in ambient
stability of PDI dianions and radial anions with or without PEI.
The absorption peak of the PDI dianion in DMF solvent obtained by
dissolving hydrazine-hydrate-reduced-film disappeared from the
spectra, demonstrating that the PDI dianion is extremely
unstable in DMF with little trace of oxide species as the DMF
solvent and containers were deoxygenated overnight in a glovebox
where the content of water was below 0.01 ppm, and oxygen was
below 5 ppm. When exposed to the air for a longer time, the
absorption of radical anions decreased gradually and disappeared
in 20 min, while that of aggregated neutral PDI increased
continuously. The maximum absorption ratio for the
0–1 vibronic transition (A0–1) and the absorption maxima of the
0–0 vibronic transition A0–0, that is, A0–1/A0–0 was observed to
increase from 0.69 to 0.85, as shown in Figure 3C, indicating a more
proximal packing of neutral PDI at higher monomer
concentration according to Xin Wang (Wang et al., 2017) and
Benjamin Fimmel et al. (Fimmel et al., 2015). Differently, the
PEI-reduced PDI dianion and anion suspension in DMF is
relatively stable in the same inert atmosphere and exists for more
than a year when stored in a glovebox. However, the PEI-reduced
PDI dianion was also very reactive in the air; its main absorption at
565 nm disappeared immediately in 3 s upon exposure to air. The
main absorptions of the PDI radical anion at 700 nm, 791 nm, and
959 nm increased dramatically due to the spontaneous oxidation
process of PDI2−→e− e−PDI·− and then decreased gradually due to
the following oxidation of PDI·−→e− e− PDI. The radical anion was
more stable than the PDI dianion, illustrated by the existing small
absorption peaks at 700 nm and 791 nm after 13 min (radical anion
monomer) and the small broad absorption at 700–800 nm (radical
anion aggregates) after 5.5 h.

The stability of the PDI radical anions in the presence of PEI in
DMF solution (up to 13 min for its monomer and up to 5.5 h for its
aggregates in contact with air) falls between the imide-position-
substituted derivatives and the bay-substituted derivatives reported.
For example, Marcon et al. reported self-assembled N, N′-
Bis(2phosphonoethyl)-3, 4, 9, 10-perylenediimide radical anions
reduced by sodium dithionite persisted for several minutes in the
presence of oxygen (Marcon and Brochsztain, 2007). Schmidt et al.
synthesized zwitterionic perylene diimide-centered radicals from
cationic imidazolium-substituted tetrachloro-substituted perylene-
3,4:9,10-tetracarboxylic acid bisimide (Pr2Im-PDI-Cl4). The lifetime
of its solution in CH2Cl2 (1.35*10

–5 M) was about 1 day, as revealed
by UV-vis spectra (Schmidt et al., 2015). He et al. reported the bay-
substituted perylene diimide radical anion (N, N-diethylhexyl-1,7-di

(pentafluoro-phenoxyl) perylene diimide, DFPDI) was not only
stable to moderate oxidants in ambient air (O2) and moisture for
prolonged times but also was not sensitive to strong oxidants, acid
H+, and strong oxidizationmetal ions with low limit values (He et al.,
2016).

The LUMO-HOMO energy evaluated through voltammetry and
UV-vis spectra shows that the electronic state of PDI is affected by
PEI, as shown in Figure 3D and Supplementary Figure S5. The
LUMO energy level of pristine PDI aggregation is about −3.535 eV,
estimated from the onset reduction potential at −1.176 V in a cyclic
voltammogram. The presence of PEI (50 mg/mL) in suspension
leads to a more positive onset reduction potential of PDI aggregates
at −1.098 V, while that of the PDI monomer in the presence of PEI
shifted ~0.128 V positively, indicating a lower LUMO energy level
for PDI aggregation and PDI monomer in the presence of PEI
(−3.613 eV and −3.741 eV, respectively). The corresponding
HOMO energies were −5.359 eV, −5.359 eV, and −5.955 eV,
respectively, for PDI aggregate without PEI, PDI aggregates in
the presence of PEI, and PDI monomer in the presence of PEI
when taking their energy gap (1.824 eV, 1.746 eV, and 2.214 eV,
respectively) into account. Thus, both the HOMO and LUMO
energy levels of PDI monomer in the presence of PEI were found
to be lower than those of the PDI aggregation (Figure 3D). Note that
the LUMO energy levels of ubiquitous oxidants (oxygen: 3.526 eV,
water: 3.724 eV, Supplementary Figure S5C) are close to those of
PDI. Lower LUMO and HOMO energy were normally considered to
account for the promotion of electron injection and transportation
(Gao et al., 2014) and the enhancement of the air stability of the
reduction products. Promoted formation of radical anions with
extraordinary stability was also reported by Song et al. on
naphthalenediimides (NDIs), which had a lower LUMO energy
and HOMO energy (Song et al., 2015). Therefore, the decrease of
PDI’s LUMO energy (0.106 eV for PDI monomer) is important in
improving the ambient stability of PDI radical anions.

On the basis of the PDI-PEI composites with varying free radical
yields, we anticipated that the highest yield of PDI radicals could
attain a more effective NIR photothermal conversion. Hence,
photothermal conversion experiments were performed with an
808-nm laser radiation at 1.8 W/cm2 at room temperature
(29.8°C). The temperature elevations of PDI-PEI suspensions
containing varied amounts of PDI radicals were measured and
are presented in Figure 4. A blank test demonstrated that the
temperature of a pure high concentration of PEI (150 mg/mL)
and of pure PDI (0.04 mg/mL) in DMF increased only by 0.9°C
and 1.1°C, respectively, within 400 s, while a significant increase in
temperature was observed after irradiating DMF suspension with
doped PDI-PEI. The consistent dependence of the increased
temperature (ΔT) and the photothermal conversion efficiency (η)
on the molar ratio of PEI repeat unit/PEI indicates a direct
correlation between them and the PDI free radical yield. (The
yield of radical anions was estimated from the absorption at
698 nm with the Beer–Lambert law, A= εcL, where ε is the molar
absorptivity, L is the length of the light path, and c is the
concentration of the radical anions; the highest yield was
normalized to 100% as shown in Figure 4B). The PDI-PEI
suspension containing a higher yield of PDI radicals had a
greater temperature increase than the suspension containing a
lower yield of PDI radicals. An increase of PDI dianions and PEI
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content does not result in obvious photothermal conversion under
irradiation due to no UV-vis absorption in the NIR range. Within
400 s, the temperature of a PDI-PEI suspension with a PDI radical
yield of 92.2% (molar ratio of PEI repeat unit/PDI = 181.4) increased
by 14.8°C, corresponding to a photothermal conversion efficiency of
47.9% calculated from its cooling curve. Meanwhile, the PDI-PEI
suspension with a PDI radical yield of 14.0% (molar ratio of PEI
repeat unit/PDI = 4.5) had a temperature increase of 2.3°C and a
photothermal conversion efficiency η = 23.7%. The temperature of a
PDI-PEI suspension with a PDI radical yield of 37.2% (molar ratio of
PEI repeat unit/PDI = 18,143.2) increased by 4.8°C, corresponding
to η = 32.0%.

To summarize, the photothermal conversion efficiency was
tuned in the range of 23.7% to 47.9% for the PDI-PEI
suspensions that have different yields of radical anions generated
by varying the amounts of PEI doping. Note that the highest
photothermal conversion efficiency of the unsubstituted PDI
radical anion (47.9%) is comparable to that of functionalized
perylene diimide radical anion salts (54.4%) with tetraphenoxy
moieties onto the PDI cores and diisopropylbenzene in the
amine position (TPPDI) (10−4 M in DMF) (Li et al., 2019). The
efficiency is larger than a bola-form amphiphile PDI derivative’s
radical anions (BPDI radical anion, 16.3%) and the supramolecule
composed of BPDI and cucurbit [n]urils (CB [7]) free radical anion
(BPDI/(CB [7])2 radical anion, 31.6%) (Jiao et al., 2015). The
efficient photothermal conversion exhibited in this benchmark
PDI with the simplest molecular structure highlights the
necessity to tune the PDI to explore novel properties of this
fundamental PDI molecule.

4 Conclusion

In this work, PEI was employed as an effective n-doping agent
for feasible and controllable doping of PDI to form radical anions
and dianions. DLS and SEM results show that the twinning of PEI on
PDI results in an irregular morphology and an increase in PDI
diameter. UV spectroscopy reveals the presence of PEI hindered the

aggregation of the neutral PDI monomer. The stability of radical
anions was improved compared to imide-position-substituted
derivatives, although it falls behind its bay-stable imide-position-
substituted derivatives. The radical-rich PDI-PEI suspensions
presented tunable NIR photothermal conversion properties
(23.7 %–47.9%). This research provides a new strategy to tune
the doping level of similar n-type molecules for varying yields of
radical anions and also illuminates the control of radical anion-
based photothermal conversion efficiency.
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FIGURE 4
Photothermal conversion performance of PEI-PDI suspensions: (A) temperature evolution as a function of time (0–400 s) under laser radiation by
an 808 nm laser at a power of 1.8 W/cm2. PDI (0.04 mg/mL) and PEI (150 mg/mL) in DMF were used as the blank control, PEI-PDI suspensions are of a
molar ratio of PEI repeat unit/PDI equals 4.5, 18.1, 181.4, 453.6, 725.7, 1314.3, 18143.2, respectively; (B) the evolution of maximum temperature (ΔT),
photothermal conversion efficiency (η) and the yield of free radicals in the PEI-PDI suspensions as a function of themolar ratio of PEI repeat unit/PDI.
The experiment was conducted in a glovebox.

Frontiers in Chemistry frontiersin.org07

Che et al. 10.3389/fchem.2023.1187378

10

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1187378


Acknowledgments

The authors would also like to thank Viktor Gueskine and
Yuanying Liang for a helpful discussion on the manuscript.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors, and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fchem.2023.1187378/
full#supplementary-material

SUPPLEMENTARY FIGURE S1
In situ UV-vis spectra of PDI at time = 0 s (black curve) and 500 s (red curve)
under constant voltage. Pristine PDI (~10–4 M) in DMF with 0.1 M Bu4NPF6
was used as the electrolyte, a constant voltage of −1.8 V (which is enough
to reduce PDI to get radical anion and dianion in a relatively short time) was
applied at the Pt working electrode, the counter electrode is Pt and the
reference electrode is Ag/Ag+.

SUPPLEMENTARY FIGURE S2
Dynamic Light Scattering result of the PDI-PEI suspension.

SUPPLEMENTARY FIGURE S3
g-factor of PDI suspension doped with PEI content under a molar ratio of PEI
repeat unit to PDI equals to 9.1, 453.6, and 907.2.

SUPPLEMENTARY FIGURE S4
(A) M-H hysteresis loops measured four times (1st: one day; 2nd: 13 days;
3rd: 22 days; 4th: one month) for the sample molar ratio of PEI repeat unit/
PDI = 453.6; (B) ferromagnetic contribution extracted from Supplementary
Figure S4A.

SUPPLEMENTARY FIGURE S5
LUMO-HOMO energy of PDI with or without PEI: (A) Linear sweep
voltammograms obtained in the glovebox of PDI aggregation in DMF
without PEI (black), with various amounts of PEI (red) and the PDImonomer
produced by oxidizing the doped PDI solution with air (blue); (B) UV-vis
spectra of PDI aggregation in DMF with or without PEI used for the
calculation of the energy gap between their HOMO and LUMO. The PDI
suspensions in DMF with or without PEI are sonicated before cyclic
voltammetry, PDI concentration: 0.05 mg/mL, the numbers in the brackets
represent the PEI/PDI mass ratio 0, 1, 10, 50, 100, and 1000. Scan rate:
100 mV/s, working electrode: glassy carbon (Diameter = 3 mm); The LUMO
energy for oxygen and water reduction was estimated from onset reduction
potential from (C) linear sweep voltammograms of DMF electrolyte with
saturated O2 or with deoxygenated H2O (glassy carbon as working electrode,
scan rate:100 mV/s).
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The weight reduction of the bipolar plate (BP) is essential for commercializing
unitized regenerative fuel cells (URFCs). In order to lighten the weight of the
bipolar plate, we have used Pb/C composite powder as a cost-effective primary
material, which is a mixture of low-density graphite and lead. Further, varied lead-
carbonweight ratios (1: 8, 1:4, 1:1, 4:1, and 8:1) were investigated for fabricating the
bipolar plate by hot-pressing process adding styrene-butadiene rubber (SBR) as a
binder. The specific surface area, porosity, and microstructure characteristics
corresponding to the varied lead-graphite ratio of the prepared bipolar plates
were studied. The relative difference in conductivity upon the compressibility of
the plates is also examined. Finally, the wettability and electrochemical properties
of the prepared bipolar plates were evaluated through water contact angle and
cyclic voltammetry analysis.

KEYWORDS

metal-carbon, composite materials, Pb/C, bipolar plate, unitized regenerative fuel cell
(URFC)

1 Introduction

In this contemporary world, energy usage is highly indispensable, but the associated
undesirable outcomes in the process of energy production and consumption, such as the
greenhouse effect, pollution, carbon dioxide emission, and fuel resource depletion, are
steadily increasing. Hence, there is a need for the development and application of
environmental-friendly renewable energy (Wang et al., 2015; De Luna et al., 2019;
Hussain et al., 2020). Accordingly, effectual research is being conducted worldwide on
hydrogen energy that has high energy density and can be continuously produced without
carbon dioxide emission (Ozawa et al., 2019; Yue et al., 2021).

In order to utilize such hydrogen energy, water electrolyzer (Gago et al., 2016; An et al.,
2019; Klose et al., 2020; Janani et al., 2021) and fuel cell (Du et al., 2016; Ren et al., 2022;
Reshetenko et al., 2022) technologies are attracting attention. Hydrogen and oxygen are
produced from water through a water electrolysis device using an exchange membrane,
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whereas electricity is produced through a chemical reaction between
hydrogen and oxygen using a fuel cell. Moreover, research interest in
a hybrid system called regenerative fuel cells (RFCs) that can
produce hydrogen and electricity by applying water electrolysis
and fuel cell technology is increasing (Lim et al., 2020; Rubio-
Garcia et al., 2020). However, the RFC is configured to combine both
the water electrolyzer and the fuel cell systems. Hence the volume
and weight of the RFC as a whole increase due to the volume and
weight of each. Thus, an improvised single-device URFC integrating
a water electrolyzer and a fuel cell is designed to solve the above issue
by switching between both modes (Peng et al., 2020; Zhang et al.,
2022). It is a system that has been structurally improved so that the
two modes can be used selectively, and research on this is ongoing.
Although the volume and weight were reduced by integrating the
two devices, there are certain restraints to reducing the weight
through this. Hence further research on the weight reduction of
the URFC system that requires multiple stacks becomes necessary
(Paul and Andrews, 2017). The stacked system used in water
electrolyzers and fuel cells consists of a membrane-electrode
assembly (MEA) consisting of a bipolar plate, a catalytic
electrode, a membrane, and an end plate (Wu et al., 2020). A
bipolar plate is inserted between each MEA, and each side of the
bipolar plate is in contact with the cathode and anode of the MEA
(Gabbasa et al., 2014). Therefore, structurally, the number of bipolar
plates also increases according to the number of MEA stacks. A
sufficient number of MEA stacks is required for the high power
output of the system (Devrim et al., 2015). That is, the weight of the
entire system inevitably increases for high power output, and a
significant portion of the weight is occupied by the weight of the
bipolar plate. Accordingly, since the weight of the entire system
increases in proportion to the number, material, size, etc., of the
separators, it has limitations in being used in transport systems and
in areas requiring many stacks, lightweight or miniaturization
(Kolahdooz et al., 2017; Lim et al., 2019; Li et al., 2021).

Among the factors that affect weight, the material constituting the
bipolar plate is the most basic element, and to manufacture the bipolar
plate efficiently, the economic feasibility of the material, electrical
conductivity, weight, corrosion resistance, strength, and required
process level are important considerations (Karacan et al., 2020; Wu
et al., 2021; Xiong et al., 2021). The main materials used for the bipolar
plate are classified into metal, carbon, and composite materials. Among
metal materials, stainless steel (SS), Ti, and Al are mainly used for
bipolar plates. Chen et al. performed a conductive polymer coating
utilizing carbon powder, poly-pyrrole (PPy), and polydopamine (PDA)
on the surface of 304 SS. The formed PPy/C-PDA coating layer acted as
a physical barrier and showed a protective effect against corrosive
substances, improved interfacial contact resistance, and finally
improved corrosion resistance (Chen et al., 2020).

Shi et al. showed improved electrical conductivity and corrosion
resistance by forming a TiC layer on the surface of a Ti bipolar plate
(Shi et al., 2020). Tsai et al. increased surface hydrophobicity and
improved corrosion resistance by forming an Au-PTFE coating layer
on the surface of an Al bipolar plate (Tsai et al., 2017). Sadhasivam
et al. fabricated a lead-based bipolar plate and showed the possibility
of applying a cost-effective Pb bipolar plate (Sadhasivam et al., 2020).
Pan et al. reported improved corrosion resistance and excellent
coating adhesion through CrN coating on Fe-Cr bipolar plates
(Pan et al., 2014). Research on bipolar plates of carbon materials

has also been conducted. Yan et al. fabricated a graphite bipolar plate,
showing its applicability to 130 stacks level PEMFC (Yan et al., 2006).
However, there are certain hinges with the strength of pristine carbon
materials, so research is being conducted on composite materials used
with polymer materials that act as conductive binders. Yao et al.
fabricated a bipolar plate with amixture of graphite and polymer resin
and showed uniform performance in terms of thickness, corrosion
resistance, mechanical strength, and electrical and thermal
conductivity (Yao et al., 2017). Choi et al. fabricated a thin bipolar
plate by mixing carbon fiber and resin and showed electrical
conductivity, mechanical strength, and gas permeability compared
to carbon BP and metal BP (Choi et al., 2021). Adloo et al. compared
bipolar plates made of various carbon materials (graphite, graphene,
and highly structured nano-carbon black (HSNCB)) and
polypropylene at various ratios. Among them, a bipolar plate
made of 23% polypropylene–65% graphite–7% HSNCB–5%
polypropylene-maleic anhydride (pp-MAH) exhibited excellent
electrical conductivity and flexural strength (Adloo et al., 2016). In
order to reduce the weight of bipolar plates, it is essential to use
lightweight carbon materials due to their low density. However,
carbon alone cannot satisfy all the characteristic requirements of
bipolar plates. To solve this problem, metal-carbon composites are
being researched to improve the strength, corrosion resistance and
conductivity of carbon. Soleimani Alavijeh et al. fabricated a bipolar
plate using epoxy, graphite, and nano-copper. Nano-copper was
utilized as a filler to increase the strength through proper
proportions, and the presence of nano-copper resulted in higher
conductivity (Soleimani Alavijeh et al., 2019). Among the various
metal candidates, lead is utilized in acid batteries because it is
inexpensive and has good conductivity and corrosion resistance,
and these properties make it a promising material for bipolar
plates for URFCs that need to apply high voltages and operate in
the water electrolysis mode, which requires corrosion resistance (Jung
et al., 2010; May et al., 2018).

In this study, a bipolar plate using a Pb/C composite material
was manufactured by using a carbon material with excellent light
weight and conductivity and lead, a metal material with excellent
strength and corrosion resistance, to produce a positive plate. The
results of the physical and electrochemical properties of the bipolar
plates manufactured with various Pb/C ratios suggested the optimal
manufacturing conditions of the Pb/C bipolar plates for the URFC
system.

2 Experimental methods

2.1 Materials

Graphite (<20 μm) and lead (325 mesh) were purchased from
Sigma-Aldrich. Styrene-butadiene rubber (SBR) was purchased
from MTI Korea, Republic of Korea. Alumina ball (99.5%, 10 ϕ)
was purchased from Labkom, Republic of Korea.

2.2 Fabrication of bipolar plates

Initially, Pb/C powder (weight ratio 8:1, 4:1, 1:1, 1:4, 1:8) in
quantities of 60 g, 70 g, 140 g, 210 g, and 360 g were prepared and
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mixed with 45 g of SBR. The above mixture of Pb/C and binder is
transferred to a metal mold of size 75 × 75 mm, which is subjected to
a hot press (QM900M, QMESIS, Republic of Korea.). Hot pressing is
carried out in three steps. At first, the molds are maintained at 70° for
40 min under 10 MPa, then at 140° for 40 min under 20 MPa, and
finally, at 140° for 1 h under 30 MPa. Once the process is done, it is
cooled and de-molded to obtain the desired bipolar plates.

2.3 Physicochemical characterizations

The morphology and surface chemistry of the as-obtained Pb/C
bipolar plates were studied by scanning electron microscope (SEM,
Gemini 500, ZEISS, Germany) and energy dispersive X-ray
spectroscopy (EDS, Oxford Instruments, UK), respectively. The
powder X-ray diffraction (XRD, Rint 1,000, Rigaku, Japan)
patterns of Pb/C bipolar plates were obtained with Cu Kα
radiation (λ = 1.5418 Å). X-ray photoelectron spectrum was
attained through X-ray photoelectron spectroscopy (XPS,
Multilab 2000; UK). The contact angle of Pb/C bipolar plates was
determined through a contact angle meter (Phoenix 300, SEO,
Republic of Korea). The specific surface area and the total pore
volumes of the synthesized bipolar plates were measured with BET,
Belsorp mini II (BEL, Japan). Powder resistivity was measured by
powder resistivity measurement system (Hantech, Republic of
Korea). 2.6 g of each prepared Pb/C powder was placed in a
measuring mold and measured using a powder resistivity meter.
The pressure range was set from 20 MPa to 200 MPa, and the
resistivity, conductivity, and thickness were measured at 20 MPa
intervals.

2.4 Electrochemical measurements

Electrochemical characterization of the Pb/C bipolar plate was
carried out using potentiostat equipment (Bio-Logic
SP150 instrumentation) at room temperature in a three-electrode
cell configuration. 0.5 M H2SO4 solution was used as an electrolyte.
The platinum (Pt) wire and Ag/AgCl reference electrodes were used
as counter and reference electrodes. The synthesized plates were cut
into 2 × 1 cm2 and were used as the working electrodes.

3 Results and discussion

3.1 Characterization of Pb/C bipolar plates

X-ray diffraction (XRD) patterns of Pb/C bipolar plates with a
different lead-carbon ratio ranging from 8:1 to 1:8 is shown in
Figure 1. The XRD peaks were analyzed with the reference patterns
of Pb (JCPDS No. 01-087-0663) and C (JCPDS No. 00-026-1,080)
with the addition of PbO (JCPDS No. 01-072-0151) which may
result from partial oxidation during the synthesis process.
Throughout the different ratios of Pb and C, the high intensity
peaks at 26.7° can be indicated as the (002) plane of carbon.
Although in 1:4 and 1:8 ratios of Pb and C, the synthesized
plates show a low indication of Pb due to the high content of C,
the Pb peaks were distinguished at 32.1, 52.4, and 62.3° at the higher
ratio from 1:1, 4:1, and 8:1. These peaks correspond to the (111),
(220), and (311) planes of Pb, respectively. Furthermore, as the Pb
content was increased, the diffraction peaks of PbO were detected at
28.2, 48.8, and 54.8°, which corresponds with (111), (112), and (211)

FIGURE 1
(A) X-ray diffraction patterns for different ratio of Pb/C powder, XPS spectra of Pb/C powder (B) 1:8, (C) 1:4, (D) 1:1, (E) 4:1 and (F) 8:1 ratios.
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planes of PbO, respectively. The formation of PbO can be due to the
high content of Pb, where the excessive Pb was oxidized.

Figures 1B–F shows the XPS analysis results of Pb/C powders
with varied lead: carbon ratios. The Pb 4f spectra of Pb/C powders
shows the Pb 4f5/2 and Pb 4f7/2 peaks of lead oxide at 142.7 eV and
137.8 eV, respectively. The intensity of the Pb peaks increased with
the increase of the percentage of Pb. In particular, the Figure 1D of
Pb/C 1:1 ratio showed dominant Pb metallic characteristic with a Pb
metal peak around 137.0 eV. Based on the XPS peaks and intensities,
we found that the higher the percentage of lead mixed in the powder,
the more lead oxide was formed. The photographic images of the of
fabricated bipolar plates with respect to the Pb:C ratio were
displayed in Figures 2A–E. Furthermore, the scanning electron
microscopy (SEM) images of prepared bipolar plates with

different Pb and C ratios were analyzed. Although the Pb peaks
of 1:4 and 1:8 ratios were barely detectable in XRD patterns, the
respective Pb particles were found within the carbon with the size of
approximately 50–70 μm, as shown in Figures 3A,B. One could see
the presence of Pb as white particles in the SEM images, which
becomes more prominent as the Pb content increases. As shown in
Figure 3C, the Pb particles grew into more spherical particles in the
Pb and C ratio of 1:1. With the high content of Pb in 4:1 and 8:1
(Figures 3D, E), the particles were more embedded in the carbon
matrix, and the sizes varied in a wide range from 10 μm to 100 μm.

In Figure 4, the elemental mapping of the SEM images of Pb/C
powder according to the mixing ratio was measured. In
Figures 4A–E, the Pb particles are sufficiently and evenly
dispersed through the ball mill process for Pb/C powder, and the

FIGURE 2
Fabricated Pb/C bipolar plates with (A) 1:8, (B) 1:4, (C) 1:1, (D) 4:1 and (E) 8:1 ratios.

FIGURE 3
SEM surface analysis of Pb/C powders for (A) 1:8, (B) 1:4, (C) 1:1, (D) 4:1 and (E) 8:1 ratios.
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number of particles in the image increases with the proportion of Pb
with even distribution. In Figures 4F–J; Figures 5K–O, we can see the
separate single element mapping images of carbon and lead,
respectively.

3.2 Specific surface area and porosity

The Brunauer-Emmett-Teller (BET) analysis was done with N2

gas adsorption to measure the specific surface area and the pore

FIGURE 4
Elemental mapping of Pb/C powder in (A) 1:8, (B) 1:4, (C) 1:1, (D) 4:1 and (E) 8:1 ratios; C element (F) 1:8, (G) 1:4, (H) 1:1, (I) 4:1 and (J) 8:1 ratios; Pb
element (K) 1:8, (L) 1:4, (M) 1:1, (N) 4:1 and (O) 8:1 ratios.

FIGURE 5
N2 adsorption and desorption of different ratios of Pb/C powder materials; (A) 1:8, (B) 1:4, (C) 1:1, (D) 4:1 and (E) 8:1 ratios; (F) Specific surface area
and (G) total pore volume comparisons.
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volume. The specific surface area of each Pb/C bipolar plate was
measured as shown in Figures 5A–G. With the high ratio of C, the
specific surface area of 1:8 and 1:4 ratio plates were as large as
6.831 m2g-1 and 6.887 m2g-1, respectively. A slight decrease was
shown in the 1:1 plate with a specific surface area of 4.332 m2 g-1.
However, the high Pb ratio, 4:1 and 8:1 plates, showed a great
decrease to 1.198 m2g-1 and 0.872 m2g-1, respectively. The total pore
volume of the Pb/C plates shows similar trends to the specific surface
area measurement results, where the 1:8 ratio of Pb to C showed the
highest pore volume of 0.048 cm3g-1. Subsequently, the 1:4 ratio
plate shows a higher pore volume of 0.043 cm3 g-1 which is due to the
less dense carbon property compared to much denser Pb metal.
Following the trend, the total pore volumes were measured as
0.026 cm3g-1 (1:1 ratio), 0.011 cm3g-1 (4:1 ratio), and 0.006 cm3 g-1

(8:1 ratio). The BET analysis shows that the higher content of Pb in
the 8:1 and 4:1 ratio possesses more metallic alloy-like properties,
resulting in much lower pore volumes and a decrease in exposed
surface areas. On the other hand, as the C ratio increases from 1:1 to
1:4 and 1:8, the pore volume tends to increase, thereby, the surface
area increases. The carbon mixed into the lead lowers the density of
the plates for lightweight utilizations.

3.3 Physicochemical analysis

The changes in electrical conductivity and the thickness under
pressing pressure were measured as shown in Figure 6. At the low
pressure of 20 MPa (Figure 6A), the electrical conductivity of the
plate with the lead carbon ratio of 1:1 showed the highest
conductivity of 133.94 S cm−1 compared to the 1:4 and 1:
8 ratio plates with 125.67 S cm−1 and 122.48 S cm−1,
respectively. On the other hand, where the Pb content
increases, an enormous decrease in conductivity was measured
as low as 53.76 S cm-1 (4:1 ratio) and 18.04 S cm-1 (8:1 ratio).
These results indicate that carbon has a greater effect on
conductivity than lead. As the pressure increases, the
conductivity of the plates increases overall. The conductivity of
the 1:1 ratio plate was increased by approximately 3.77 folds from

133.94 S cm-1–504.40 S cm-1, which was the highest conductivity
among the synthesized bipolar plates at high pressure of 200 MPa.

The conductivity of the 1:4 and 1:8 ratio plates was also greatly
increased to 481.99 S cm-1 and 476.33 S cm-1, respectively.
The plates with higher Pb content have only increased by 91.61 S
cm-1 for the 4:1 ratio (to 263.03 S cm-1 at 200 MPa) and 209.27 S cm-1

for the 8:1 ratio (to 109.65 S cm-1 at 200 MPa). Figure 6B shows the
changes in the thickness of the synthesized bipolar plates under the
pressing pressure of 20 MPa–200 MPa. The initial thickness of the
plates showed the tendency to decrease as the Pb ratio increased,
which may be due to an increase in the total pore volume
corresponding with the BET results in Figure 5. The plate with
the 1:8 ratio of Pb and C was the thickest with approximately
4.94 mm under 20 MPa of pressing pressure. The plates with other
ratios were measured as 4.56 mm (1:4 ratio), 3.56 mm (1:1 ratio),
1.86 mm (4:1 ratio), and 1.65 mm (8:1 ratio). These tendencies
correlate with the total pore volumes where the carbon opens the
pores within the plates for increased surface area and decreased
density. Correspondingly, when the pressure increases to 200 MPa,
there is a huge drop in thickness. The thickness of the plates of 1:8, 1:
4, and 1:1 ratio gets decreased to 3.26 mm, 3.03 mm, and 1.34 mm,
respectively. The high Pb-contented plates showedminor changes in
the thickness of 0.60 mm (4:1 ratio) and 0.46 mm (8:1 ratio) due to
low pore volumes in the plates.

As shown in Figures 7A–F, the water contact angle measurement
was taken to investigate the wettability properties of the synthesized
bipolar plates. The wettability indicates the hydrophilicity of the
bipolar plates, which can greatly affect the transportation of the
electrolyte and the resultant water molecules from the URFC (Ait
Djafer et al., 2014). The inner contact angle of the water droplet was
measured to identify the hydrophilicity where the 1:1 ratio plate was
the highest with an angle of 107.20°. The high angle of inner contact
angle indicates that the plate is more hydrophobic, allowing for
better transport of the electrolytes and resultant water molecules
from URFC. The result also indicates that the 1:1 ratio plate was
synthesized much more densely, and the roughness of the
surface is distributed evenly. The contact angle of the plate with
1:4 and 4:1 ratio was measured as 95.64° and 81.13, respectively. The

FIGURE 6
Changes in (A) electrical conductivity and (B) thickness of Pb/C composite powder according to changes in pressure.
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FIGURE 7
Water contact angle measurement results; (A) comparison table, Pb/C bipolar plates with ratios of (B) 1:8, (C) 1:4, (D) 1:1, (E) 4:1, (F) 8:1.

FIGURE 8
CV analysis using negative potentials in acidic medium (0.5 M H2SO4) at scan rate of 50 mV/sec; (A) 1:8, (B) 1:4, (C) 1:1, (D) 4:1, and (E) 8:1 ratios.
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droplet contact angle decreases when either the Pb or C content in
the prepared lead carbon ratios becomes more biased. Both plates
with the 1:8 ratio and 8:1 ratio show much lower contact angles of
73.99° and 73.12, respectively, which indicates that the plates are
more hydrophilic compared to the 1:1 ratio of Pb and C.
Considering the electrical conductivity under the pressing
pressure and the wettability properties, the Pb/C bipolar plates,
synthesized with a 1:1 ratio, are best suited for utilization in URFC.
The plate with a 1:1 ratio of Pb and C also shows moderate effects in
thickness under pressing pressure, indicating that the plate can
withstand the pressure when stacked in URFC.

3.4 Electrochemical analysis

The electrochemical retention rate was measured to investigate
the electrochemical capability through multiple uses for URFCs.
Cyclic voltammetry was measured in negative and positive potential
ranges, as shown in Figures 8A–E; Figures 9A–E. Each plate was run
through 50 cycles in the acidic medium of 0.5 MH2SO4 electrolyte in
the three-electrode configuration with Pt wire and Ag/AgCl
electrode as counter and reference electrodes, respectively. The
CV analysis shows the percentage decrease in the current density
value at 1.8V compared to the first and 50th cycle results as the
retention rate.

Measurement through the negative potential range of - 1.8 V–0.0 V
vs. Ag/AgCl, shows that the Pb/C plate with a 1:1 ratio had the highest
stability with a 95.4% retention rate over 50 CV cycles. The Pb to C ratio

of the 1:1 plate showed electrochemically most stable performances
indicating that it is most suitable for URFC bipolar plate. Subsequently,
the 1:4 ratio plate shows better retention, where approximately 82.3% of
the first performance was maintained after multiple cycles. The plates
with biased Pb or C content showed almost half the retention rate of the
1:1 plate. Both the 1:8 and 8:1 plates showed a retention rate of 52.3%
and 57.2%, respectively, whereas the 4:1 plate showed the lowest
retention rate of 49.0% after the 50th cycle. The great decrease in
retention rate indicates that an even ratio of Pb and C is more
electrochemically stable in the negative potentials. The positive
potential range of 0 V–1.8 V vs. Ag/AgCl was measured with the
same configuration, as shown in Figure 9. Similar to the negative
potential, the 1:1 ratio of Pb and C plate showed the highest
retention rate over 50 cycles with the rate of 84.6%, followed by
1:4 ratio plate with 77.7% retention. The high Pb ratios of 4:1 and 8:
1 also showed a poor retention rate in the positive potentials, with
rates of 58.2% and 41.8%, respectively. Comparatively, the 1:8 plate,
which showed the lowest retention rate in the negative potentials,
had a retention rate of 69.7% which was higher than that of the 4:
1 and 8:1 ratios.

Figure 10 shows the potentiodynamic polarization curves of the
Pb/C bipolar plate with different compositions of 1:8, 1:4, 1:1, 4:1,
and 8:1 ratios in the simulated 0.5 MH2SO4 solution. In the range of
0–1.8V (vs. Ag/AgCl), the corrosion potential of Pb/C 1:8, 1:4, 1:1, 4:
1, and 8:1 is 0.165 V, 0.167 V, 0.211 V, 0.173 V, and 0.185 V.
Thermodynamically, the higher the corrosion potential, the higher
the potential must be applied for the reaction to occur. In other
words, it has high chemical inertness and corrosion resistance (Zhao

FIGURE 9
CV analysis using positive potentials in acidic medium (0.5 MH2SO4) at scan rate of 50 mV/sec; (A) 1:8, (B) 1:4, (C) 1:1, (D) 4:1, and (E) 8:1 Pb/C ratios.
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et al., 2016). Among the candidates, the corrosion potential of the
Pb/C 1:1 ratio was the highest, indicating that the corrosion
resistance of the composite separator can be improved if Pb and
carbon are combined in an appropriate ratio.

The overall electrochemical analysis indicates that the Pb and C
ratio of 1:1 is best suitable for the utilization in URFC as a bipolar
plate due to its high durability over multiple cycles. As the ratio of
one element increases to the other, the durability tends to degrade in
acidic media. The electrical properties under pressing pressure and
the electrochemical analysis show that employing the most efficient
1:1 ratio Pb/C bipolar plate will possibly serve the highly efficient
electrochemical system, the URFC.

From the analyzed results, it was found that the pressed density,
porosity, electrical conductivity, electrochemical durability, and
corrosion resistance are different depending on the ratio of carbon
and lead and that the properties tend to decrease when the ratio of either
carbon or lead increases. This means that bipolar plates made of mixed
Pb/C powder and lead below themelting point have bulk properties due
to the presence of bulk particles. The distance between particles, porosity
between particles, and the degree of grain boundary formation varies
depending on the composite powder ratio, which affects electrical
conductivity (Khodabakhshi et al., 2020). It also affects the
compaction rate and density. Since corrosion resistance increases in
proportion to density, increasing the proportion of leadwith fewer pores
and higher density than carbon improves the corrosion resistance of
bipolar plates (Singh et al., 2019). In Figure 1D, XPS spectra of Pb/C
powder at a 1:1 ratio show that the Pb metallic characteristic dominates
the Pb metallic peak of Pb/C powder at a 1:1 ratio, showing

comprehensive superiority in physical and electrochemical properties
over other ratios, which are dominated by lead oxide peaks.

4 Conclusion

In this work, various proportions of lead/carbon composite
materials are manufactured by a simple heating-compression
process using SBR as a binder, and the electrochemical properties
of the prepared bipolar plates are studied for being employed as
separators in URFC. The morphological features, surface chemical
nature, porosity, specific surface area, conductivity upon
compressibility, wettability, and electrochemical performance of
the varied proportions of lead carbon composite-based bipolar
plates are examined in detail through essential physicochemical
and electrochemical characterization techniques. The 1:1 ratio of
lead/carbon composites showed better stability and high
conductivity among all the prepared variants. The porosity
and electrical conductivity of the composite are observed to
increase with the increased proportion of carbon. The 1:
1 ratio showed high hydrophobicity through a high contact
angle, and its highest retention rate during electrochemical
analysis ensures the durability of the prepared bipolar plate.
Based on these results, we confirmed the possibility of a lead/
carbon composite-based to be employed as a separator to URFC
and could be a candidate for a new separator for URFC. It will
also contribute to the development of separators that can be used
not only in URFC but also in various applications.

FIGURE 10
Potentiodynamic polarization curves in acidic medium (0.5 M H2SO4); (A)1:8, (B) 1:4, (C)1:1, (D)4:1, and (E) 8:1 ratios at the scan rate of 50 mV/sec.
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Sensitivity enhancement of a Cu
(II) metal organic
framework-acetylene
black-based electrochemical
sensor for ultrasensitive detection
of imatinib in clinical samples

Xuanming Xu, Shun Li, Xingwei Luan, Chao Xuan, Peng Zhao,
Tingting Zhou*, Qingwu Tian* and Deng Pan*

Department of Clinical Laboratory, The Affiliated Hospital of Qingdao University, Qingdao, Shandong,
China

Imatinib (IMB), an anticancer drug, is extensively used for chemotherapy to
improve the quality of life of cancer patients. The aim of therapeutic drug
monitoring (TDM) is to guide and evaluate the medicinal therapy, and then
optimize the clinical effect of individual dosing regimens. In this work, a highly
sensitive and selective electrochemical sensor based on glassy carbon electrode
(GCE) modified with acetylene black (AB) and a Cu (II) metal organic framework
(CuMOF) was developed to measure the concentration of IMB. CuMOF with
preferable adsorbability and AB with excellent electrical conductivity functioned
cooperatively to enhance the analytical determination of IMB. The modified
electrodes were characterized using X-rays diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), fourier transform infrared (FT-IR), ultraviolet
and visible spectrophotometry (UV-vis), electrochemical impedance
spectroscopy (EIS), scanning electron microscopy (SEM), energy dispersive X-
ray spectroscopy (EDS), brunauer‒emmett‒teller (BET) and barrett‒joyner‒
halenda (BJH) techniques. Analytical parameters such as the ratio of CuMOF to
AB, dropping volumes, pH, scanning rate and accumulation timewere investigated
through cyclic voltammetry (CV). Under optimal conditions, the sensor exhibited
an excellent electrocatalytic response for IMB detection, and two linear detection
ranges were obatined of 2.5 nM-1.0 μM and 1.0–6.0 μMwith a detection limit (DL)
of 1.7 nM (S/N = 3). Finally, the good electroanalytical ability of CuMOF-AB/GCE
sensor facilitated the successful determination of IMB in human serum samples.
Due to its acceptable selectivity, repeatability and long-term stability, this sensor
shows promising application prospects in the detection of IMB in clinical samples.

KEYWORDS

imatinib, metal-organic frameworks, acetylene black, electrochemical sensor, glassy
carbon electrode

OPEN ACCESS

EDITED BY

Akansha Mehta,
Alexander Dubcek University in Trencin,
Slovakia

REVIEWED BY

Shohreh Jahani,
Bam University of Medical Sciences and
Health Services, Iran
Ali Benvidi,
Yazd University, Iran

*CORRESPONDENCE

Deng Pan,
dengpan@qdu.edu.cn

Qingwu Tian,
tianqingwu@qdu.edu.cn

Tingting Zhou,
zhoutingting@qdu.edu.cn

RECEIVED 21 March 2023
ACCEPTED 12 May 2023
PUBLISHED 22 May 2023

CITATION

Xu X, Li S, Luan X, Xuan C, Zhao P, Zhou T,
Tian Q and Pan D (2023), Sensitivity
enhancement of a Cu (II) metal organic
framework-acetylene black-based
electrochemical sensor for ultrasensitive
detection of imatinib in clinical samples.
Front. Chem. 11:1191075.
doi: 10.3389/fchem.2023.1191075

COPYRIGHT

© 2023 Xu, Li, Luan, Xuan, Zhao, Zhou,
Tian and Pan. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original author(s)
and the copyright owner(s) are credited
and that the original publication in this
journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Chemistry frontiersin.org01

TYPE Original Research
PUBLISHED 22 May 2023
DOI 10.3389/fchem.2023.1191075

24

https://www.frontiersin.org/articles/10.3389/fchem.2023.1191075/full
https://www.frontiersin.org/articles/10.3389/fchem.2023.1191075/full
https://www.frontiersin.org/articles/10.3389/fchem.2023.1191075/full
https://www.frontiersin.org/articles/10.3389/fchem.2023.1191075/full
https://www.frontiersin.org/articles/10.3389/fchem.2023.1191075/full
https://www.frontiersin.org/articles/10.3389/fchem.2023.1191075/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fchem.2023.1191075&domain=pdf&date_stamp=2023-05-22
mailto:dengpan@qdu.edu.cn
mailto:dengpan@qdu.edu.cn
mailto:tianqingwu@qdu.edu.cn
mailto:tianqingwu@qdu.edu.cn
mailto:zhoutingting@qdu.edu.cn
mailto:zhoutingting@qdu.edu.cn
https://doi.org/10.3389/fchem.2023.1191075
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://doi.org/10.3389/fchem.2023.1191075


1 Introduction

Imatinib (IMB, also known by its trade name of Gleevec/Glivec),
is a type of chemotherapy medication approved by the Food and Drug
Administration (FDA) in 2001 (Diculescu et al., 2009). As a pioneer
tyrosine kinase inhibitor (TKI), it is applied to treat certain types of
cancers such as chronic myelogenous leukemia (CML) and acute
lymphocytic leukemia (ALL), for patients in which the Philadelphia
chromosome is positive (Ph+) (Qu et al., 2019). Moreover, imatinib
also deregulates the tyrosine kinase activity of c-Kit associated with
gastrointestinal stromal tumors (GISTs) (Gajski et al., 2019; Li et al.,
2022). In addition, this orally administered drug is rapidly absorbed
and its absolute bioavailability is generally almost 76% (Peng et al.,
2005; Roosendaal et al., 2020). Thus, it can be mainly metabolized by
the liver CYP3A4 enzyme into N-desmethyl imatinib, which has a
bioactivity similar to that of its parent medicine (Adiwidjaja et al.,
2020).

Therapeutic drug monitoring (TDM) refers to the clinical
practice of measuring the drug concentrations in biological fluids
of patients at specified time intervals and controlling their drug
doses in a timely manner to formulate individualized dosing
regimens (Mueller-Schoell et al., 2021). Current evidence from
clinical trials shows that when the measured steady-state
minimum plasma concentrations of IMB were
(Cmin,ss) ≥1,000 ng/mL, complete cytogenic response (CcyR) and
major molecular response (MMR) resulted in significant
improvement in CML patients (Miura, 2015). However, a Cmin,SS

of IMB >3,000 ng/mL was associated with a higher incidence of
adverse events (AEs) (Guilhot et al., 2012). Hence the effective
therapeutic window of the Cmin,SS of imatinib should be maintained
between 1,000 and 3,000 ng/mL to achieve dose optimization in
precise clinical treatment. Remarkably, concentrations of imatinib
and its metabolite in plasma have demonstrated significant
interindividual variation (Farag et al., 2017).

In the past few decades, various analytical techniques have been
developed for IMB determination, such as fluorescence (Yan et al.,
2016), liquid chromatography-tandem mass spectrometry (LC‒MS/
MS) (Kralj et al., 2012), high-performance liquid chromatography
(HPLC) (D’Avolio et al., 2012) and capillary electrophoresis (CE)
(Rodrı´guez Flores et al., 2003). Among them, liquid
chromatography and mass spectrometry have time-consuming
pretreatment processes and require professionals with relevant
knowledge backgrounds (Chen et al., 2020). Capillary
electrophoresis frequently produces unreliable results with limited
sensitivity (Sánchez-López et al., 2016), while the drawback of
fluorescence is that it is generally vulnerable to interfering
substances (Zheng et al., 2019). These shortcomings of the
reported approaches have forced researchers to develop rapid
and convenient methods. Determination methods based on
electrochemical sensors have been extensively applied with a
number of advantages, such as timeliness, no complex
preprocessing procedures, real-time detection under in situ
conditions, and highly sensitive and selective analysis of clinical
samples (Feng et al., 2021; Wang et al., 2022). Moreover, the
presence of electrical activity sites on the IMB surface means that
an electrochemical detection method is feasible (Hassan Pour et al.,
2021). Accordingly, it is of great significance to establish a simple,
fast and low-cost IMB electrochemical detection method.

Metal organic frameworks (MOFs) are a type of porous
coordination polymers (PCPs) that have multidimensional
network structures, and are synthesized by combining inorganic
metal ions or metal clusters with organic ligands (Xu et al., 2010;
Zhou et al., 2015; Yola, 2021). By virtue of their expandable pore
surfaces, multiple coordination sites and outstanding adsorption
capacity, MOFs have recently received significant attention for
application in catalysts, supercapacitors, and drug delivery,
storage and separation (Zhou et al., 2015; Abbasi et al., 2016;
Kumari et al., 2022). Despite these limitations, the application of
MOFs in the field of electrochemistry still faces some obstacles, such
as poor electrical conductivity and an unstable structure in aqueous
environments (Kumari et al., 2022).

As one of the most extensively applied square-hole MOFs,
CuMOF (Cu3(BTC)2 (BTC = 1,3,5-benzenetricarboxylate), also
known as HKUST-1) is a potential adsorbent with a changeable
large specific surface area, easily adjustable pore size and porous
composition (Jahangiri–Dehaghani et al., 2022; Wachholz Junior
et al., 2022). Additionally, CuMOFs can be suitable for applications
that require the frequent loading and unloading of guests, and the
activated empty phase of CuMOF has preferable affinity for IMB
through hydrogen bonding (Abbasi et al., 2016). Due to these
properties, CuMOF is a good candidate for IMB determination.

Acetylene black (AB), as a special class of porous carbon black, is
obtained from acetylene (C2H2) which is decomposed
exothermically under pressure during oxygen-free conditions
(Yang et al., 2014). It is a perfect nonmetallic electrocatalyst due
to its superior electrical conductivity, large specific surface area and
enhanced electronic transfer efficiency (Xu et al., 2010; Feng et al.,
2021).

On the basis of the above analysis, materials with superior
electrical conductivity are generally used to improve the electron
transfer capability of electrode surfaces modified by MOFs. Until
now, combining CuMOF with AB for analytical application has
rarely been reported. In this regard, a novel, efficient and lower LOD
sensor was fabricated based on properties of AB and CuMOF
structures due to excellent sensitivity, high selectivity and
outstanding adsorptivity, for the electrochemical analysis of IMB
in the present research (as shown in Scheme 1). In addition, the
nano-materials were characterized by XRD, XPS, FT-IR, UV-vis,
SEM, EDS, BET, and EIS methods. The synthesized materials were
used to modify the surface of GCEs and successfully applied for IMB
concentration detection in real serum samples.

2 Experimental section

Materials and reagents, equipment, electrode preparation,
optimization of procedure parameters and procedures of the real
samples are described in the Supplementary Material.

3 Result and discussion

3.1 Characterization of the materials

The surface morphology and structure of AB, CuMOF and
CuMOF-AB were evaluated using scanning electron microscopy
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SCHEME 1
Modification steps of the proposed CuMOF-AB/GCE sensor. CuMOF-ABwas cast on the surface of GCE. An electrochemical workstation consisting
of a saturated calomel electrode, platinum (Pt) pillar electrode and modified GCE, was applied for the enhanced detection of IMB in human serum
samples.

FIGURE 1
SEM images of AB (A), CuMOF (B) and CuMOF-AB (C). SEM mapping images of CuMOF-AB (D).
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(SEM) with a 20 kV accelerating voltage. As shown in Figure 1A, the
particles of AB were spherical with an average diameter of 50 nm
and had homogeneous surfaces with irregular polishing grooves;
Figure 1B shows that the CuMOF crystals were octahedral in shape
with distinct edges and sharp corners, and the various surface pore
sizes enhanced the adsorption capacity. The SEM image shown in
Figure 1C displays the morphology of the AB and CuMOF
composites, and it was obvious that both materials were
interpenetrated. In addition, in the SEM mapping image of
CuMOF-AB (Figure 1D), carbon, oxygen and copper were found
to be uniformly distributed throughout the nanocomposites.
According to the energy dispersive spectroscopy (EDS) spectra of
CuMOF (Supplementary Figure S1A), the C, O and Cu contents
were 60.55%, 18.11% and 21.34%, respectively. However, from the
results of the CuMOF-AB nanocomposite presented in
Supplementary Figure S1B, the C content (83.10%) was obviously
higher than the Cu and O contents, indicating the existence of AB.

The XRD patterns of CuMOF and CuMOF-AB composites had
been provided in Figure 2A. CuMOF showed distinctive diffraction
sharp peaks at 2θ of about 9.4°, 11.6°, 13.4°, 14.9°, 16.4°, 17.4° and
19.0° (Li et al., 2018; Rezvani Jalal et al., 2020), and the high peak
intensities also could be readily confirmed the high crystalline
structure of MOF. According to the previous literature, acetylene
black only had a broad peak at 25° due to its amorphous structure
(Sun et al., 2015), so the width of the diffraction peaks at 25°

increased obviously in the composites.
XPS analysis was used to determine the chemical and electronic

states. It could be demonstrated from the spectrum (Figure 2B) that
the Cu, C and O elements coexist in CuMOF-AB. The characteristic

peaks of C 1s and O 1s located at the binding energies of about
285 and 532 eV, respectively. In Cu 2p regions, Cu 2p3/2 peak at
935.1 eV and its shakeup satellites were associated with Cu (II). The
peak appearing at 955.1 eV with a satellite at 963.1 eV were assigned
to Cu 2p1/2 (Quan et al., 2021; Zhang et al., 2023).

Confirmation of the synthesis of CuMOF were fairly supported
by the outcomes of FT-IR. Figure 2C showed the broad peak around
3393.24 cm−1 region were apparent which was assigned to OH bands
vibration of intercalated water. The absorption peaks at 1,617, 1,555,
and 1,373 cm−1 could be assigned to the characteristic vibrations of
C=O, and the band at about 1,443 cm−1 was ascribed to the C=C
stretching in the aromatic structure (Wang et al., 2013). In addition,
the absorption bands at 950–600 cm−1 were owing to C-H bending
of benzene ring (Abbasi et al., 2017).

CuMOF related characteristic absorbance peak was at about
258 nm in the ultraviolet-visible (UV-vis) patterns (Gao et al., 2023).
And introduction of AB made the new absorption peak exhibited a
positive shift from 258 to 284 nm, indicating that CuMOF-AB
nanocomposites had successfully formed (Figure 2D).

The adsorption-desorption isotherms of CuMOF and CuMOF-
AB are shown in Figure 2E, which conformed to a Type I isotherm
according to the IUPAC classification, indicating the existence of
mesopores. The dramatic uptake at extremely low P/P0 was due to
the enhanced adsorptive interactions under narrow micropore
conditions causing micropore filling (Thommes et al., 2015).
Figure 2E shows that the BET specific surface areas of CuMOF
and CuMOF-AB were 448.993 and 228.443 m2/g, and the pore
volumes were 0.68 and 0.50 cc/g, respectively. The BJH technique
was used to investigate the average pore diameters of CuMOF and

FIGURE 2
XRD (A) crystallography of the CuMOF and CuMOF-AB composites. XPS (B) and FT-IR (C) spectra of CuMOF. UV-visible spectroscopy (D) of AB,
CuMOF and CuMOF-AB. Nitrogen adsorption−desorption isotherms (E) and pore diameter distribution (F) of CuMOF and CuMOF-AB.
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CuMOF-AB, which were found to be 30.257 nm and 3.410 nm,
respectively, by the adsorption method (Figure 2F). These results are
summarized in Supplementary Table S1. Due to the incorporation of
AB, it was clear that compared with CuMOF, the pore size of
CuMOF-AB composites changed significantly, indicating that
CuMOF-AB nanocomposites were successfully prepared.

3.2 Electrochemical characterization of the
modified electrodes

The electroactive surface areas of the bare GCE, AB/GCE and
CuMOF-AB/GCE modified electrodes were measured at various
scan rates in solution containing 0.25 mM [Fe(CN)6]3-/4- and 0.1 M
KCl. Randles-Sevcik equation (Foroughi et al., 2021) was computed
to analyze the efficacy of embedded sensor with bare GCE, AB/GCE
and CuMOF-AB/GCE at 25°C.

IP � 269000 n3/2AD1/2Cv1/2 (1)
Where, Ip is the peak current, n shows the number of electrons

consisted in the process (n = 1),D stands for the diffusion coefficient
(7.6 × 10−6 cm2/s), A for the electrode surface area (cm2), v for the
scan rate (V/s) and C for the [Fe(CN)6]3-/4- concentration (mol/cm3)
(Taherizadeh et al., 2023). As shown in Supplementary Figure S2,
the slopes from the plot of current against scanning rate square root
were used for the calculation of the electroactive surface areas, and A
values were 0.08, 0.11, and 0.14 cm2 for the surfaces of bare GCE,
AB/GCE and CuMOF-AB/GCE, respectively. So CuMOF-AB could
be reinforced during electroanalysis because of an impressive
elevation in its electroactive surface area.

EIS, as a powerful characterization technique, is used to measure
the impedance of analyzed samples in the appropriate frequency
range by applying a sinusoidal voltage or current. Moreover, the
actually measured Nyquist spectra are always fitted with equivalent
electrical circuits, which are regarded as electrical fingerprints, to
evaluate electrochemical properties and behaviors. The high-
frequency part of the Nyquist plot indicates charge transfer

resistance (Rct), which is represented by the diameter of the
semicircle. In contrast, in the low-frequency region, the straight
lines correspond to ion diffusion in redox reactions. In addition, the
change in Rct value is determined by the characteristics of the
modifiers and modification reaction on the surface (Singh et al.,
2023).

The EIS equivalent circuit model of the four different electrodes
is shown in Figure 3A (insets), where Rs and W1 are the electrical
resistance of the electrolyte and the Warburg impedance,
respectively. To improve accuracy, a constant phase element
(CPE) is used to model Cdl, which represents the capacitance of
a double layer at the electrode and electrolyte (Grossi and Riccò,
2017). In addition, the Nyquist plot (Figure 3A) of the bare GCE
showed a relatively large semicircle with an Rct of 600Ω. After the
modification of the GCE with AB, the value of Rct decreased to 66 Ω,
which confirmed that the electron-transfer property of AB/GCE
improved. For CuMOF/GCE, both the diameter and Rct (6,456Ω)
increased, which demonstrated that the presence of CuMOF
hindered electron transfer on the electrode surface, which might
have occurred because the CuMOF framework is intrinsically
insensitive to electrocatalysis. Compared with the bare GCE and
CuMOF/GCE, CuMOF incorporated with AB exhibited additional
decreases in Rct (370Ω). Consequently, it was inferred that AB
compensated for the poor conductivity of the CuMOF and notably
facilitated fast electron transfer between the [Fe(CN)6]

3−/4− solution
and the modified GCE surface.

3.3 Electrochemical behavior of IMB on GCE

To investigate the electrochemical behavior of IMB (3 μΜ) on
different modified electrodes, CV was used to record oxidation
currents and potentials in 0.1 M PBS (pH = 7). As shown in
Figure 3B, oxidation peaks were observed at approximately
+0.82 V in the positive potential scanning, but the corresponding
peaks of reduction were not observed in the reverse scanning. This
phenomenon proved that the IMB reaction on all the above

FIGURE 3
(A) Nyquist curves of bare GCE, CuMOF/GCE, AB/GCE and CuMOF-AB/GCE in 0.1 M KCl containing 5 mM K3Fe [(CN)6] and K4Fe [(CN)6] solution.
The spectra were acquired at 50 mV ac amplitude in the frequency range from 100 kHz to 0.01 Hz (B) CVs of the bare GCE, CuMOF/GCE, AB/GCE and
CuMOF-AB/GCE in 0.5 μM IMB solution (pH = 7) at a scanning rate of 100 mV/s.
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modified electrodes was not reversible. The current response of the
bare GCE was barely noticeable, revealing that the electron transfer
process was extremely slow on the GCE only. In contrast, for the AB-
modified electrode and CuMOF-modified electrode, the signals of
IMB oxidation were slightly higher than those of the bare electrode.
The oxidation peak current of CuMOF-AB/GCE was the largest,
indicating that the fabricated CuMOF-AB composite film had better
electroanalytical performance. A possible reason for this was the
excellent conductivity of AB and the high catalytic and adsorption
ability of porous CuMOF, in which the interior pores had Lewis acid
coordination copper sites that were readily accessible for catalytic
conversions (Schlichte et al., 2004). The adsorption of IMB by
CuMOF might be dominated by hydrogen bonding to secondary
building units (SBUs) and subsequently to other IMB molecules
(Abbasi et al., 2016). These observations elucidated that IMB on
CuMOF-AB/GCE exhibited the best electrochemical behavior.

3.4 Optimization of the analytical
parameters

To ensure optimal sensing performance, the mass ratio of
CuMOF to AB, drop volume of CuMOF-AB on the GCE and
accumulation time were studied. While holding other conditions
equal, the oxidation peak current gradually increased when
increasing the mass ratio from 0:1 to 1.5:1 and then started to
decrease as the mass ratio continued to increase (Supplementary
Figure S3). A possible explanation for this was that the binding force
of hydrogen bonds between the MOFs and IMB was weak due to the
lack of CuMOF at low ratios, but at high ratios, the modified
electrodes had poor conductivity and impeded electron transfer
on the GCE surface, which was attributed to the reduction in the
relative content of AB. Therefore, 1.5:1 was selected as the best ratio
in this test.

A certain dropping volume of CuMOF-AB was a major and
meaningful factor in the test procedures and had to be
optimized. The CuMOF-AB volume effect was evaluated
ranging from 4 to 8 μL, and the peak current was monitored.
As shown in Supplementary Figure S4, the signal of the modified
electrode increased up to VCuMOF-AB = 6 μL, and then the
current values tended to be constant. These results indicated
that the electrode surfaces were not fully covered by the prepared
materials when the dropping volume was less than 6 μL, and
then they reached a saturation state. Thus, considering material
consumption and economic cost, 6 μL was selected as the
optimal volume in further analysis. Additionally, the effect of
the accumulation time (tac) of IMB on the sensor response was
also investigated. As illustrated in Supplementary Figure S5, the
maximum value of the relevant current was procured within
7 min and reached an equilibrium state. IMB adsorption on the
GCE achieved saturation after 7 min, so tac = 7 was chosen for
subsequent analysis.

As a quadrivalent base, imatinib is pH-sensitive owing to the
presence of an amine and a pyridine group (Qi et al., 2016).
Similarly, because most organic compounds are susceptibly
influenced by the solution pH value in oxidation reactions,
the oxidation behaviors of 3 μM IMB were necessarily
evaluated using the fabricated CuMOF-AB/GCE in 0.1 M PBS

with the pH ranging from 3.0 to 9.0. As shown in Supplementary
Figures S6 and S4A, the oxidation peak current increased from
pH 3.0 to a maximum at pH 7.0 and then markedly decreased
with further increases in pH; hence, this pH value was selected
as the most appropriate pH. Due to the pKa of IMB (pKa1 = 2.5,
pKa2 = 4.0 and pKa3 = 8.2) (Mioduszewska et al., 2017), this drug
was positively charged in solution at pH 7.0 and negatively
charged at pH > 8.2. Moreover, because the surfaces of the
CuMOF adsorbent were negatively charged when pH > 4 (Azhar
et al., 2016), the maximum current was obtained (pH = 7) due to
the electrostatic attraction of different charges. It should also be
noted that the oxidation peak potentials shifted to more
negative potentials as the pH increased, indicating H+

participation in the oxidation process of IMB. Furthermore,
Rodríguez (Rodríguez et al., 2018) found that the loss of the two
protons from piperazine rings occurred at pKa values equal to
approximately 4.0 and 8.0; hence, the IMB carried two positive
charges when pH values were less than 4.0 and had only one
positive charge until the pH was up to 8.0. As shown in
Supplementary Figure S6, two distinct peaks were observed
from pH 3 to 5, and one peak was observed at higher
pH values. Moreover, the pH values were linearly correlated
with EP in the range of 3-8, and the linear equation was
determined as EP = −0.024 pH + 0.717 with R2 = 0.993. The
calculated slope was −0.024 (24 mV/pH), which was almost half
of the theoretical Nernstian value (59 mV/pH) (Walczak et al.,
1997), indicating that two electrons and one proton were
involved in the IMB electro-oxidation process. These results
were in accordance with those previously reported in the
literature (Rodríguez et al., 2018; Rezvani Jalal et al., 2020;
Hassan Pour et al., 2021). In addition, the line of EP vs.
pH was broken at approximately pH 8, which was almost
coincident with the pKa3 value of IMB.

3.5 Electrochemical mechanism of IMB on
the CuMOF-AB/GCE

To determine the mechanism of the electrochemical process of
CuMOF-AB/GCE, the CV of CuMOF-AB/GCE was collected while
varying the scanning rate from 40 to 140 mV/s, as shown in
Supplementary Figure S7. Under the optimized conditions, the
peak current (IP) and potential (EP) progressively moved to
positive values as the scanning rate (υ) increased. As shown in
Figure 4C, the peak current exhibited a great linear relationship with
the scanning rates, and the corresponding regression equation was
determined to be I (μA) = 0.886υ +32.124 (R2 = 0.996), indicating an
adsorption-controlled process of IMB transport on the electrode
surface (Rodríguez et al., 2018). Additionally, the linearity
(Figure 4D) between EP and ln υ confirmed the intrinsic
irreversibility of the IMB electrochemical processes and
conformed to Laviron’s equation (Laviron, 1979), which is
expressed as follows:

EP� E0+[RT/ 1 − α( ) nF] ln [RTks/ 1 − α( ) nF] + [RT/ 1 − α( ) nF] ln υ
(2)

where E0 is the standard redox potential, R is the molecular gas constant
(8.314 J mol−1 k−1), T is the Kelvin temperature [T (298.15 K) = 273.15 +
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FIGURE 4
(A) Plots of the oxidation peak current vs. pH values from 3.0 to 9.0 at 100 mV/s. (B) Potential diagram of different pH values in the presence of 3 μM
IMB in PBS solution. (C)Corresponding plot of current vs. scanning rate (40–140 mV/s) in the presence of 3 μM IMB in PBS solution. (D) Linear relationship
between EP and logarithm of scanning rate.

SCHEME 2
Possible reaction mechanism for IMB on the modified electrode.
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FIGURE 5
(A)Cyclic voltammograms and (B) calibration curves of CuMOF-AB/GCE at various concentrations (0.0025–6 μM) during IMB determination in PBS
solution (pH = 7). (C) CV response of the five parallel electrodes to 3 μM IMB. (D) Stability of the fabricated sensors during a 7-day storage period.

TABLE 1 Comparison of various electrochemical sensor performances for IMB determination.

Sensors Method Linear range (μM) LOD (nM) Ref.

HMDE SWV 0.019–1.9 5.6 Chen et al. (2014)

BDDE DPV and CV 0.03–0.25 6.3 Brycht et al. (2016)

MWCNTs/SPCE SWV and DPV 0.05–0.912 7.0 Rodríguez et al. (2018)

NiO-ZnO/MWCNT/GCE DPV 0.015–2.0 2.4 Qian et al. (2021)

CuMOF-AB/GCE CV and EIS 0.0025–6.0 1.7 This work

HMDE: hanging mercury drop electrode; BDDE: boron-doped diamond electrode; MWCNTs: multiwall carbon nanotubes; SPCE: screen-printed electrode; DPV: differential pulse

voltammetry; SWV: square-wave voltammetry.

TABLE 2 Investigation of sensor applicability for IMB detection by standard addition method.

Sample Added (μM) CV method found (μM) Recovery (%) RSD (%) (n = 3)

1 0.5 0.5103 102.04 9.431

1.0 0.9626 96.26 6.789

2.0 1.9441 97.20 1.044

2 0.5 0.4654 93.49 4.312

1.0 1.0601 106.01 2.107

2.0 2.0169 100.85 2.305
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25°C], F is the Faraday constant (96485.333 Cmol−1), n is the number of
interchanged electrons, ks is the rate constant of the electrochemical
reaction, α is the charge-transfer coefficient, and υ is the various scanning
rates. According to the slope (0.027) ofEP vs. ln υ, the value of (1−α)nwas
calculated to be equal to 0.94. Moreover, α was usually identified as
0.5 during the irreversible redox reaction; therefore, two electrons were
involved in the oxidation of IMB on the surface of CuMOF-AB/GCE.
This suggested conclusively that the electron transfer was consistent with
that in the above PBS solution (pH = 7), so the possible electro-oxidation
mechanism for IMB was proposed as shown in Scheme 2. In this overall
mechanism, the nitrogen atom on the piperazine ring of IMB, as a
pyridine compoundmolecule, undergoes electro-oxidation, accompanied
by the removal of a proton and two electrons. The process is described as
follows. First, the terminal nitrogen on the piperazine ring is protonated.
Subsequently, another aliphatic nitrogen (i.e., proximal nitrogen) partially
forms a cationic radical after losing a proton and an electron. In the next
step, the piperazine moiety loses the same number of protons and
electrons to convert into a quaternary Schiff base (Hammerich, 2003;
Özkan et al., 2004; Uslu et al., 2005). Notably, this oxidation mechanism
for IMB is almost consistent with that of the boron-doped diamond
electrode reported by Brycht et al. (Brycht et al., 2016).

3.6 Analytical characteristics of the modified
electrode

Under the optimal experimental conditions, the analytical
characteristics of the proposed sensor were studied by CV in PBS
(0.1 M, pH = 7) during IMB determination. As shown in Figure 5A,
as the IMB concentrations gradually increased, the intensity of the
response peak current increased simultaneously. Although the
catalytic current was positively proportional to concentration
variations, the slopes of the calibration curve were different in
low- and high-concentration regions. The two corresponding
linear regression equations are shown in Figure 5B: I (μA) =
78.934 CIMB + 2.745 (R2 = 0.998, 2.5 nM−1.0 μM) and I (μA) =
17.597 CIMB + 63.910 (R2 = 0.998, 1.0–6.0 μM), respectively. These
results were attributed to the IMB on the surface of the modified
electrode forming monolayer coverage at low concentrations; in
contrast, multilayers covered the surface at high concentrations. The
limit of detection (LOD) was calculated with the following equation:

LOD � 3σblank

m
(3)

where the signal-to-noise ratio is S/N = 3, σblank is the standard
deviation of the blank and m is the slope value of the calibration
curve; hence, the LOD was calculated as 1.7 nM. Compared with
other already reported sensors for IMB determination (Table 1), the
prepared electrochemical sensor exhibited a wider linear range and a
generally lower LOD. And the electrode used for the sensor
fabrication was GCE that had various advantages such as cost-
effectiveness, admirable modification, facile accessibility and low
background current (Jahani et al., 2022) when comparing with other
electrodes. However, several reported IMB sensors not only gave
higher DLs; but required tedious sample preparation and
complicated process. In addition, the satisfactory sensitivity of
the modified GCE was attributed to the high specific surface area
of CuMOF and the excellent conductivity of AB. Accordingly, as-

fabricated sensor could be potentially able to determine IMB in
human serums.

To demonstrate the high selectivity of the proposed sensors, a
series of interference tests were performed to evaluate the response
of IMB. In this experiment, the tolerance limit resulted in a relative
oxidation current error of less than 5% for the determination of
3 μM IMB. Several organic and inorganic interferents, such as
anions, cations, vitamins and amino acids, were used to evaluate
the capability of anti-interference. According to the results shown in
Supplementary Table S2, there was a negligible effect of the
mentioned interfering species, indicating these interferences did
not influence the responses of IMB determination. Therefore, the
electrochemical sensor constructed by CuMOF-AB displayed a good
capability of resisting interference and excellent selectivity for IMB
determination.

To verify the precision and practicability of the electrochemical
electrodes, the repeatability and long-term stability of CuMOF-AB/
GCEwere investigated. As shown in Figure 5C, five parallel modified
electrodes (P1-P5) were constructed in the same batch and used to
measure known concentrations of IMB by CV in 1 day. The relative
standard deviation (RSD) of the oxidation current was calculated as
2.14%, illustrating that the designed strategy had good
reproducibility. Additionally, the stability of the suggested sensors
was demonstrated in-sequence by measuring the IMB signals of the
current over a period of a week. The results are shown in Figure 5D.
The maximal change in current was 5.35%, which proved that the
structure of the AB and CuMOF framework had acceptable stability
and a long service life.

3.7 Analytical application in real samples

Real sample analysis is essential to evaluate the practicality of the
developed electrode in determining the analyte with an acceptable
recovery. The applicability and reliability of the fabricated electrodes
were investigated by using them for the determination of IMB in
human blood serum samples. The samples were prepared by the
process described in the Experimental Section. According to
Table 2, the standard recovery rate of IMB in clinical serums
ranged from 93.49% to 106.01% with an RSD between 1.04% and
9.43%. Meanwhile, the accuracy of IMB detection in patient serum
samples was compared with LC-MS. The obtained results were
summarized in Supplementary Table S3 based on an average of
3 measurements (n = 3), suggesting the acceptable precision of the
proposed method. Thus, the fabricated novel sensor can be used as
an effective method for measuring IMB anticancer drugs in real
biological samples.

4 Conclusion

In the present work, a new electrochemical sensor based on a
CuMOF-AB nanocomposite was fabricated for the rapid and
sensitive determination of IMB. CuMOF increased the
attachment amount of IMB due to its excellent adsorbability, and
AB enhanced electron transfer on the electrode surface due to its
good conductivity. The effective CuMOF-AB nanocomposite
exhibited improved electrocatalysis for IMB oxidation due to its
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greater conductivity and active catalytic sites. Under optimal
conditions, the prepared sensor exhibited satisfactory selectivity,
repeatability, good stability, a lower DL (1.7 nM) and a wider linear
range (2.5 nM-1.0 μM and 1.0–6.0 μM, respectively). The CuMOF-
AB-based sensor had a wider linear range and lower LOD than those
reported for sensors in previous studies. In summary, a novel
approach with excellent enforceability was developed for the
sensitive and selective monitoring of IMB in biological samples.
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Time-resolved in situ vibrational
spectroscopy for electrocatalysis:
challenge and opportunity
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1GBA Branch of Aerospace Information Research Institute, Chinese Academy of Science, Guangzhou,
China, 2Guangdong Provincial Key Laboratory of Terahertz Quantum Electromagnetics, Guangzhou,
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Understanding the structure-activity relationship of catalysts and the reaction
pathway is crucial for designing efficient, selective, and stable electrocatalytic
systems. In situ vibrational spectroscopy provides a unique tool for decoding
molecular-level factors involved in electrocatalytic reactions. Typically, spectra
are recorded when the system reaches steady states under set potentials, known
as steady-state measurements, providing static pictures of electrode properties at
specific potentials. However, transient information that is crucial for
understanding the dynamic of electrocatalytic reactions remains elusive. Thus,
time-resolved in situ vibrational spectroscopies are developed. This mini review
summarizes time-resolved in situ infrared and Raman techniques and discusses
their application in electrocatalytic research. With different time resolutions, these
time-resolved techniques can capture unique dynamic processes of
electrocatalytic reactions, short-lived intermediates, and the surface structure
revolution that would be missed in steady-state measurements alone. Therefore,
they are essential for understanding complex reaction mechanisms and can help
unravel important molecular-level information hidden in steady states.
Additionally, improving spectral time resolution, exploring low/ultralow
frequency detection, and developing operando time-resolved devices are
proposed as areas for advancing time-resolved techniques and their further
applications in electrocatalytic research.

KEYWORDS

time-resolved spectroscopy, in situ, infrared, Raman, ATR-SEIRAS, SERS

1 Introduction

Electron-transfer reactions at the electrode surface can be categorized as inner- or outer-
sphere reactions. For an outer-sphere reaction, the electrons transfer tunnelling through a
solvent layer, thus, no direct chemical interaction between the electrode and active species
occurs. Therefore, the electron-transfer rate is exponentially increased with the applied
overpotential. In contrast, electrocatalysis involves typical inner-sphere reactions where the
electron-transfer rate is highly rated to the surface structure of the catalyst and reaction
pathway, in addition to the applied overpotential making it far more complicated than an
outer-sphere reaction.

The rational design of highly efficient electrocatalytic systems requires a profound
awareness of the structure-activity relationship of the catalysts and the reaction pathway.
Theoretical simulations such as density functional theory (DFT) can provide some cues of
the critical adsorption sites and interface structures. Morphology and structure detection
techniques such as scanning electron microscopy, transmission electron microscopy, atomic
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force microscopy, X-ray absorption, X-ray diffraction, X-ray
photoelectron spectroscopy, electron paramagnetic resonance,
Mössbauer spectroscopy, etc., have been applied both in situ and
ex situ to monitor the structure evolution, coordination
environment, valence state, electronic property, etc., (Zhang
et al., 2019; Chen et al., 2023). However, direct spectral evidence
of molecular-level factors is still challenging to obtain. Therefore, in
situ vibrational spectroscopy including Raman, Infrared (IR), and
sum frequency generation (SFG) spectroscopy able to capture the
molecular fingerprint information are necessary (Xu et al., 2021; Liu
et al., 2022). SFG, a non-linear spectroscopy, benefits from the
specific interfacial selection rules and is easy for pump-probe time-
resolved studies. Recently, phase-sensitive second-harmonic
generation, a specific sum frequency nonlinear effect, was
developed to measure the electrochemical potential of zero
charge at the Pt-water interface (Xu et al., 2023). But these
techniques highly rely on well-trained specialists and
sophisticated devices thus, hasn’t been widely applied yet (Li
et al., 2022). This mini review focuses on the mostly used time-
resolved in situ strategies of IR and Raman spectroscopies and
discusses their applications in electrocatalytic research.

Herein, “in situ” refers to the measurements performed during
the reaction under relevant reaction conditions. In comparison,
“operando” measurements are taken under reaction conditions
similar to those of realistic reactors. (Bañares, 2005; Yang et al.,
2021). As a powerful tool, the in situ vibrational spectra are typically
obtained under a series of preset potentials with stable currents as a
steady-state method. Highly reproducible spectra and rich
information such as the structure of the catalysts, adsorbed
intermediates, structure of the interfacial solvents, et al. are
obtained (Zhu et al., 2020; He et al., 2023). However, valuable
transient information such as the dynamic kinetic, relaxation of
the interfacial structure, and ultrashort lived intermediate is
inevitably missed by using the steady-state measurement alone.
Hence, various time-resolved IR and Raman spectroscopic
techniques with different time resolutions are developed.

2 Time-resolved in situ fourier-
transformed infrared (FTIR) study

Infrared spectroscopy exploits the specific absorption of infrared
radiation at characteristic frequencies of molecular vibrations. It has
been widely used to monitor functional groups, molecular
symmetry, and interactions between catalysts and molecules
during electrochemical reactions (Chalmers and Griffiths, 2002).
External reflection and internal reflection also known as attenuated
total reflection (ATR) are two main types of detection modes used in
situ measurements. As surface-enhanced infrared absorption has
been proved on many important transient metals such as Cu and Pt,
that surface-enhanced infrared reflection absorption spectroscopy
(SEIRAS) coupled with ATR detection mode is widely used in
spectroelectrochemistry (Liu et al., 2021; Cuesta, 2022).

Linear scan mode is provided by commercial FTIRs. As it is easy
to implement without any additional accessory, it is widely used to
monitor electrochemical reactions under a second-time regime. As
an example, Zhu et al. studied the CO2RR on the Cu thin film
combining real-time ATR-SEIRAS with isotopic labeling (Zhu et al.,

2017). Surface 12CO2 and surface adsorbed 12CO were observed in
the KH12CO3 electrolyte saturated with 12CO2 (Figure 1A).
Interestingly, new peaks assigned to surface 13CO2 and adsorbed
13CO were observed in the KH13CO3 electrolyte saturated with
12CO2 (Figure 1B) indicating the existence of an equilibrium
between CO2 and bicarbonate anions in the electrolyte. This
result provided that the CO2 source of CO2RR is from the
surface equilibrium rather than the free CO2 (Figure 1C). The
drawback of linear scan is that it is unable to catch up with fast
electrochemical reactions as each spectrum takes hundreds of ms to
collect (Pérez-Martínez et al., 2021). Combing in situ ATR-FTIR
with on-line mass spectrometry can capture the reaction kinetics of
surface species and volatile products simultaneously, helping to
evaluate the contribution of partial reactions (Heinen et al.,
2007a; Heinen et al., 2007b). Besides, polarization modulation is
applied in time-resolved infrared reflection absorption
measurement to character the coordination and symmetry of
surface species such as cyanide (Hosseini et al., 2018).

High temporal-resolution detection methods with ms and μs
resolution based on the FT-IR had been developed. One is rapid-
scan time-resolved FT-IR which employs moving mirrors to reduce
the scan time to the ms scale and is useful for monitoring processes
with a half-life time 100 ms (Li et al., 2012). An example of this
technique’s application is the oxidation of methanol on a Pt
microelectrode in a thin-layer cell combined with external
reflection detection mode (Zhou et al., 2004). To overcome the
low mass transport rate, a Pt microelectrode and a flow cell were
specially designed to reduce the electrode time constant down to
100 μs. Cyclic voltammograms and IR spectra can be recorded
simultaneously at a high potential scan rate up to 200 mV/s
(Figure 1D). The study observed linearly bonded CO (COL) and
bridge-bonded CO (COB) under −0.17 V and −0.54 V vs. SCE
respectively. Furthermore, the difference in potential between
COL and COB indicates that the activation energy of methanol
oxidation via COB is lower than COL, revealing a dual reaction
mechanism.

Another approach is the step-scan method where the moving
mirror is moved in a series of fixed steps. At each step, a full
interferogram is collected and Fourier transformed into a single
spectrum point. The time delay between successive interferograms is
controlled by the rate of movement of the moving mirror. The
resulting two-dimensional data arrays consisting of time-delayed
interferograms at each wavenumber can be used to generate kinetic
information. (Ataka et al., 1999). Osawa et al. first reported the in
situ step-scan time-resolved FTIR with a sub-millisecond resolution
to monitor a one-electron reduction of heptylviologen (Osawa et al.,
1994). Zhou et al. reported the monitoring of CO oxidation on Pt
microelectrode, an irreversible reaction by using a thin layer cell at a
time resolution of 250 μs (Zhou et al., 2005).

Instead of using the moving mirror in the step-scan method, as
an alternative, dual frequency comb IR laser spectroscopy achieved
microsecond time resolution by using a heterodyned detector to
record the interference signal generated by two IR laser combs (Lins
et al., 2020). Eliminating the need for successive mirror movements
greatly reduces the sampling time by two orders of magnitude. In a
recent study, transient evolution of 4-dimethylaminopyridine on the
electrode surface was investigated through ATR-SEIRAS mode.
Time-resolved integrated peak area of 1,628 cm−1 was recorded
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and fitted by a double exponential function of time to calculate the
surface diffusion coefficient (Figure 1E). This method achieved the
time resolution of 10 μs and a detection limit of 5% of a monolayer.
Additionally, another ultrafast technique, time-resolved 2D-IR, can
display both frequency and time domain information. It involves the
excitation of a sample with two laser pulses separated by a time
delay, followed by detection of the emitted IR radiation at different
frequencies and time delays. It has been used for in situ monitoring
of CO2RR using Re (bpy) (CO)3Cl as the catalyst based on the
transmission mode. The reaction intermediate, Re-Re dimer, was
directly observed from the difference spectrum (Figure 1F).

3 Time-resolved in situ Raman study

As a complementary of IR, Raman spectroscopy is also used to
identify functional groups in a molecule involving changes in
polarizability (Chalmers and Griffiths, 2002). The weak Raman
signal of water makes Raman spectroscopy a powerful tool to
monitor aqueous reactions. Surface-enhanced Raman
spectroscopy (SERS), a near-field effect, meriting from the
electromagnetic field and chemical enhancement, is suitable to
detect surface information such as interfacial composition and
adsorbents. Usually, the signal of normal Raman is weak so SERS
or resonance Raman is frequently used in time-resolved studies
(McCreery and Packard, 1989).

An early approach to achieve microsecond time resolution in
electrochemical measurements was reported by using a potential

averaging method equipped with a charge-coupled device (CCD)
(Tian et al., 1991; Tian et al., 1996). In this method, a square-wave
potential modulation was applied to the electrode, and the obtained
spectrum contains all the average information at two potentials. The
signal of each potential was separated through deconvolution. This
technique offers improved time resolution compared to the response
time of CCDas the time resolution solely depends on the electrochemical
response. Important surface structures such as the potential related
adsorption orientation and SERS active sites can be obtained.

An alternative method for obtaining time-resolved spectra in
electrochemical measurements is to perform simultaneous sampling
of Raman and electric signals during a transient electrochemical test.
Gao et al. first utilized this approach to demonstrate time-resolved
SERS in conjunction with a cyclic voltammetry test using a
spectrograph-multichannel detector. The potential sweep rate was
5 mV/s and spectral integration time was 5 s due to the limited
sensitivity of the detector at the 1980 s (Gao et al., 1988). Ruiter et al.
adopted this approach to investigate the CO2 reduction reaction on
Cu (oxide) electrode during the cyclic voltammetry. They used a
potential sweep rate of 10 mV/s and spectral sampling time of 1 s to
obtain vibration modes of copper oxides, carbonate/bicarbonate,
and CO. (Figures 2A, B) (de Ruiter et al., 2022). Furthermore, they
observed evidence of low-overpotential CO2-to-CO activation.
Despite applying a low potential scan rate, the Raman signal
remained a potential-average result as the spectra sampling rate
was longer than the potential scan. With the rapid development of
photoelectric detector, millisecond-resolved SERS was illustrated by
Zong et al., equipped with a high-speed readout EMCCD that was

FIGURE 1
Real-time ATR-SEIRAS spectra recorded after stepping the Cu thin film electrode to −0.6 V in a CO2 saturated 0.1 M KH12CO3 (A) and KH13CO3 (B)
solution. Adaptedwith permission from (Zhu et al., 2017). Copyright 2017 American Chemical Society; (C) schematic diagramof equilibrium betweenCO2

and bicarbonate anions in the electrolyte during the CO2RR. Adapted with permission from (Zhu et al., 2017). Copyright 2017 American Chemical Society.
(D) IR intensity of COL, COB, and CO2with the CV. Adaptedwith permission from (Li et al., 2012). Copyright 2012 American Chemical Society (E)Dual
comb IR spectra of integrated peak area of 4-dimethylaminopyridine at 1,628 cm−1 with 20 μs (A) and 200 μs (B) time binning. Adapted with permission
from (Lins et al., 2020). Copyright 2020 American Chemical Society; (F) Difference 2D-IR spectra of Re (bpy) (CO)3Cl at −1.6 V. Adapted with permission
from (Kiefer et al., 2021). Copyright 2021 American Chemical Society.
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trigged synchronically by the potentiostat without repetitive cycled
acquisitions (Figure 2C) (Zong et al., 2015). In this manner, the
Raman signal and current were precisely correlated. Most recently,
stimulated Raman spectroscopy, a three-order nonlinear effect, was
deployed to monitor species near the electrode’s surface during a
redox model reaction with a millisecond-to-second resolution,
helping to overcome the limitation that only a few electrode
materials are SERS active (Xu and Suntivich, 2023).

Pump-probe method, a general technique applied in ultrafast
time-resolved spectroscopy, is also applied in electrochemical
research. However, instead of using pump light, electrochemical
tests like chronoamperometry and potential sweep typically serve as
the trigger for reactions. Due to the limited sampling time of a
typical CCD (~100 ms), gated detectors are generally employed for
high time-resolved experiments. (Shi et al., 1990, 1997). Previous
studies have reported sub-millisecond resolution systems equipped
with a nanosecond pulse laser and an ICCD camera, wherein the
formation of monocation radical of heptylviologn was monitored
(Misono et al., 1993). More recently, D’Amario et al. provided a
simple modification of a commercial confocal Raman system with a
time resolution of sub-microsecond (0.6 ms) by a CCD camera. A
high-frequency square wave step was used to trigger the reaction,
while a modulated continuous laser served as the detection light.
(Figure 2D) (D’Amario et al., 2022). By isolating relevant difference
bands of transient species from those throughout whole pumping
frequencies, they could obtain a detailed understanding of the
reaction mechanism. Nevertheless, the pump-probe method’s
drawback is that the system must at least partially revert to its
initial state.

4 Outlook

In this mini review, we provide a summary of the current
instrumental methods of time-resolved vibrational spectroscopies
and their applications in electrocatalysis research. With the rapid
development of photoelectric detectors, there are immense
opportunities to improve our understanding of electrocatalytic
energy conversion. Herein, three main opportunities and
challenges are addressed.

(1) Improve spectral time resolution.

To investigate short-lived intermediates in electrocatalytic
reactions, it is necessary to employ time-resolved techniques with
a temporal resolution of milliseconds to microseconds.
Distinguishing between active and poisoned intermediates is
important for understanding the pathway of electrocatalytic
reaction. Time-resolved techniques can monitor intermediate
generation, decay, and conversion processes, enabling
determination of reaction kinetics and intermediate lifetimes,
thus, revealing reaction kinetics. Microsecond time-resolved
vibrational spectroscopy techniques still remain challenging. At
this time scale, electrochemical process of the system needs to be
carefully cheeked. For example, the charging process of the electric
double layer controls the RC time constant that determines the test
time zone. The mass transport process affects the thickness of the
diffusion layer and kinetic behaviour according to Fick’s law. Thus,
flow cells and ultramicroelectrodes are particularly designed and
used to reduce the RC time constant. Besides, charge transfer is

FIGURE 2
(A) Time-resolved SERS data of electrodeposited copper during the cyclic voltammetry at 10 mV/s. Adapted with permission from (de Ruiter et al.,
2022). (B) Raman spectra of typical moments corresponding to the dashed lines in (A). Adapted with permission from (de Ruiter et al., 2022). (C) Scheme
of transient electrochemical SERS and the synchronization sequence of the trigger. (Zong et al., 2015). Copyright 2015 American Chemical Society. (D)
Scheme of the pump-probe mode setup with the modulation of Raman intensity and potential vs. time. Adapted with permission from (D’Amario
et al., 2022).
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another important process in electrocatalytic reactions. To probe
such ultrafast processes under the ns-fs scale, ultrafast techniques
are required such as the pump-probe, and pump-push-probe
strategies that pulse laser acts as the trigger instead of the
potential. The limitation lies in the potentiostat, as the response
time of commercial potentiostat is much longer than the laser that
customized potentiostat is needed (Zwaschka et al., 2021).

(2) Explore low/ultralow frequency detection.

The low and ultralow frequency range is crucial to
understanding the structural and interactional information of
catalysis, such as adsorption bonds, surface lattice species, and
local strain, but has been seldom explored. Low frequency
detection is quite difficult for ATR-SEIRAS due to the strong
optical absorption of the conventional Si prism used in the
electrolytic cell. Recently, a micromachined Si wafer window was
developed that extends the detection window of ATR-SEIRAS down
to 650 cm−1 which was applied to probe the surface structure and
additives (Ma et al., 2020; Mao et al., 2022). However, the detection
below 650 cm−1 is even quite challenging due to the lack of
appropriate IR sources. Recently, synchrotron radiation and free
electron laser with tenable wavelength and ps resolution has been
launched which makes a great opportunity for low frequency
detection and time-resolved research (Ye et al., 2016). Both
synchrotron radiation source and free electron laser are served as
national projects, not easy to access for a common lab. On the
contrary, the ultralow frequency (5 ~ 200 cm−1) detection of Raman
is much easier to implement as there are commercial BragGate notch
filters to choose from. Taking advantage of the ultralow-frequency
Raman, direct observation of structural changes (photon mode) of
the metal clusters became possible (Kato et al., 2020). It can also be
used to observe the extra molecular vibration mode of surface
adsorption species revealing the specific structural and
environmental information of electrode-electrolyte interface
(Inagaki et al., 2017; Kondo et al., 2022).

(3) Develop new methods and devices under operando conditions.

During the in situ experiment, the mostly used spectral
electrolytic cell and electrode such as a thin layer electrolytic cell
and metal electrode, are typically designed for lab-scale research,
which is far from industrial usage. Operando experiment is required
to bridge the gap between lab research and realistic scenarios. One
approach is to design special electrolytic cells that meet the optical
detection requirements and also provide similar working conditions

as realistic devices. For example, systematic operando studies of
membrane electrodes are still lacking to correlate liquid-gas-solid
multiphase information (Li et al., 2022). Another approach is to
design operando optical sensors (Huang et al., 2022), such as a
hollow-core optical fiber-based Raman probe can be embedded into
a Li-ion pouch cell for the operando detection of liquid electrolyte
species (Miele et al., 2022) and chalcogenide glass fiber-based IR
probes can directly traverse through commercial Na (Li)-ion
batteries for the real-time monitoring of electrolyte evolution
(Gervillié-Mouravieff et al., 2022). These pioneer works provide
inspired insights and opportunities for the development of
vibrational spectroscopy tools for online simultaneous
investigation under real-operational conditions.
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Electrochemical energy storage technology has attracted widespread attention
due to its low cost and high energy efficiency in recent years. Among the
electrochemical energy storage technologies, sodium ion batteries have been
widely focused due to the advantages of abundant sodium resources, low price
and similar properties to lithium. In the basic structure of sodium ion battery, the
electrolyte determines the electrochemical window and electrochemical
performance of the battery, controls the properties of the electrode/electrolyte
interface, and affects the safety of sodium ion batteries. Organic liquid electrolytes
are widely used because of their low viscosity, high dielectric constant, and
compatibility with common cathodes and anodes. However, there are
problems such as low oxidation potential, high flammability and safety hazards.
Therefore, the development of novel, low-cost, high-performance organic liquid
electrolytes is essential for the commercial application of sodium ion batteries. In
this paper, the basic requirements and main classifications of organic liquid
electrolytes for sodium ion batteries have been introduced. The current
research status of organic liquid electrolytes for sodium ion batteries has been
highlighted, including compatibility with various types of electrodes and
electrochemical properties such as multiplicative performance and cycling
performance of electrode materials in electrolytes. The composition, formation
mechanism and regulation strategies of interfacial films have been explained.
Finally, the development trends of sodium ion battery electrolytes in terms of
compatibility withmaterials, safety and stable interfacial film formation are pointed
out in the future.

KEYWORDS

sodium ion battery, organic liquid electrolyte, cathode, anode, solid electrolyte
interphase (SEI)

1 Introduction

Fossil fuels are the most widely used energy source in the world, however, its non-
renewable and unsustainable nature makes it increasingly depleted, and the burning of fossil
fuels causes a series of problems such as global warming and atmospheric pollution (Gao
et al., 2020). Therefore, the development of renewable energy is becoming more and more
important. However, the conversion of renewable energy into electrical energy is variable,
intermittent and unpredictable (Cao et al., 2013), so it is necessary to develop energy storage
technology to realize the scale of grid-connected storage of electrical energy and guarantee
the continuous and stable electricity supply to users (Dunn et al., 2011). Electrochemical
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energy storage technologies have received much attention due to
their high energy efficiency and high power density (Dunn et al.,
2011; Yang et al., 2011). However, few, if any, electrochemical grid-
scale energy storage technologies, when implemented at system-
level, are currently “low cost” and “long lifetime”, especially when
compared to standard natural gas peaker plants. Electrochemical
energy storage technologies certainly have the potential to become
“low cost” and “long lifetime” in future. More research is needed to
achieve this goal and make it economically attractive compared to
fossil fuels (Larcher and Tarascon, 2015).

As a mainstream electrochemical energy storage technology,
lithium-ion batteries are widely used in our life by virtue of their
high energy density and long cycle life. Additionally, the
manufacturing scale of lithium-ion batteries continues to
expand, which will inevitably cause huge consumption of
lithium resources and soaring prices (Li et al., 2017). The
element lithium is not abundant and unevenly distributed in
the earth’s crust (Pan et al., 2013), and in China, it is 70% of the
lithium used depends on imports (RONG et al., 2020). In order to
avoid the problem of “neck” due to the shortage of resources, it is
necessary to develop an energy storage technology that is
comparable to lithium-ion batteries. In the periodic table,
sodium and lithium are metal elements in the same group and
posess similar physical and chemical properties. The earth is rich
in sodium, with an elemental content of about 23,000 ppm
(lithium content is only about 17 ppm), making it sixth place
in terms of abundance. Sodium is distributed all over the world,
completely free from resource and geographical constraints.
Therefore, sodium-ion batteries have a greater promise than
lithium-ion batteries. The research of sodium ion battery can
mitigate resource problem of new energy battery development
caused by the shortage of lithium resources. Sodium ion batteries
(SIBs) include sodium-sulfur batteries, sodium-salt batteries
(ZEBRA batteries), sodium-air batteries, organic-based
sodium-ion batteries and aqueous-based sodium-ion batteries.
Among them, sodium-sulfur batteries are based on the
electrochemical reaction of sodium and sulfur to generate
sodium polysulfide, and are characterized by high power and
energy density, temperature stability, and low cost because of the
abundant cost of its raw materials, and have already achieved
large-scale production (Wen et al., 2008). ZEBRA batteries use
common salt and nickel as the raw materials for the electrodes,
and are combined with ceramic electrolyte and molten salt. This
combination provides battery systems with high specific energy
and power. ZEBRA battery technology has been industrialized for
all types of electric cars and hybrid electric buses (Dustmann,
2004). Sodium-air batteries, organic sodium-ion batteries and
aqueous sodium-ion batteries are still in the research phase.
Sodium ion battery also has the advantages of low cost,
excellent fast charging and low temperature performance,
good safety performance, etc. The manufacturing of sodium
ion battery can follow the production process and equipment
of existing lithium ion battery, which is considered as one of the
transformative technologies in the field of large-scale energy
storage, and its industrialization prospect is quite optimistic
and has important economic and strategic significance (Fang
et al., 2018; Lu et al., 2018; ZHOU et al., 2020). Therefore, sodium
ion batteries are called the “rising star” of the energy storage field.

Sodium ion battery is mainly composed of three parts:
cathode, anode and electrolyte. The working principle is
similar to that of lithium-ion battery. During the charging
process, the cathode material loses electrons in the oxidation
reaction and electrons move from the external circuit to the
anode, while sodium ions (Na+) are removed from the cathode
and enter the electrolyte, then migrate through the electrolyte to
the vicinity of the anode and finally embedded in the anode
material; during the discharge process, the anode electrode
material loses electrons in the oxidation reaction and electrons
move through the external circuit to the cathode, while Na+ is
removed from the anode material and embedded in the anode
material. In the process of discharge, the anode material loses
electrons through oxidation and electrons move to the cathode
through the external circuit (Pan et al., 2013). As one of the main
components of sodium ion battery, electrolyte has an important
role in conducting ions and participating in the redox reaction of
cathode and anode (ZHU et al., 2016). Electrolyte is the “bridge”
connecting cathode and anode. The performance of the
electrolyte directly affects the performance of sodium ion
batteries. During the charging and discharging process, the
electrolyte itself decomposes or reacts with the electrode
material to form an interface. The interfacial film on the
anode is called the solid electrolyte interphase (SEI), and the
interfacial film on the cathode is called the cathodic electrolyte
interphase (CEI). CEI and SEI largely determine the
electrochemical performance of the battery system (Lin et al.,
2019). At present, sodium ion battery electrolyte system mainly
includes aqueous electrolyte and non-aqueous electrolyte. Non-
aqueous electrolyte contains organic liquid electrolyte and solid
electrolyte. The recyclability of aqueous electrolyte is excellent
but its electrochemical window is narrow and the overall energy
density is low (LIU et al., 2018b). Solid electrolytes generally have
higher impedance and polarization, leading to a decrease in
battery capacity. Moreover, the solid electrolyte itself has a
narrow electrochemical window, and the mismatch with high-
voltage electrodes will cause side reactions, leading to the
deterioration of battery cycling performance (Hu et al., 2020;
Gao et al., 2021). In a comprehensive comparison, organic liquid
electrolytes have good properties, such as electrochemical
stability within a certain electrochemical window, sufficiently
high ionic conductivity, and good compatibility with various
electrode materials. Therefore, organic liquid electrolytes are the
most promising electrolytes for sodium ion batteries in practical
applications.

This paper summarizes the research progress of organic
liquid electrolytes for sodium ion batteries by discussing the
basic requirements and composition of organic electrolytes for
sodium ion batteries, the current research status of organic
liquid electrolytes, the composition and requirements of the
interface between electrolytes and electrodes and the regulation
strategies. Finally, the performance of organic electrolyte and
the nature of interfacial film are synthesized, and some
suggestions on the future development trend of organic
electrolyte for sodium ion batteries are proposed, in order to
provide some help to the research of sodium ion battery
electrolyte and sodium ion battery energy storage science and
technology.
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2 Components and basic requirements
of organic liquid electrolytes

As a bridge connecting cathode and anode, the electrolyte
assumes the role of transporting ions between cathode and anode
and is an important part of the battery, whichplays a vital role in the
performance of the battery in terms of multiplicity, cycle life, safety
and self-discharge. Organic liquid electrolyte is also customarily
called organic electrolyte. Electrolyte is mainly composed of solvent,
solute and additives (Figure 1), which together determine the
properties of electrolyte.

2.1 Solvent

Solvent is one of the important components of organic liquid
electrolytes. Electrolyte solvents need to satisfy the most basic
conditions such as stability, non-toxicity and cheapness. Besides, the
electrolyte solvent should have a wide electrochemical stability window,
sufficient sodium salt solubility, high dielectric constant, low viscosity
and wide liquid range (i.e., low melting point and high boiling point).
The solvent should also maintain electrochemical stability or promote
the formation of a high-quality passivation layer during cell operation.
However, these different and sometimes conflicting requirements for
the same solvent are difficult to bemet by a single solvent, and therefore
multiple solvents are often used in combination. The main solvents
currently used in sodium ion batteries are ester solvents and ether
solvents. These two types of organic solvents have provided excellent
performance in battery applications (Fenton, 1973; Armand et al., 2009;
Monti et al., 2014; Hong et al., 2015; Ponrouch et al., 2015; Niu et al.,
2019; Wang et al., 2020).

Ester solvents are a more commonly used class of solvents,
especially cyclic [propylene carbonate (PC) and ethylene carbonate

(EC)] and chain [dimethyl carbonate (DMC), diethyl carbonate
(DEC) and methyl ethyl carbonate (EMC)] carbonates are most
commonly used, and electrolytes of carbonate solvents tend to have
the advantages of high ionic conductivity and good oxidation
resistance (Ponrouch et al., 2012). The relevant physical and
chemical properties of carbonate solvents are shown in Table 1.
The dielectric constant of ether solvents is much lower than that of
cyclic carbonates, but higher than that of chain carbonates. The
resistance to oxidation is relatively poor, and they tend to
decompose at high voltages. However, ether solvents generate
thinner SEI on anode with higher initial Coulomb efficiency, and
ether solvents are more compatible with anode such as metallic
sodium and can co-embed graphite with sodium ions and show
good reversibility, making graphite that cannot be embedded with
sodium in ester solvents can be used as anode in this solvent system
(Dubois et al., 1997). In the actual application process, the use of two
or even a variety of solvent mix is a more commonmethod (Komaba
et al., 2011b), the ratio of different solvents is controlled, and the
advantages of multiple solvents are integrated to maximize the
performance of electrolytes.

2.2 Sodium salt

Sodium salts are another important component of organic liquid
electrolytes and play a vital role in the performance of electrolytes
(Che et al., 2017). For the selection of sodium salt. Firstly, the
sodium salt should have sufficient solubility and dissociation ability
in the solvent, and the dissociated cations should be free to move
without obstacles to provide sufficient charge carriers. Secondly, the
sodium salt should remain electrochemically stable within a certain
electrochemical window without oxidation or reduction. The
sodium salt and the solvent together determine the redox
potential of the electrolyte, and the salt anion and the solvent are
coupled by electrostatic interaction, which affects the oxidative
stability of the electrolyte. In addition, the sodium salt should
have good chemical stability as well as safety, remaining
chemically inert to the diaphragm, solvent, electrode and
collector fluid. If the sodium salt can effectively promote the
formation of SEI film at the interface between electrode and
electrolyte, it can better enhance the electrochemical performance
of electrolyte, such as cycling stability (Strauss, 1993; Borodin and
Jow, 2010; Ponrouch et al., 2015; Eshetu et al., 2019; Fadel et al.,
2019). The commonly used sodium salts are sodium perchlorate
(NaClO4), sodium tetrafluoroborate (NaBF4), sodium
hexafluoroborate (NaPF6), sodium trifluoromethanesulfonate
(NaCF3SO3, abbreviated as NaOTf), sodium bis(fluorosulfonyl)
imide [Na(FSO2)2N, abbreviated as NaFSI] and sodium
bis(trifluoromethanesulfonyl)imide [Na(CF3SO2)2N, abbreviated
as NaTFSI] (Hu et al., 2020). The advantages and disadvantages
of these sodium salts are shown in Table 2.

Based on the fact that each of the commonly used sodium salts
has its own advantages and disadvantages, which are difficult to
overcome. Hybrid systems combining two or more sodium salts
have also been investigated, and the aim of avoiding disadvantages
is expected to be realized, but the results are not significant.
Therefore, it is necessary to develop new sodium salts (Hu
et al., 2020). Some new salts that have been synthesized and

FIGURE 1
Main components of sodium ion battery electrolyte (Hu et al.,
2020).
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reported are sodium difluorooxalate borate (NaODFB), sodium
4,5-dicyano-2-(trifluoromethyl)imidazolate (NaTDI), sodium 4,5-
dicyano-2-(pentafluoroethyl)imidazolate (NaPDI), sodium
bisoxalate borate (NaBOB), sodium bis [salicylato (2-)]-borate
(NaBSB), sodium salicylic benzylic acid borate (NaBDSB),
sodium tetraphenyl borate (NaBPh4), etc.

2.3 Additives

Additives are the third main component of organic liquid
electrolytes. Additives are components that are present in small
amounts (less than 5%) in the electrolyte and are characterized by
high specificity and small dosage. By adding a small amount of
additives, it is possible to make up for the deficiencies of the original
electrolyte and significantly optimize the specific performance of the
battery without increasing the production cost or changing the
production process (Xu, 2014; Wang et al., 2020). According to

the function of additives, they are divided into film-forming
additives, flame retardant additives, overcharge protection
additives and other types of additives (Zhang, 2006).

Themost studied are film-forming additives, which are usually easily
consumed. During the initial activation cycle they participate and
contribute to the formation of the interface between the electrode
and the electrolyte, leaving a chemical signal only at the interface and
not in the electrolyte itself. The ideal film-forming additives should have
higher Fermi energy (Eg) located in the highest occupied molecular
orbital-lowest unoccupied molecular orbital gap than solvents,
electrolyte salts, etc., so that they preferentially undergo oxidation or
reduction, which in turn improves the film-forming quality and
efficiency of the SEI film and effectively enhances the electrochemical
performance of the cell (Goodenough and Kim, 2010; Zhu et al., 2017;
Niu et al., 2019). The mechanism of action of various additives is shown
in Table 3. Other types of additives including acidity enhancers, impurity
scavengers, viscosity reducers, free radical scavengers, etc., Also have
potential applications in sodium ion batteries (Ponrouch et al., 2015).

TABLE 1 Physical and chemical properties of some commonly used organic solvents (Xu, 2004; Kamath et al., 2014; Vignarooban et al., 2016; Chen et al., 2019;
Wang M. et al., 2022).

Solvents Density/
g·cm-3

Boiling
point/°C

Melting
point/°C

Viscosity/
10−3 Pa s 25°C

Dielectric
constant/
F m-1 25°C

HOMO/
eV

LUMO/
eV

DMC 1.063 91 4.6 0.59 3.107 −0.2488 −0.0091

DEC 0.969 126 −74.3 0.75 2.805 −0.2426 −0.0036

EC 1.321 248 36.4 2.1 89.78 −0.2585 −0.0177

PC 1.200 242 −48.8 2.53 64.92 −0.2547 −0.0149

EMC 1.006 110 −53.0 0.65 2.95 −0.2557 −0.0062

TABLE 2 Physical and chemical properties, advantages and disadvantages of commonly used sodium salts (Devlin and Herley, 1987; Ponrouch et al., 2012; Bhide
et al., 2014; Evans et al., 2014; Ponrouch et al., 2015; Eshetu et al., 2016; Eshetu et al., 2019; Forsyth et al., 2019; Goktas et al., 2019; Minh Phuong et al., 2019; Hu
et al., 2020; Wang et al., 2020).

Name of sodium
salt

Anion
structure

Molecular
weight/·mol-1

Melting
point/°C

Advantages Disadvantages

NaClO4 122.4 468 Strong oxidation resistance, suitable for high
voltage systems

Explosive in the dry state and difficult to
remove the moisture contained

NaBF4 109.8 384 High thermal stability, good safety, easy to
make aluminum foil passivation

Harder to dissociate in solvents, low
electrical conductivity

NaPF6 167.9 300 High solubility and high conductivity in
different kinds of solvents, easily passivates
aluminum foil

Poor chemical stability, easily
decomposes to NaF and PF5

NaSO3CF3 (NaOTf) 172.1 248 high oxidation resistance and thermal
stability

Easy formation of ion pairs in organic
solvents, low conductivity of electrolyte

Na[(FSO2)2N](NaFSI) 203.3 118 High electrical conductivity, good thermal
stability

Narrow electrochemical window,
aluminum foil corrosion occurring
around 3.8 V

Na[(CF3SO2)2N]
(NaTFSI)

303.1 257 High electrical conductivity, good thermal
and water stability, and oxidation resistance

Severe aluminum-collector corrosion
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TABLE 3 Mechanism of action of different types of additives.

Additive type Name Mechanism of action References

Film-forming
additives

Vinylidene carbonate (VC) VC contains unsaturated double bonds that can
be broken above the PC and EC decomposition
potentials, resulting in macromolecular network
polymers that participate in the formation of
SEI films

Hwang et al. (2017b)

Fluoroethylene carbonate (FEC) The central atom of the FEC has a strong
electron-acquisition ability because of the strong
electron-absorption effect of the halogen atoms.
At high potentials on the anode surface, the
electrons of the central atom can be reduced,
resulting in a stable SEI film

Komaba et al. (2011a); Darwiche et al. (2012);
Qian et al. (2012); Qian et al. (2013); Wang
et al. (2014); Yabuuchi et al. (2014); Jang et al.
(2015); Sadan et al. (2018)

Propylene-1,3-sulfolactone (PST) In PST and DTD, the central S atoms are more
electronegative than C atoms, resulting in the
preferential formation of stable SEI films
containing S compounds on the anode surface.
These additives improve the high and low
temperature performance of the cells and reduce
the continuous increase of the interfacial
impedance

Che et al. (2018)

Vinyl sulfate (DTD)

Sodium difluoroxalate borate (NaODFB) NaODFB can form NaF with small particle size
on the electrode surface, which has good film-
forming effect

Yan et al. (2019)

Flame retardant
additives

Phosphorus containing flame retardant additives
including trimethyl phosphate (TMP), triethyl
phosphate (TEP), triphenyl phosphate (TPP),
tributyl phosphate (TBP), dimethyl methyl
phosphate (DMMP), three (2,2,2-trifluoroethyl)
phosphite (TFEP) and ethoxy (pentafluoro)
cyclotriphosphonitrile (EFPN)etc.

When these flame retardant additives are
heated, P-containing radicals with flame
retardant properties are released, and the
phosphorus-containing radicals then capture
the hydrogen in the organic radical chain
combustion reaction, terminating the chain
reaction and making the combustion of organic
electrolytes difficult

Hu et al. (2020)

Fluorinated flame retardant additives including
methyl nonafluorobutyl ether (MFE),
perfluorinated (2-methyl-3-pentanone) (PFMP)
and 1,1,2,2-tetrafluoroethyl-2,2,3,3-
tetrafluoropropyl ether (HFE)etc.

When encountering an open flame, it is
preferred to evaporate and absorb a large
amount of heat from the surrounding area, thus
extinguishing the flame, and has excellent flame
retardancy

Feng et al. (2015b); Zheng et al. (2020)

Overcharge
protection additive

Biphenyl (BP) Prevent overcharging events by accepting
additional charge through the redox shuttle

Feng et al. (2015a)

FIGURE 2
Sodium batteries organic liquid electrolyte keywords co-occurrence analysis: (A) network visualization, (B) overlay visualization and (C) density
visualization, produced by vosviewer software.
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3 Current status of research on organic
liquid electrolytes

Sodium ion battery organic liquid electrolytes are classified
according to sodium salts and are mainly divided into sodium
perchlorate (NaClO4)-based organic liquid electrolytes, sodium
hexafluorophosphate (NaPF6)-based organic liquid electrolytes,
sodium bis(fluorosulfonyl)imide (NaFSI)-based organic liquid
electrolytes, sodium bis(trifluoromethylsulfonyl)imide (NaTFSI)-
based organic liquid electrolytes, and sodium difluoroxalate
borate (NaODFB)-based organic liquid electrolytes. Figure 2
shows the keyword clustering analysis of the literature related to
organic liquid electrolytes for sodium ion batteries over the years.
The overview of research in this field was presented, including
electrodes, electrolytes, solid electrolyte interfacial films, and
electrochemical properties. In addition to the traditional
electrochemical testing of different electrode materials with
matching electrolytes, the study of solid electrolyte interfacial
membranes and the development of new organic liquid
electrolytes are gradually attracting the attention of researchers in
recent years. The following section will focus on the compatibility of
different types of sodium ion battery electrolytes with each electrode.

3.1 Sodium perchlorate (NaClO4)-based
organic liquid electrolytes

NaClO4-based organic liquid electrolyte is a widely used
electrolyte for sodium ion batteries with good compatibility with
common cathode materials (layered oxides, polyanionic
compounds, and Prussian blue-like compounds). The battery
system consisting of layered oxide and sodium perchlorate-based

organic liquid electrolytes exhibited suitable reversible capacity, rate
capability, and cycle life. The binary layered oxides P2-
NaxCo0.7Mn0.3O2 (x ≈ 1) perform well in the electrolyte of
NaClO4 dissolved in PC with FEC, which is easier to coordinate
with the ClO4

− on the cathode surface than the PC solvent and
contributes to the formation of the NaF protective layer on the
cathode surface (Cheng et al., 2019). Ternary layered oxides
Na0.67Ni0.15Fe0.2Mn0.65O2 (N-NFM) CEI membranes formed in
NaClO4 based electrolytes in EC/DEC contain more organic
compounds but less inorganic compounds, leading to increased
impedance. In addition, CEI membranes are sensitive to perchlorate,
which has strong oxidizing properties. A small fraction of the CEI
film peels off from the cathode surface, accelerating the dissolution
of transition metal (TM) ions and leading to reactivation of
electrolyte decomposition (Wang S. et al., 2021). The mechanism
of action and subsequent solubilization of TM ions by CEI films is
shown in Figure 3A. Therefore, further optimization of electrolyte
replenishment is required. Polyanionic compounds have a very solid
framework matched to NaClO4 electrolytes, allowing for higher
cyclability and safety, and have been extensively studied by
researchers. For example, Na3V2(PO4)3(NVP) showed high
discharge capacity and coulomb efficiency with good cycling and
rate capability, cycle life in 0.9 M NaClO4 dissolved in triethyl
phosphate (TEP) electrolyte solution (Liu et al., 2019), and 1 M
NaClO4 in PC added with 5 wt% [C3mpyr] [NTf2] IL (Manohar
et al., 2018a). TEP electrolyte has non-flammable and high safety
features. The IL additive makes the passivation layer organic and IL-
containing and with sulfur in the surface film, and the surface film is
more stable (Figures 3B,C). Na2VM(PO4)3 (M = Ga or Al) behaves
differently in an electrolyte of 1 M NaClO4 with EC/PC = 1:1 v/v,
FEC of 5 vol%, which is attributed to the fact that Na3VAl(PO4)3
possesses a larger diffusion bottleneck to transfer more electrons

FIGURE 3
Compatibility of sodium NaClO4-based electrolytes with different cathode materials: (A) Schematic evolution of CEI film of
Na0.67Ni0.15Fe0.2Mn0.65O2 (N-NFM) cathode in NaClO4-based electrolytes (Wang S. et al., 2021). (B)HR-TEM images of NVP/C electrodes after 50 cycles
with organic electrolyte and organic + IL electrolyte respectively and (C) XPS C1s Peaks for NVP/C cathodes after 50cycles with Organic and Organic + IL
electrolytes (Manohar et al., 2018a). (D) Diagram of the interaction, (E) cycling performance and (F) Coulombic efficiency of Na4Fe3(PO4)2(P2O7)
electrode in NaClO4-based electrolyte with FEC (Lee et al., 2016). (G) Discharge capacities, (H) long-term cycling stability and (I) EIS spectra of Fe-HCF
and Fe-HCF@PPy electrodes in NaClO4-EC/PC electrolyte (Tang et al., 2016).
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than Na3VGa(PO4)3 and exhibits a higher redox reaction potential
(Wang Q. et al., 2021). Therefore, the V5+/V4+ redox reaction can be
induced by the substitution of smaller-sized low-valent (≤+3)
cations, which improves the utilization efficiency of the V5+/V4+

redox reaction. The Na4Fe3(PO4)2(P2O7) cathode formed a
protective surface film in the EC/PC/DEC (5/3/2, v/v/v)
electrolyte with 0.5 M NaClO4 added with FEC and prevented
undesirable decomposition of the linear carbonate, leading to
excellent cycling performance of the cathode (Figures 3D–F) (Lee
et al., 2016). The discharge capacity, impedance, multiplicity
performance, cycling stability, and capacity retention of Prussian
blue-like cathode materials sodium hexacyanoferric (Fe-HCF)
composites coated with polypyrrole (PPy) were greatly improved
in the EC/PC electrolyte of NaClO4 (Figures 3G–I) (Tang et al.,
2016). The insertion of Na+ in a series of Prussian blue compounds
in organic carbonate electrolytes of NaClO4 was investigated. KFe
[Fe(CN)6] provides the highest reversible capacity at ~3.6 V for both
the high-spin and low-spin Fe3+/Fe2+ couples (Lu et al., 2012; Wang
Q. et al., 2022).

There have also been a number of studies on the compatibility of
sodium perchlorate-based organic liquid electrolytes with anode. The
most commonly used anode materials are intercalation type materials
(e.g., hard carbon). Hard carbon as the anode of sodium ion batteries
showed good compatibility withNaClO4 electrolytes with solvent of EC,
PC, DMC and DEC exhibiting high specific capacity and good capacity
retention. The electrochemical properties of hard carbon in electrolyte
are further enhanced by the action of some additives (e.g., 1-ethyl-3-
methylimidazolium bis(fluoromethanesulfonyl)imide (EMImFSI)
(Benchakar et al., 2020), N,N-diethyl-N-methoxyethylammonium
bis(trifluoromethanesulfonyl)imide (DEMETFSI) (Egashira et al.,
2012), FEC (Liu X. et al., 2018; Pan et al., 2018; Rangom et al.,
2019)). For example, The reversibility of sodium insertion became
evident at a volume content of 70% of DEMETFSI (Egashira et al.,
2012). FEC promotes the formation of the initial sodiuming process SEI
and improves the cycle life. By using added FEC and high salt-to-solvent
molar ratio TMP electrolytes, it is possible to achieve both low RSEI and
very small Rct on HC electrodes, thereby simultaneously inhibiting
TMP decomposition and building thin and dense SEI membranes
(Figure 4A). The electrolyte with a 5 vol% FEC ratio of 1:3 NaClO4/
trimethyl phosphate (TMP) exhibited considerable reversible capacity

(238 mAh g-1 at 20 mA g-1), long-term cycle life up to 1,500 cycles, 84%
capacity retention at 200 mA g-1, and high rate capability (Liu X. et al.,
2018). Graphite-based intercalated anode perform well in electrolytes
with solvent combinations of EC/DEC (Luo et al., 2015), EC/DMC
(Wang S.-W. et al., 2017), and PC (Wang et al., 2013). In addition to
carbon materials, other inserted anodes have been investigated, such as
TiO2, Na2Ti3O7. TiO2 in 1M NaClO4 in EC/PC electrolyte exhibits the
best high-magnification performance of all titanium-based sodium ion
anodematerials reported so far (Wu et al., 2014). The SEI film generated
in Na2Ti3O7@C anode material with sodium perchlorate (NaClO4)-
based EC/DEC electrolyte contains more Na2CO3 and NaF, which is
caused by the continuous decomposition of NaClO4 salt in carbonate
solvent. This makes the SEI film thicker and the interfacial impedance
greater, leading to a decrease in cell cycling performance, this is in
contrast to the NaOTf electrolyte (Figure 4B) (Wen et al., 2023). Metal
oxides/sulfides/phosphides are typical conversion electrodes in SIBs,
which typically suffer from poor conversion reaction reversibility and
shuttle effects. Similar to other electrode materials, stable cycling of
conversion electrodes relies on dense SEIs to provide stability and
suppress losses of high mechanical strength actives. Hollow γ-Fe2O3

nanoparticles in PC electrolytes of NaClO4 showed superior
performance in terms of capacity retention, Coulomb efficiency,
multiplicative performance, and cycle life (Figure 4C) (Koo et al., 2013).

In general, NaClO4-based organic liquid electrolyte has been widely
used as a relatively mature electrolyte for sodium ion batteries. NaClO4

electrolyte has contributed to the improvement of energy density of
sodium ion batteries with its own stability and oxidation resistance
along with some high-voltage cathode materials. However, the
compatibility with some positive and negative electrodes is not very
good, and it will promote the dissolution of transition metal ions as well
as the generation of thick SEI films, whichmay require a combination of
additives and different solvent combinations to optimize the electrolyte
in the future.

3.2 Sodium hexafluorophosphate (NaPF6)-
based organic liquid electrolytes

NaPF6-based organic liquid electrolyte is also one of the
commonly used electrolytes for sodium ion batteries. Studies on

FIGURE 4
Compatibility of sodium NaClO4-based electrolytes with different anode materials: (A) Schematic illustration of the behavior of the HC electrode in
the different ratios NaClO4/TMP electrolytes (Liu X. et al., 2018). (B) Schematic evolution of SEI film of Na2Ti3O7@C with different electrolytes (Wen et al.,
2023). (C) Capacity retention of hollow NP-based γ-Fe2O3 electrodes at different rates (Koo et al., 2013).
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related cathode materials are often paired with NaPF6-based organic
liquid electrolytes for a series of electrochemical tests. First is the
layered oxide cathode material. The layered oxide exhibits excellent
retention and outstanding multiplicative performance, specific
capacity, capacity retention and long-term cycling stability in
NaPF6-based electrolytes. Among them, The CEI film formed by
Na0.67Ni0.15Fe0.2Mn0.65O2 (N-NFM) in NaPF6-based electrolyte is
dense and homogeneous, which effectively inhibits the dissolution of
transition metal ions and provides a low-energy barrier for Na+

transport (Wang S. et al., 2021). The NaNi1/3Fe1/3Mn1/3O2 cathode
material, paired with a hard carbon anode, maintains up to 92.2%
capacity after 1,000 cycles at 1C between 2.0 V and 3.8 V using an
optimized electrolyte of 1 M NaPF6 dissolved in 1:1 (v/v) PC-EMC
+2 wt% FEC, 1 wt% PST, and 1 wt% DTD. The PST and DTD
additives promote the formation of a robust SEI on the anode and
prevent the dissolution of transition metal ions by inducing the
formation of a dense and dense electrolyte (Figure 5A) (Che et al.,
2018). The second type of cathode material that is often adapted to
NaPF6 electrolytes is the polyanionic compound cathode material.
Polyanionic compounds matching NaPF6 ester and ether
electrolytes have been reported. Na3(VOPO4)2F (NVOPF)/rGO
3D sub-microspheres and Na2Ti2O5 nanosheet anode electrode
and NaPF6 diglyme electrolyte, the full cell was further designed
with high initial Coulombic efficiency (90%), excellent multiplicative
performance (40°C) and ultra-stable cycling performance

(>4,000 cycles without degradation) (Figures 5C,D). The
electrolyte defines a robust fluorine-rich inorganic-organic
interface, which effectively improves the interface and promotes
ultra-fast charge transfer (Figure 5B) (Ba et al., 2022). The SEI layer
between Na3V2(PO4)3 and NaPF6/1-butyl-3-methylimidazolium bis
(trifluoromethanesulfonyl) imide (BMITFSI) ionic liquid electrolyte
consists of NaOH, Na2SO4, Na2S2O7 and NaF (Figure 5E). This is
the reason for its good electrochemical properties (Wu et al., 2018).
Half-cell tests of Na4Co3(PO4)2P2O7 in an electrolyte solution of EC/
DEC with 1 M NaPF6 showed the formation of a double layer in the
fully Na+ extracted state of charge, with semi-organic-rich material
found in the subsurface region near the electrode and more organic
material in the outermost surface region near the electrolyte. At the
same time, an additional outermost inorganic cover layer consisting
of sodium carbonate and sodium fluorophosphate was formed after
complete Na+ insertion (Figure 5F). Therefore, the
Na4Co3(PO4)2P2O7 cathode provided excellent cycling
performance (Zarrabeitia et al., 2021). The third cathode material
used to match the NaPF6-based electrolyte is a Prussian blue-like
compound. The Prussian blue cathode electrode exhibits enhanced
capacity retention in a volume ratio of 7: 3 of di-(2,2,2 trifluoroethyl)
carbonate (TFEC)/fluoroethylene carbonate (FEC) consisting of
0.9 mol L-1 NaPF6. The electrolyte has excellent flame retardancy
and good compatibility with sodium electrodes. The polycarbonate
formed on the cathode surface plays an important role in the studied

FIGURE 5
Compatibility of sodium NaPF6-based electrolytes with different cathodematerials: (A) Schematic summary on the role of PST and DTD additives in
NFM/HC full cell (Che et al., 2018). (B) Illustration of effects of electrolyte system, (C) rate performance and (D) cycling performance on NVOPF@rGO//
Na2Ti2O5 full cell (Ba et al., 2022). (E) The diagram of SEI layer formation mechanism on the Na3V2(PO4)3 cathode in NaPF6/BMITFSI IL electrolyte (Wu
et al., 2018). (F) Schematic of the CEI on the Na4Co3(PO4)2P2O7 electrode after 1 st Na+ extraction and insertion (Zarrabeitia et al., 2021).
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electrolyte system by enhancing the ionic conductivity and reducing
the impedance of the solid electrolyte interphase (SEI) layer (Zeng
et al., 2020).

Researchers often choose NaPF6-based organic liquid
electrolytes for the study of anode materials (intercalation-type,
conversion-type materials, and non-metallic materials). Hard
carbon HC performs well in NaPF6 electrolytes with ester and
ether solvents. Among them, The TEGDME-based NaPF6
electrolyte can exhibit excellent rate capability, capacity retention
and cyclic Coulombic efficiency at the HC anode. This is because the
stable layer-by-layer SEI in the TEGDME-based electrolyte
combined with the solvent layer “pseudo-SEI” on the HC
facilitates high-performance Na+ ion storage in the HC and
extends the cycle life of the HC anode material (Figure 6A) (Ma
et al., 2021). In the EC/DMC electrolyte, the use of 3% FEC
significantly increased the total capacity and capacity retention,
while the use of DMCF additive had a negative impact on
capacity but provided better cycling performance than the
additive-free electrolyte (Figure 6B) (Fondard et al., 2020). The
good performance can be attributed to the SEI composition
consisting mainly of sodium ethylene dicarbonate NaO2CO-
C2H4-OCO2Na (NEDC) and NaF. FEC as an additive promotes
the production of NaF, which enhances the NEDC-rich SEI and
results in a significant increase in capacity retention during cycling.
Graphite-based materials have good reversible capacity and good
cycling performance in NaPF6/diethylene glycol dimethyl ether
(DEGDME) electrolytes (Han et al., 2015; Cabello et al., 2017;
Nacimiento et al., 2019; Li Z. et al., 2021; Zheng et al., 2022).
Transformation-based electrode materials (e.g., copper
phosphorothioate (Cu3PS4) (Brehm et al., 2020), dandelion-
shaped manganese sulfide (DS-MnS) (Duong Tung et al., 2018),
tin phosphide (Sn4P3/C) electrodes (Luis Gomez-Camer et al.,
2019), TiS2 (Tao et al., 2018), etc.) are also often studied
matching NaPF6-based organic liquid electrolytes. The choice of
solvent is often ether-based solvents (diethylene glycol dimethyl

ether, DME), and to a lesser extent, esters. In these electrolytes the
converted electrode materials exhibit high capacity, cycling
performance, multiplicative performance, first turn Coulomb
efficiency, etc. It indicates that the conversion-type electrodes
have high compatibility with ether-based NaPF6 electrolytes.
Non-metallic elemental anode materials [Micron Pb particles
(Darwiche et al., 2016), and Bi electrodes (Wang C. et al., 2017;
Li Y. et al., 2021)] exhibit good electrochemical performance in
NaPF6-based diethylene glycol dimethyl ether electrolytes and good
compatibility with NVP and NVPF cathode materials, and the full-
cell test solution exhibited good performance. For the study of
sodium metal electrodes in NaPF6-based electrolytes, EC/DMC is
often chosen as the solvent. When FEC is added, the Na metal
electrode forms a multilayer SEI structure, including an external
NaF-rich amorphous phase and an internal Na3PO4 phase. This
layered structure stabilizes the SEI and prevents further reactions
between the electrolyte and the Na metal. Without FEC, the
carbonate-based electrolyte containing NaPF6 reacts with the
metal electrode to produce an unstable SEI, rich in Na2CO3 and
Na3PO4, which continuously depletes the cell’s sodium reserves
during cycling (Figures 6C,D) (Han et al., 2021). The Na metal
deposition/dissolution efficiency increased with increasing NaDFP
concentration when sodium difluorophosphate NaDFP additive was
added. NaDFP suppressed the overpotential and interfacial
resistance. A high multiplicative capacity and long cycle life of
76.3% capacity retention after 500 cycles were achieved with 1 wt
% NaDFP. The NaDFP-containing electrolyte formed a more stable
SEI layer than the pure electrolyte, thus mitigating further
degradation of the electrolyte (Yang et al., 2021). In specific
glyme (chain ether) electrolytes, the sodium-metal interface
produces a thin, homogeneous inorganic SEI composed primarily
of Na2O and NaF that may not support extensive or extreme cycling
conditions, but the addition of FEC provides a more robust SEI to
facilitate a large number of consistent sodium plating and stripping
cycles (Seh et al., 2015; Sarkar et al., 2023).

FIGURE 6
Compatibility of sodium NaPF6-based electrolytes with different anode materials: (A) Schematic illustration of SEI and pseudo-SEI structures and
chemistry for Na+ storage in HC anodes in NaPF6 based ester and ether electrolytes (Ma et al., 2021). (B) Cycle capacity for HC electrodes using 1 M
NaPF6 in EC:DMC with addition of 1.5% and 3% of FEC or DMCF (Fondard et al., 2020). (C, D) Representation of free FEC and FEC electrolyte additives in
tuning the microstructure of SEI on Na metals during cycling, respectively (Han et al., 2021).
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In general, NaPF6-based organic electrolytes, as a commercially
available electrolyte, have good compatibility with common cathode
and anode materials. NaPF6 shows superior performance in ether
solvents compared to other sodium salts. However, the study of
NaPF6-based electrolyte body solutions (e.g., solvation structure,
sodium ion transport kinetics) is still at the beginning stage and will
be further enhanced to reveal the reasons for their superior
electrochemical performance in the future.

3.3 Sodium bis(fluorosulfonyl)imide (NaFSI)
based organic liquid electrolyte

The cathode materials matched to NaFSI electrolytes mainly
include layered oxides, polyanionic compounds, and organics. For
the compatibility study of layered oxide cathode materials with
NaFSI-based organic liquid electrolytes, the solvents used with
NaFSI are esters, ethers, ionic liquids. Among them,
NaNi0.68Mn0.22Co0.10O2 (NaNMC) exhibited good long-cycle
performance and capacity retention in the phosphate electrolyte
NaFSI-TEP (Figure 7A). The stable cycling can be attributed to the
formation of a stable CEI layer on the NaNMC cathode, which
suppresses the surface reconstruction of the cathode, the dissolution
of transition metals at the cathode, and the persistent side reactions
at the electrolyte/electrode interface (Jin et al., 2022).
NaFe0.4Ni0.3Ti0.3O2 matches well in electrolytes using IL solvents
(e.g., C3C1pyrrFSI). This ionic liquid electrolyte enhances the
formation of passivation layer on the surface of Al current
collectors, stabilizes the surface to 5 V, and prevents Al corrosion
even at 55°C (Otaegui et al., 2015). For the compatibility study of
polyanionic compounds with NaFSI electrolytes, NVP in NaFSI
electrolytes with ester solvents and ionic liquids has high Coulombic
efficiency, fast charging capability, stable cycling, high reversible
capacity and capacity retention (Jian et al., 2013; Manohar et al.,

2018b; Zheng et al., 2018; Li et al., 2022). Among them, the ionic
liquid can promote the formation of a stable and thin SEI layer on
the surface, which improves the discharge capacity and cycling
performance of NVP@C cathode materials (Figures 7C,D)
(Manohar et al., 2018b).

The anode materials matched to NaFSI electrolyte mainly
include intercalation type materials, alloy type materials,
conversion type materials and Na metal electrodes. The NaFSI
electrolytes suitable for the study of intercalation-type materials
include ester electrolytes, ether electrolytes, and ionic liquid
electrolytes. Among them, in 3 mol dm-3 NaFSI/PC + EC
electrolyte, an organic-inorganic equilibrium SEI (mainly
composed of (CH2)n and NaF) was formed on the surface of the
hard carbon electrode. This SEI not only enables easy charge transfer
and fast Na+ transport, but also exhibits strong passivation ability
and excellent durability (Patra et al., 2019). CMK half-cells exhibit
extraordinary cycling stability and high reversible capacity in a
3.8 M NaFSI IL electrolyte in C3mpyrFSI (Figure 8A). This is due
to the contribution of anionic decomposition species in ILs leading
to inorganic SEI on mesoporous carbon CMK electrodes with high
ionic conductivity, which promotes Na+ desolvation and diffusion
kinetics. This rapid Na + migration facilitates improved reaction
rates and cycling stability (Sun et al., 2021). Graphite materials do
not perform well in the ether electrolyte of NaFSI, where side
reactions occur between the electrolyte and the graphite
electrode, and the formation of SEI films, which consist mainly
of salt decomposition products and hydrocarbons, as shown in
Figure 8B, leading to a low Coulomb efficiency of the studied cell
system (Maibach et al., 2017; Goktas et al., 2019). For the study of Na
metal electrodes in NaFSI-based organic electrolytes, electrolytes
that have been reported are high concentration electrolytes with
NaFSI and ester and ether electrolytes with additives. Among them,
The Na|| Na3V2(PO4)3 cell is stable for nearly 1,400 cycles at 2 C in a
highly concentrated electrolyte of DME with the addition of a small

FIGURE 7
Compatibility of sodiumNaFSI-based electrolytes with different cathodematerials: (A) Long-cycling performance of hard-carbon||NaNMC full cells
in two electrolytes (Jin et al., 2022). (B)Organic and hybrid electrolyte compositions, (C) cycling performance and Coulombic efficiency of NVP@C with
organic and hybrid electrolytes at 0.5C and (D)HR-TEM images of NVP@C electrodes after cycling with the organic and hybrid-2 electrolyte, respectively
(Manohar et al., 2018b).
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amount of SbF3 at 4 mol L-1 NaFSI and also exhibits excellent
multiplicative performance of 80 mAh g-1 at 40°C. This is because
the SbF3 additive forms a hard Na-Sb alloy layer, while the high
concentration contributes to the formation of a dense NaF-rich SEI
layer on the Na metal surface. This bilayer structure of the SEI layer
effectively prevents dendrite growth and provides fast interfacial ion
transport (Fang et al., 2020). The addition of NaFSI to methyl
propylpyrrole dicyandiamide ([C3mpyr]DCA) ionic liquid produces
a more stable SEI layer (Figure 8C) (Forsyth et al., 2019). The
addition of 1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropylether
(TTE) to 3.8 M NaFSI/DME electrolyte forms a localized high
concentration electrolyte (LHCE), which helps to construct a
stable SEI for SMBs. TTE also decomposes on Na metal anodes,
synergistically forming dense SEI with low surface resistance and
good mechanical properties, rich in NaF, which facilitates the
transport of Na+ ions and inhibits the growth of Na dendrites
(Figure 8D) (Wang Y. et al., 2021). Transformation-based anode
materials (e.g., Cu1.8S/C (Li H. et al., 2021), SnP nanocrystals (NCs)
(Liu J. et al., 2018), tin phosphide (Sn4P3) (Mogensen et al., 2017;
Mogensen et al., 2018)) in FSI-based organic electrolytes exhibited
stable cycling ability and high capacity. Both NaFSI and FEC
additives contribute to the formation of a stable NaF-rich SEI on
the anode surface.

In general, NaFSI electrolytes dissolved in carbonate ester and
ionic liquids exhibit better electrochemical performance and have
better compatibility for hard carbon electrodes and sodium metal
electrodes compared to other sodium salt electrolytes. In the future,
combining different types of cathode and anode electrodes to
assemble a complete battery for electrochemical testing, as well as

contributing to the design and implementation of flame-retardant
batteries, may be the trend for this electrolyte.

3.4 Sodium bis(trifluoromethylsulfonyl)
imide (NaTFSI)-based organic liquid
electrolyte

The cathode materials adapted to NaTFSI-based organic liquid
electrolytes for electrochemical testing mainly include layered oxides
and polyanionic compounds. Layered oxides (P2-type Na2/3Ni1/3Mn2/
3O2 (Risthaus et al., 2018), Na0.45Ni0.22Co0.11Mn0.66O2 (Chagas et al.,
2014), andNa0.44MnO2 (Stigliano et al., 2022)) exhibited high discharge
capacity and capacity retention in the ionic liquid electrolyte with
NaTFSI. For the polyanionic compound, NaFePO4/Na half-cells in
sodium bis(trifluoromethanesulfonyl)imide (NaTFSI)-bonded
butylmethylpyrrolidine (BMP)-TFSI ionic liquid (IL) electrolyte
operate at 3 V. This IL electrolyte shows high thermal stability and
non-flammability. NaFePO4 has the best capacity at 50 °C in 0.5 M
NaTFSI mixed IL electrolyte (Wongittharom et al., 2014).

The most commonly used anode material for NaTFSI organic
electrolyte is hard carbon. NaTFSI organic electrolytes used for hard
carbon electrodes include ester electrolytes and ionic liquid
electrolytes. Among them, hard carbon electrodes in 2 M
NaTFSI/EC:DMC electrolyte provided the best initial reversible
capacity, high electrochemical stability, and good cycling stability.
In addition, a sharp capacity decay was observed after cycling in an
ultra-high concentration electrolyte (5 M NaTFSI/EC: DMC)
(Figures 9A,B) (Chen et al., 2020). In NaTFSI/EC: DMC

FIGURE 8
Compatibility of sodium NaFSI-based electrolytes with different anode materials: (A) cycling stability tests of Na/CMK cells in carbonate and ionic
liquid electrolytes (Sun et al., 2021). (B) Schematic representation of the surface processes occurring at this particular graphite/TEG-DME electrolyte
interface (Maibach et al., 2017). (C) Schematic representation of the sodium-solvated and interfacial structures of NaFSI and NaDCA on sodium-metal
surfaces in the [C3mpyr]DCA IL systems (Forsyth et al., 2019). (D) Cycling performance Na/NVP in NaFSI/DME electrolyte with TTE using STD, HCE,
and LHCE, and schematic of Na+ solventization and formation of SEI on sodium metal surface (Wang Y. et al., 2021).
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electrolyte, the addition of FEC or DMCF was found to be beneficial
for overall capacity and capacity retention during cycling
(Figure 9C) (Fondard et al., 2020).

In addition, some applications of NaTFSI-based electrolytes in
full batteries have been reported. For example, the full cell consisting
of Na3V2(PO4)2F3 cathode and (Na2+xTi4O9/C) anode exhibited
high capacity retention in a nonflammable low eutectic solvent
(DES) including sodium bis(trifluoromethane) sulfonate
(NaTFSI) dissolved in N-methylacetamide (NMA). The improved
electrochemical stability was associated with a stronger surface film
formed at the electrode/electrolyte interface (De Sloovere et al.,
2022). P2-Na0.6Ni0.22Fe0.11Mn0.66O2 cathode and Nanostructured
Sb-C composite anode cells in a 0.2M NaTFSIPyr14TFSI ionic
liquid-based electrolyte exhibited high specific capacity for the
full cell. The electrolyte has a high ionic conductivity and high
thermal stability. The anodic stability of this electrolyte was up to
4.7 V vs. Na+/Na (Hasa et al., 2016).

In general, NaTFSI ionic liquid electrolytes show good
electrochemical performance. However, there are some problems,
such as corrosion of the aluminum foil, capacity decay and some
disadvantages of the ionic liquid electrolyte itself (e.g., high viscosity,
poor wettability to the electrode, etc.). Efforts are still needed to
improve these shortcomings in the future.

3.5 Sodium difluoroxalate borate (NaODFB)-
based organic liquid electrolyte

Sodium difluoro (oxalato)borate (NaODFB) is a new chelated
sodium salt discovered by researchers in recent years. Only a few
articles have been published to study this electrolyte. Chen et al.
(Chen et al., 2015) found that Na/Na0.44MnO2 half-cells combined
with NaDFOB-based electrolytes exhibited greatly enhanced
multiplicative capacity and cycling performance. Sun et al. (Sun
et al., 2020) developed a high-capacity nanoconstrained FeF3 SIB-
based cathode and found that the best cycling performance was
achieved using NaDFOB salts in a ternary electrolyte (EC:DEC:
DMC), with much higher cycling performance compared to the
conventionally used NaClO4, which was associated with the
formation of a thin and conformal CEI protective film on the
cathode. They further predicted that the DFOB anion reduction-
mediated radical oligomer/polymer pathway may be an important

part of the formation of CEI films. As shown in Figure 10A. Wang
et al. (2023) investigated the compatibility of NaODFB electrolyte
with NVP cathode.1 M NaODFB-DME electrolyte contributed to
the formation of thinner CEI film on the surface of NVP material
with low content of B2O3, which resulted in high specific capacity
and capacity retention of the cell. Zhao et al. (2022) investigated the
compatibility of NaODFB ether electrolyte with HC anode at high
temperature. The Na/HC half-cell with 1 M NaODFB in DME has a
high reversible capacity of 249.9 mAh/g at 100 mA/g and 55°C,
exhibiting excellent cycling stability attributed to the SEI membrane
groups B-F and B-O containing inorganic substances. Gao et al.
(2022) found that there was a dense and smooth SEI film on the
surface of sodium sheets after cycling in NaODFB-based carbonate
electrolyte, and the SEI film could effectively inhibit the growth of
sodium dendrites. They provide insight into the underlying
mechanism of the protective effect provided by SEI derived from
sodium difluoro (oxalate)borate (NaDFOB) (Figure 10B). The pre-
reduction of the DFOB− contributes to the formation of SEI and
inhibits the decomposition of the carbonate solvent, and the DFOB−

is gradually transformed into a borate- and fluoride-rich SEI with
cycling. The protective effect of SEI is optimized at 50 cycles,
resulting in a threefold increase in the lifetime of the sodium
metal batteries.

In summary, NaDFOB has high compatibility with various
common solvents used for NIBs, which means that NaDFOB may
be very effective for various electrode materials for other NIBs.
However, the preliminary work mainly focused on its application as
an additive.We should optimize the electrolyte of NaODFB as themain
salt and apply it to the full battery. Further studies on the complex
interactions ofNaDFOB electrolytes with different solvents with various
electrode materials are also necessary. The goal of exploring its full
potential as a emerging and high-performance electrolyte for sodium
ion batteries will be realized in the future.

4 Composition, formation mechanism
and regulation strategy of the interface
between electrolyte and electrode

The study of the solid-liquid interface formed between
electrolyte and electrode material is a hot research topic in the
field of batteries. The solid-liquid interface film is formed between

FIGURE 9
Compatibility of sodium NaFSI-based electrolytes with HCSs materials: (A) Schematic diagram of the interaction mechanism of HCSs electrodes in
ultra-high concentration electrolytes and (B) cycling performance at 0.1C of HCSs in electrolytes with different salt concentrations (Chen et al., 2020). (C)
Cycling capacity for HC electrodes using 1 M NaPF6 in EC:DMC with addition of 1.5% and 3% of FEC or DMCF(Fondard et al., 2020).
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the electrolyte and electrode material during the first cycle of
charging and discharging, and the presence of the interface film
prevents the electrolyte from continuously contacting the electrode
material and decomposing, thus allowing the electrochemical
window of the electrolyte to be extended. Factors such as the
denseness, thickness and components of the solid-liquid
interfacial film have a great influence on the cycling performance
of the battery, and obtaining a stable interfacial film with protective
effect and stable Na+ transport has been the goal pursued by
researchers.

4.1 Composition

In 1979, Peled (1979) found that alkali and alkaline earth metals
in non-aqueous batteries form a surface film in contact with the
electrolyte, which is an intermediate phase between the metal and
the electrolyte and has the characteristics of an electrolyte, and hence
the concept of “solid electrolyte interphase (SEI)”was introduced. At
this time he considers the SEI model to be a simple two-dimensional
passivation film structure. In 1997, Peled et al. (1997) suggested the
mosaic model by arguing that insolubles generated from all types of
reduction reactions of the electrolyte occurring simultaneously are
deposited randomly mixed on the anode and stacked on each other
to form a mosaic-like structure. In this model, grain boundaries and
interfaces in SEI may act as electron conduction paths to promote
the growth of dendrites and electron leakage. In 1999, Aurbach et al.
(1999) proposed a multilayer structure of SEI films in lithium-ion
battery systems using various means such as infrared spectroscopy,
Raman spectroscopy, X-ray photoelectron spectroscopy, and
electrochemical impedance spectroscopy, arguing that the
passivation film formed at the beginning of the metallic Li
surface is unstable and changes during the electrochemical
process, with various types of substances forming one by one,
and that traces of water in the electrolyte, solute Anion
decomposition products also continue to influence the generated
SEI film to form a multilayer film structure. This dynamic concept
has also been applied to sodium ion batteries to derive bilayer and
even multilayer structure models.

It is generally believed that the electrode-electrolyte interfacial
film consists of the inorganic layer located on the inside connected to
the electrode material and the organic layer located on the outside
extending into the electrolyte. The inorganic layer is mostly

inorganic with some sodium, and the organic layer is mostly
organic with sodium formed by the reaction of solvent molecules
with sodium. The formation of such a bilayer structure can be
divided into two stages, namely, the formation of a bilayer on the
surface when electrons flow into the anode and the participation of
electrons in the reaction process. When the anode is filled with
electrons, Na+ will be enriched on the electrode surface to form a
bilayer. At the beginning the passivation film is thin and electron
transfer is easy, so the double electron reaction occurs preferentially.
The solvent molecules of the solubilized coordinated Na+ get
electrons to be reduced and are more likely to produce inorganic
products such as Na2CO3 and Na2O, which are precipitated on the
electrode surface, while at the same time, sodium salt anions or
additives may also participate in the reaction to produce NaF, NaCl,
NaS, and Na2SO4, etc (Hu et al., 2020). The positive effect of NaF on
dense SEI formation and unstable interphase growth control.
Content increases appropriately to suppress the solubility of
organic sodium carbonate (NaO2CO-C2H4-OCO2Na) and
promote the conductivity of Na+ through the SEI layer, thus
improving the electrochemical properties, whereas an increase in
Na2CO3 content does not (Fondard et al., 2020). F-S or S=O species
were also detected in the case of FSI− or bis(trifluoromethane)
sulfonylimine (TFSI−) anions (Ding et al., 2019). However, as the
thickness of the membrane increases, electron transfer is blocked
and single-electron reactions begin to dominate, with organic
species such as ROCO2Na (R is an organic group) organically
accumulating on the inorganic layer to form an organic layer.
The specific species of the organic and inorganic components
depend on the reaction between the electrode surface and the
electrolyte. Different electrode materials have different SEI
components in different electrolyte systems. The thickness of the
SEI film is usually between a few nanometers and tens of
nanometers, which is mainly related to the electron tunneling
distance, and if there is no surface damage or decomposition,
after reaching the longest distance of electron tunneling, the
solvent will not be able to continue to get electrons to be
reduced and thus stop decomposing, and the thickness change of
the SEI film will decrease and become an electron insulator and ion
conductor, and stabilized (Hu et al., 2020). Recently, Cui et al.
(Zhang et al., 2022) revealed the original structure and redefined the
composition of SEI by using advanced cryo-electron microscopy to
characterize the swelling state of SEI in various electrolytes, and
showed that the swelling behavior depends on the electrolyte type

FIGURE 10
Compatibility of sodiumNaODFB-based electrolytes with different electrodematerials: (A) Pathway of CEI film formation by FeF3 in NaODFB-based
electrolyte (Chen et al., 2015). (B) Schematic illustrations of the NaDFOB-derived SEI structure on the surface of sodium metal (Gao et al., 2022).

Frontiers in Chemistry frontiersin.org13

Zhang et al. 10.3389/fchem.2023.1253959

53

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1253959


and profoundly affects the ion transport in SEI. In the inorganic-rich
SEI, the swelling rate is lower, resulting in a more stable
electrochemical cycle of the cell.

The ideal SEI film should have the following characteristics: (i)
good electronic insulator, preventing the electrolyte from being
oxidized or reduced by charge transfer on the surface; (ii) good
sodium ion conductivity, selectively allowing the passage of Na+ and
preventing the solvent from entering the electrode material or
directly contacting the electrode; (iii) good chemical and
electrochemical stability, with no side reactions in the cell system;
(iv) good thermal stability, stably adhering to the surface of the
electrode material even at high temperatures; (v) homogeneous,
dense and thin, possessing good mechanical properties and not
easily flaking and dissolving (Hu et al., 2020).

4.2 Formation mechanism

The formation of the interfacial film is mainly the result of a
combination of three factors: the energy polarization difference
between the electrode and the electrolyte, the specific adsorption
behavior and the ion solvation behavior, and the formation is
accompanied by the interfacial growth and evolution. The
specific formation mechanism is shown in Figure 11. The details
of each part are developed below.

The interfacial film arises from the difference in energy states
between the two main parts of the electrode and the electrolyte
(Gauthier et al., 2015). If the electrochemical potential μA of the
anode is higher than the lowest unoccupied molecular orbital
LUMO of the electrolyte, electrons are spontaneously transferred
from the anode to the electrolyte, which leads to the reduction of the
electrolyte and the formation of the interfacial film. Similarly, when
the electrochemical potential μC of the cathode is lower than the
highest occupied molecular orbital level HOMO of the electrolyte,
electrons are transferred from the electrolyte to the anode and the
solvent molecules of the electrolyte lose electrons leading to
oxidation of the solvent, while the anode gains electrons and the
transition metal cations (such as Mn4+, Ni4+, Co4+, etc.) in the
material are reduced (Wang et al., 2020). The interfacial film on
the surface of the anode, called SEI, is distinguished from the anode,
and the products of electrolyte oxidation decomposition remain on

the surface of the cathode, defined as the CEI passivation layer. To
ensure a higher energy density, one chooses to initiate the redox
reaction of the electrode at a voltage that exceeds the stability of the
electrolyte. It is well known that non-aqueous electrolytes typically
used in Li-ion batteries are oxidized if the operating voltage is higher
than about 4.5 V with respect to Li+/Li. Given that the equilibrium
potential of Na+/Na is 0.3 V higher than that of Li+/Li, some
commonly used carbonate electrolytes will become
thermodynamically unstable if the voltage in SIBs is higher than
about 4.2 V (vs. Na+/Na) (You and Manthiram, 2018).

Specific adsorption behavior and ion solvation behavior are also
the main factors affecting the formation of interfacial layers. The
occurrence of specific adsorption behavior precedes the ion
solvation behavior, i.e., the strong interaction of some substances
with the electrode surface promotes the formation of interfacial
films. The interfacial film model includes the inner Helmholtz plane
(IHP) and the outer Helmholtz plane (OHP). In general, the specific
absorption behavior of unsolvated molecules is mainly present in
IHP, while ionic solvated structures are mainly present in OHP
(Zhang and Zhao, 2009). The enrichment of specific substances
initially adsorbed on the electrode surface determines the initial
interfacial composition and structure, while the ion solvation
structure subsequently acts to promote the growth of the
interfacial layer (Yan et al., 2020). For ionic solventization
behavior, the solventized structure is mainly related to the
coordination of alkali metal cations (e.g., Na+) to electronegative
atoms of the solvent molecule (e.g., carbonyl/ether oxygen) or
anions (e.g., fluorine in NaPF6 salts). Their binding energy
depends strongly on the type of cation, anion and solvent.
Differences in the solvation structure and diffusion kinetics in
different electrolytes subsequently lead to differences in the
electrochemical properties of their organic and inorganic
interfacial products. In addition, differences in ion solvation
structures can lead to different degrees of changes in the
electrolyte LUMO energy levels. The solventized Na+ structure at
the molecular level in the electrolyte can change the preferential
decomposition order of the solvent and the anion. As the salt
concentration increases, the anions become more involved in the
solventized shell layer, driving the transfer of LUMO from the
solvent to the anion and forming an inorganic-rich interface
(Xing et al., 2018). Thus, changes in the solventization

FIGURE 11
Schematic diagram of (A) the energy of the electrode and electrolyte (Gebresilassie Eshetu et al., 2018), (B) specific adsorption (Zhang and Zhao,
2009), (C) ion solventization (Li et al., 2020), (D) interface film formation, and (E) interfacial film growth and evolution.
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environment will alter the previous order of solvent molecule or
anion consumption, determining the initial composition formation
of the internal interfacial layer, further affecting the organic/
inorganic composition arrangement, structural evolution and
overall ion transport capacity. The ionic solventization behavior
is the main induction of surface interfacial phase formation and
depends on the reduction/oxidation order of solvent molecules or
anions (Li et al., 2020). The solvent-induced interfacial layer is
dominated by the predominant organic matter in dilute electrolytes.
However, the anion-induced interfacial layer in highly concentrated
electrolytes consists of more inorganic species, such as NaF, NaCl
and Na2CO3 (Zeng et al., 2018; Zheng et al., 2018; Yamada et al.,
2019).

In addition to the regulation of specific adsorbed species during
electrochemistry, the subsequent interfacial evolution is extremely
important. The successive interfacial reactions are mainly driven by
electron transfer based on a radical reaction mechanism. Usually,
the outer organic layer is vulnerable to attack due to the preferential
propagation of free radicals at the interface between the outer
interfacial phase layer and the electrolyte, leading to organic
polymerization (Soto et al., 2015). The evolutionary origin of the
interfacial layer is therefore largely dependent on the

electrochemical stability of the outer organic components. It
determines which component is polymerized first and to what
extent the dissolution and growth of the interfacial layer can
occur. In particular, for some carbon anode materials with
special microstructures (e.g., mesopores or nanopores), inward
growth may occur inside the material (Bommier et al., 2016).
The interfacial phase growth is related to the electrochemical
reactivity of the components in the matrix electrolyte in addition
to the interfacial phase components. In addition, the transport of
sodium ions in the interfacial layer is a key factor affecting the
evolution of the interfacial layer growth. The migration of Na+ ions
in the interfacial layer is related to the desolvation process associated
with the solventization behavior, the migration of Na+ ions through
the interfacial reaction products, and the crystallinity and
composition distribution of the interfacial layer. Among them,
the desolvation behavior of Na+ at the electrode/electrolyte
interface is a key step in determining the reaction rate. The ion
desolvation energy potential depends on a combination of factors
such as the strength of ion-solvent or ion-ion interactions, the choice
of electrode, the presence of interfacial membrane, and the
composition or structural condition of the interfacial membrane
(Yamada and Yamada, 2015; Yan et al., 2020).

FIGURE 12
Modulation strategies for interfacial films.
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4.3 Regulation strategy

At present, the regulation strategy for interfacial film mainly
includes four parts: electrolyte body regulation, concentration
regulation, addition of functional additives and construction of
artificial interfacial film (Figure 12). They are described as follows.

4.3.1 Electrolyte body
The actual state of the SEI actually depends on the choice of

electrolyte composition, which determines to what extent the
arrangement of inorganic and organic substances favors the final
interfacial function. The current interfacial manipulation through
the electrolyte ontology is mostly focused on the solventized
structure of Na+, where the electrolyte solvent, salt anion, is
involved (Hou et al., 2019), and a smaller percentage of external
organic compounds by changing the solvent and sodium salt
combination.

Solvents, as one of the participants in the solventized structure,
mainly include esters, ethers and ionic liquids. For ester-based
electrolytes, linear solvents can reduce the electrolyte viscosity
and enhance the wettability, but usually linear solvents (DMC,
DEC) are weakly coordinated with Na+ in the solventized
structure, and therefore have high reactivity with the outer
interfacial layer, which makes the interfacial layer unstable and
may also increase the solubility of the interfacial layer (Xia et al.,
2011; Ponrouch et al., 2013; Eshetu et al., 2016). The solventization
of Na+ with cyclic EC and EC:PC is more favorable than that of
linear solvents. Although the structural differences between EC and
PC are small, the methyl group in PC may hinder the aggregation of
reaction products from the perspective of long-term cell operation,
resulting in insufficient formation of interphase layers (Takenaka
and Nagaoka, 2019). In addition, since the LUMO level of Na+-
solvent complexes decreases by 2–3 ev in varying degrees compared
to a single solvent, the Na+-solvent complexes are more easily
reduced on the anode surface and the increase in the
HOMOLUMO energy band gap also leads to a longer operating
window of the electrolyte. The addition of EC solvents to PC, DMC,
EMC or DEC solvents results in the formation of a co-solvent, which
reduces the band gap (Shakourian-Fard et al., 2015). Therefore,
mixing different ratios of cyclic molecules (e.g., EC and PC) and
chain molecules (DMC and DEC)) may lead to unexpected
advantages. For ether solvents, such solvents can not only co-
insert Na+ into graphite (Jache and Adelhelm, 2014; Kim et al.,
2015; Cohn et al., 2016; Seidl et al., 2017), but also modulate the SEI
passivation layer of the anode electrode material so that the
interfacial phase composition has a better sodium ion transport
rate and the generated passivation layer is thin and uniform (Soto
et al., 2015; Wang C. et al., 2017; Zhang et al., 2017; He et al., 2018;
Huang et al., 2019; Li et al., 2019). Among them, the special structure
of amorphous Na2CO3 and NaF particles dispersed in polyether
species improves the electrical conductivity of Na+ (Huang et al.,
2019). However, the ether-derived interfacial phase is slightly lower
than the ester-derived interfacial phase in terms of long-cycle
performance. One optimizes the formation of the interfacial layer
for high rate and long cycle performance by combining ester and
ether, where the thick and loose ester-SEI is initially formed on the
inside and the thin and dense ether-SEI is on the outside (Bai et al.,
2018). ILs are actually salts in liquid state at room temperature

compared to conventional molecular solvents (such as carbonates
and ethers), which exhibit relatively low ionic conductivity due to
strong interactions between their anions and cations, but they have
the advantage of high electrochemical and thermal stability due to
their low vapor pressure and low flammability. Therefore, hybrid
electrolytes obtained by mixing ionic liquids with conventional
molecular solvents such as organic carbonates can be used, thus
combining all advantages to obtain interfacial layers with better
performance (Monti et al., 2016; Manohar et al., 2018b).

Anionic salts, another major player in the solventized structure,
play a crucial role in the oxidative decomposition of electrolytes
along with the solvent. Some anions, such as BF4

− and PF6
−, have

been found to reduce the oxidative stability of common carbonate
solvents, such as EC, PC and DMC, through fluorine or proton
transfer reactions (Borodin and Jow, 2010). In addition, oxidation
between the salt anion and the solvent through electrostatic
interactions may occur accompanied by charge transfer
phenomena to reach the final coupled state. This determines the
oxidative stability of the solventized salt (Fadel et al., 2019). When
Na+ is transported through the interfacial layer, anions with lower
donor numbers (e.g., PF6

− and ClO4
−) are more easily desolvated

(Browning et al., 2017). Therefore, different anion-solvent
complexes can have different effects on electrolyte oxidation
stability during electrolyte decomposition on the cathode surface
(Borodin and Jow, 2010; Xing et al., 2011; Cresce et al., 2015; Fadel
et al., 2019). Different salts (e.g., NaClO4, NaFSI, NaTFSI) undergo
different pathways when decomposed on the cathode surface,
resulting in components with different properties that affect the
performance of the interfacial layer. Therefore, mixed anions may
provide additional benefits in regulating the interfacial chemistry.

4.3.2 Concentration effect
The concentration effect is an important interfacial modulation

strategy, and adjusting the optimized concentration can accordingly
modulate the interfacial passivation chemistry to achieve an
organic-inorganic equilibrium SEI layer. Traditionally, most
electrolytes with optimized salt concentrations around 1 M
exhibit the highest ionic conductivity (Yamada et al., 2019).
Although the increase in salt concentration decreases the ionic
conductivity, it exhibits special advantages in terms of enhanced
interfacial properties and electrochemical behavior that
conventional electrolytes do not possess. The decomposition
order between solvent and salt differs with salt concentration. At
conventional dilution concentrations the solvent decomposes
preferentially, while at high concentrations, where there are
almost no free solvent molecules left due to the urgent need to
satisfy the dissolution of a large number of cations, the anion is
forced to be decomposed first (Yamada and Yamada, 2015; 2017;
Yamada et al., 2019; Yan et al., 2020). Li et al. (2020) found that, by
reducing the sodium salt concentration (0.3 mol NaPF6/EC + PC (1:
1 by volume)), the solvent molecules can fully occupy the Na+

solventized sheath layer, and the CEI and SEI films with high
organic content (high C + O ratio) can be obtained on the
cathode and anode sides. As the concentration of PF6

− is
reduced, the decomposition by-products such as F, which has a
corrosive effect on the electrode materials, are reduced, and the
obtained SEI and CEI films are more stable. On the contrary, when
applying high salt concentration electrolyte, the Na+ solvated sheath
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layer (or ligand layer) is almost occupied by anions. This will bring
some special advantages. For example, the interfacial mass transfer
process is changed and fast reactions can be performed on the
electrode, the electrolyte volatility is weakened, the thermodynamic
stability is enhanced and the safety is improved, the good SEI film
can be formed on the electrode, and the Al collector is protected
from anion corrosion. Increasing sodium salt concentration has an
effect on the properties of the Na+ solubilization environment
(Wahlers et al., 2016; Chen et al., 2018; Kankanamge et al., 2018;
Li et al., 2018), charge transport mechanism (Forsyth et al., 2016;
Kankanamge et al., 2018), and Na+ conductivity (Forsyth et al., 2016;
Kankanamge et al., 2018). In addition, the overall ionic conductivity
of the ether solvent-based electrolytes showed a tendency to increase
with increasing sodium salt concentration. Electrolytes based on
ionic liquid solvents promote ionic movement with the continuous
addition of salts (Chen et al., 2018). Therefore, there are concepts of
hyperconcentration and localized high concentration electrolytes
have been proposed in recent years. Superconcentration because it
promotes preferential passivation of LUMO-level reducing anions,
which in turn creates a more powerful inorganic SEI that can better
mitigate the more severe solubility problems of organic components.
Moreover, a lower percentage of free solvent molecules will mitigate
the tendency of soluble components to dissolve into the electrolyte
(Takada et al., 2017). Localized high electrolyte concentrations not
only do not alter the local dissolution environment of the
concentrated electrolyte, but also provide the advantage of
interface enhancement or suppression of undesirable interface
problems (Zheng et al., 2018; Yamada et al., 2019).

4.3.3 Functional additives
Additivity refers to the introduction of small doses of foreign

molecules into the parent electrolyte. As one of the most
economical interfacial modulation strategies, the addition of
additives not only does not interfere with the overall properties
of the electrolyte, but also significantly tunes the interfacial layer
properties to better form films for interphase passivation for
electrode protection and thus improve the overall
electrochemical performance. Currently, FEC is the most widely
reported and effective additive. Its energy gap, Eg is located
between the HOMO-LUMO gap of salt and solvent, thus FEC
can stabilize the interfacial layer by sacrificing decomposition in
advance thus avoiding destructive decomposition of electrolyte
(Wang et al., 2020). For example, the reason for the good
performance in EC-based electrolytes containing FEC is that
FEC has lower decomposition energy compared to EC solvents,
and the presence of FEC also enhances the decomposition energy
of EC molecules, so that its early decomposition in EC-based
electrolytes promotes the generation of interfacial films (Kumar
et al., 2016). In PC-based electrolytes, FEC also shows good film
formation due to its still early decomposition compared to PC
(Takenaka et al., 2015). It should be noted here that due to the
strong electronegativity of F atoms, FEC attracts the positive
charge of organic products, and excess FEC prevents the
formation of dimers between organic monomer products, a
phenomenon that causes undesired interfacial layer growth and
adversely affects the stability of interfacial films (Takenaka et al.,
2015; Simone et al., 2017; Bouibes et al., 2018). In addition to FEC,
other additives as described above also contribute to the formation

of stable interfacial films and need to be used in combination with
different electrolyte and electrode systems for screening. In
addition, the combined use of different additives may also be
beneficial to achieve the desired stable interfacial film.

4.3.4 Artificial interface film
Usually, the electrode itself is attacked by the highly reactive

electrolyte, which may undergo structural changes or cause surface
defects, etc. This will lead to further decomposition of the electrolyte,
resulting in lower first-loop Coulomb efficiency and thicker interfacial
films. Therefore, surface coating of the electrode can effectively improve
its surface properties and improve the compatibility with the electrolyte.
In fact, some of the cladding work done at the cathode is also equivalent
to artificially creating CEI films. By using atomic layer deposition (ALD)
to coat metal oxides (AlO3, TiO2 and MgO), metal fluorides and even
solid electrolytes on the surface of the cathode material, these coatings
maintain the stability of the reversible phase change of the cathode
material during charging and discharging, or prevent the erosion of the
cathode material by by-products such as HF, or provide better channels
for Na+ transport provides a better channel and acts as a CEI film. For
example, Sun et al. (Hwang et al., 2017a) changed the interfacial
properties of the cathode by coating a layer of nano-Al2O3 on the
surface of Na[Ni0.6Co0.2Mn0.2]O2 cathode. On the one hand, nano-
Al2O3 can react with F present in the electrolyte to reduce the content of
HF and prevent the continuous accumulation of NaF as a by-product to
hinder Na+ conduction; on the other hand, AlF3, the product of nano-
Al2O3 and HF, can enhance the protection of the cathode material by
CEI film as a good component of CEI film.With the synergistic effect of
the two, the change of interfacial impedance of the coated cathode
material during the cycling process was significantly smaller than that
before the coating, and the presence of the coating layer also helped to
reduce the leaching of transition metals from the active material. Ye
et al. (2022) reported an in situ artificial CEI construction strategy based
on a spontaneous redox reaction between a pre-sodiumed organic
solvent and a polyvinylidene fluoride (PVDF) binder. Applying this
strategy to PB cathodes, the chemically pretreated PB cathodes were
successfully coated with a NaF-rich interfacial phase on the electrode
surface to keep them away from electrolyte attack and maintain cycling
stability. This artificial CEI based on the interaction between PVDF and
organic solvents is not much affected by the surface properties of the
cathode material and is expected to be applied to other cathode
materials. Therefore, the construction of artificial interfacial film is
also an effective means to improve the compatibility of electrode with
electrolyte and avoid some side reactions.

In summary, there are four common effective strategies for the
regulation of solid electrolyte interfacial film. In practice, it is necessary
to consider the characteristics of the electrolyte and electrode materials
to choose the appropriate regulation. If the electrolyte body has a great
influence on the interfacialmembrane, it can try to use different salt and
solvent mixing to regulate the interfacial membrane. If the electrolyte
interfacial film is regulated on the basis of not changing the electrolyte
body, the concentration of electrolyte or functional additives can be
changed to achieve the purpose of regulating the appropriate interfacial
film. If the interfacial film formed inside the battery system is unstable
and cannot be improved by adjusting the electrolyte body,
concentration, or additives, a suitable artificial interfacial film can be
constructed from the electrodes to realize excellent electrochemical
performance.
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5 Conclusion and outlook

With the advantages of abundant sodium resources and low cost,
sodium ion batteries are a promising energy storage battery system. At
present, researchers at home and abroad have developed a variety of
feasible cathode and anode materials for sodium ion batteries. The
electrolyte of sodium ion battery, as a medium for the cathode and
anode materials to participate in the redox reaction, has an important
influence on the thermodynamic and kinetic properties of the sodium
ion battery system, such as the structural stability of the electrode
materials, the composition and structure of the SEI, the multiplicative
performance, cycling stability and thermal stability of the battery.
Therefore, electrolyte is also the key to determine the battery
performance. This paper introduces the research progress of
organic liquid electrolytes for sodium ion batteries from the basic
requirements and composition of organic liquid electrolytes, the
current research status of organic liquid electrolytes, and the
composition, requirements and regulation strategies of the
interface between electrolytes and electrodes. First, an overview of
organic liquid electrolytes is introduced, followed by the classification
of organic liquid electrolytes from the perspective of sodium salts, and
the compatibility and electrochemical properties of each sodium salt
electrolyte with cathode and anode are introduced. Finally, the
strategy for electrolyte regulation of interfacial film is explained. At
present, organic liquid electrolytes for sodium ion batteries still have
problems such as narrow electrochemical windows and poor stability
of SEI films. The development of new, low-cost and high-performance
sodium ion battery electrolytes is crucial for the commercialization of
sodium ion batteries. Future research on organic liquid electrolytes for
sodium ion batteries can be carried out from the following aspects.

(1) Optimization of each individual component of the organic liquid
electrolyte, including its own physical and chemical properties
such as viscosity, conductivity, stability, etc. The compatibility of
the electrolyte with the electrode material is also crucial. For
example, the commonly used ester electrolyte cannot be applied to
graphite anode materials, but the ether electrolyte allows sodium
ions to enter the interlayer energy storage in a solventized form.
The selection of additives also needs to consider the compatibility
with electrolyte and electrode materials as well. In addition, in the
future, we should try to explore the internal energy balance of
solvent molecules from the perspective of molecular dynamics
simulation and analyze the sodium storage mechanism of sodium
ion battery in combination with the special structure of electrode
materials, which is more conducive to enhance the matching of
electrolyte and electrode materials to achieve high capacity
requirements. In conclusion, we should focus on the matching
of electrode electrolyte and the development of new sodium salts
and additives to achieve high performance of sodium ion batteries.

(2) Battery safety is the most important key indicator of market and
customer concern. Commonly used organic electrolytes cannot
operate properly in high temperature environments, so the use
of stable Na salts and non-flammable solvents including ionic
liquids and phosphate esters to replace traditional flammable
solvents, as well as the addition of flame retardant additives and
overcharge additives are within consideration to achieve sodium
ion battery safety. In general, the use of stable Na salts increases
the thermal stability of the electrolyte, and high concentrations

of the electrolyte exhibit reduced flammability. The use of non-
flammable solvents instead of traditional flammable solvents is
attractive because they canmake the electrolyte completely non-
flammable. Electrolyte reformulation consisting of flame
retardant additives and overcharge additives is economical
and effective. However, the high cost required for
nonflammable electrolytes is a significant limitation to their
commercialization.

(3) The electrolyte of sodium ion battery, as a medium for the
cathode and anodematerials to participate in the redox reaction,
its redox window, the migration and diffusion of sodium ions,
the solventized structure of sodium ions, and the coupling
correlation effect between sodium ions and anions or
solvents are the key factors that determine the interfacial
properties of electrode materials. In addition, the sensitive
nature of the interfacial phase increases the difficulty of
characterization and limits our understanding of the
interfacial phase. Regulation of electrolyte proprieties,
concentration effects, electrolyte additives, and artificial
interfacial films are effective methods to manipulate
interphase formation. To meet the requirements of
applications, the enhancement of interfacial composition,
structure, and stability requires more fundamental work,
theoretical computational studies, and advanced testing and
analysis methods.

In conclusion, in the context of the imminent commercialization
of sodium-ion batteries, substantial progress has been made in the
research on positive and negative electrode materials. For example,
the anode materials currently used in commercialized sodium-ion
batteries are all hard carbon. There are already examples of
commercialized production of the three main types of cathode
materials. However, the organic electrolyte system used is still the
solvents (EC:PC, EC:DEC or PC as a single solvent) and the sodium
salts (NaClO4 and NaPF6). There is still a long way to go for the
commercialization of organic liquid electrolytes corresponding to
specific scenarios (high voltage, wide temperature, non-flammable).
In the future, for the development of organic liquid electrolytes,
great efforts are still needed to design safer electrolytes and more
stable interfaces for SIBs. The optimization of electrolyte and solid
electrolyte interface films will further bring sodium ion batteries
closer to practical applications, allowing them to be widely used in
the direction of large-scale energy storage and promoting
commercial applications.
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Low-dimensional carbon-based (LDC) materials have attracted extensive
research attention in electrocatalysis because of their unique advantages such
as structural diversity, low cost, and chemical tolerance. They have been widely
used in a broad range of electrochemical reactions to relieve environmental
pollution and energy crisis. Typical examples include hydrogen evolution
reaction (HER), oxygen evolution reaction (OER), oxygen reduction reaction
(ORR), carbon dioxide reduction reaction (CO2RR), and nitrogen reduction
reaction (NRR). Traditional “trial and error” strategies greatly slowed down the
rational design of electrocatalysts for these important applications. Recent studies
show that the combination of density functional theory (DFT) calculations and
experimental research is capable of accurately predicting the structures of
electrocatalysts, thus revealing the catalytic mechanisms. Herein, current well-
recognized collaboration methods of theory and practice are reviewed. The
commonly used calculation methods and the basic functionals are briefly
summarized. Special attention is paid to descriptors that are widely accepted
as a bridge linking the structure and activity and the breakthroughs for high-
volume accurate prediction of electrocatalysts. Importantly, correlated multiple
descriptors are used to systematically describe the complicated interfacial
electrocatalytic processes of LDC catalysts. Furthermore, machine learning and
high-throughput simulations are crucial in assisting the discovery of new multiple
descriptors and reaction mechanisms. This review will guide the further
development of LDC electrocatalysts for extended applications from the
aspect of DFT computations.

KEYWORDS

density functional theory, descriptor, carbon-basedmaterials, electrocatalysis,molecular
dynamics

1 Introduction

Environmental pollution and energy crisis are the two main critical issues of modern
society caused by the excessive use of fossil fuels. Acid rain, haze, and greenhouse effects have
disastrously affected the normal life of human beings (Turner John, 2004; Hubert and
Nenad, 2009; Dai et al., 2015). On the one hand, great efforts have been devoted to the
investigation and utilization of renewable clean energy and the efficient conversion between
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electrical and chemical energy, i.e., electrocatalytic hydrolysis and fuel
cells (Chu and Majumdar, 2012; Abas et al., 2015). Greenhouse gas
recycling, on the other hand, is also regarded as one of the most
promising techniques to reduce air pollution, for example, the reduction
of CO2. Therefore, effective electrochemical reactions, such as hydrogen
evolution reaction (HER) and oxygen evolution reaction (OER) for
water splitting, oxygen reduction reaction (ORR) for fuel cell, and
carbon-dioxide reduction reaction (CO2RR) are highly expected to
solve the above issues (Figure 1). (Karunadasa et al., 2010; Seh et al.,
2017) However, the performance of these electrochemical reactions is
severely hampered by their sluggish kinetics, which can be significantly
improved with the introduction of efficient electrode catalysts (Liang
et al., 2013; Zou and Zhang, 2015).

Noble metal-based materials such as platinum (Pt) and
ruthenium (Ru) are widely used as benchmark catalysts.
However, the scarcity and high cost impede their industrial mass
production. Therefore, non-noble metals and even metal-free
electrocatalysts have been intensively studied and remarkable
progress has been reached (Yan X et al., 2016; Sui et al., 2017;
Zhang L et al., 2018; Liu et al., 2019; Han et al., 2023a; He et al.,
2023). Up to now, low-dimensional carbon materials, such as 2D
graphene nanosheets (G), 1D carbon nanotubes (CNT), and 0D
fullerenes, have been widely used for fabricating a series of non-
noble metals and even metal-free catalysts for energy conversion.
This is because of their unique properties such as tunable molecular
structures, spatial confinement and surface effect, abundance and
excellent oxidation, and corrosion resistance. Various defects and
heteroatoms are embedded into carbon substrates, such as transition
metals, nitrogen, and boron, which can greatly improve their
catalytic efficiency (Kroto et al., 1985; Chen et al., 2002;
Novoselov et al., 2004; Hsieh et al., 2009; Chen et al., 2013; Zhuo

et al., 2013; Jia et al., 2016; Yan Y et al., 2016; He et al., 2017; Guo
et al., 2018; Mao et al., 2019a).

It is difficult to reveal the catalytic mechanism and actual active
sites of electrocatalysts only via experimental study. For instance,
previous studies show that pyridinic nitrogen is responsible for the
ORR in N-doped carbon-based metal-free catalysts (Wu et al., 2015;
Liu and Dai, 2016), while other studies suggest that the active sites
are graphitic nitrogen (Liu et al., 2010; Lin et al., 2013). Therefore,
the current quest is to develop appropriate methodologies to provide
a comprehensive understanding of the catalyst structures at
electronic levels, which will promote the comprehension of the
reaction mechanisms and guide future experimental studies (Bora
et al., 2019). Nowadays, based on the first principles, the modern
density functional theory (DFT) calculation has become an
irreplaceable modeling toolkit for scientists in a variety of
research areas. Two main strategies of DFT calculation-assisted
design of electrocatalysts have been established by theoretical and
experimental chemists. The first one is dominated by theoretical
calculations, dedicated to achieving a rational design of high-
performance catalysts. It is crucial to identify the most important
parameters to reveal the relationships between structures and
performance, which are the so-called descriptors and can
considerably boost the traditional trial-and-error approach.
Machine-learning and high-throughput calculations have also
been developed to efficiently screen active sites and descriptors
for the targeted catalysts. The second one is dominated by
experimental testing and characterizations, assisted by calculating
the change during the catalysis process such as step-energy,
molecular and electronic structure, and electron transition that
can reveal the reaction mechanism accurately. In this review, we
will mainly summarize the history and concepts of modern DFT, the

FIGURE 1
Schematic of a sustainable energy landscape based on electrocatalysis. Reproduced with permission (Seh et al., 2017). Copyright 2017, American
Association for the Advancement of Science.
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heterogeneous electrocatalytic surface-related descriptors, the
combination of experiment and calculation, and recent
achievements of low-dimensional carbon-based electrocatalysts
for energy storage and conversion applications.

2 Overview of DFT

Quantum chemistry is mainly based on quantum mechanics
principles, and the main goal of all first-principle calculations is to
obtain the electronic wave function ψ that characterizes the state of
the system, for which the Schrödinger equation must be solved.
Theoretical computing has received increasing attention from the
chemistry community as computer technology has progressed.
However, the traditional Wave Function Theory (WFT) method
has two fatal shortcomings. First, the wave function ψ of a system
with N electrons will contain 3N coordinate variables. Therefore, a
3N-dimensional wave function image, which is difficult to describe
visually, will be a stumbling block in solving the Schrödinger
equation. Second, the Schrödinger equation for a multi-electron
system is too computationally intensive to be calculated accurately.
Modern DFT has become a viable option to solve these drawbacks.

2.1 History of modern DFT

The homogeneous electron-gas model, commonly known as the
Thomas–Fermi model, was proposed by Thomas and Fermi in 1927,
and it has established a firm foundation for DFT. The ground state
energy of the electron system is directly represented in terms of electron
density instead of the wave function, which drastically reduces the
freedom degree of the system (Thomas, 1927). In 1964, Hohenberg and
Kohn proposed an inhomogeneous electron-gas model based on the
Thomas–Fermi model and proved that two theorems served as the
fundamentals of modern DFT (Hohenberg and Kohn, 1964). The first
theorem stated that the nuclear potential energyV(r) of all electrons in
a system that has n interacting electrons is a unique function of the
electronic density ρ(r). This could be presented as the Hohenberg-
Kohn (HK) equation as shown in Eq. (2.1).

EV ρ[ ] � ρ r( )V r( )dr + FHK ρ[ ] (2.1)
Here,FHK[ρ] � T[ρ] + Eee[ρ], whereT[ρ] is the sum of electronic

kinetic energy and Eee[ρ] is electron–electron repulsion. Clearly,
FHK[ρ] is independent of the external potential field. However, the
HK equation cannot be directly employed for the calculation of the total
energy of the system due to the unknown specific form of FHK[ρ]. The
second theory proposed a density minimum principle, stating that the
ground state energy of any trial electron density ρ(r) cannot be lower
than the true ground system. Hence, it can be inferred that as the ρ(r)
approaches the true electron density, the calculated system energy
becomes closer to the ground-state energy of the system. Then the
Euler-Lagrange equation can be obtained as shown in Eq. (2.2).

μ � δEV ρ[ ]
δρ r( ) � Vcxt r( ) + δFHK ρ[ ]

δρ r( ) (2.2)

Where, Vcxt(r) represents an external potential. Therefore, if
FHK[ρ] is confirmed, ρ(r) and EV[ρ] can be solved by Eq. (2.2).

However, the exact expression for FHK[ρ] remains an unsolved
challenge until now. In 1965, building upon the Thomas–Fermi
model’s shortcomings and drawing inspiration from the Hartree-
Fock method, Kohn and Sham revealed a brand-new approach to
derive the FHK[ρ] approximately. FHK[ρ] can be divided into three
parts and can be presented: (Kohn and Sham, 1965).

FHK ρ[ ] � Ts ρ[ ] + J ρ[ ] + Exc ρ[ ] (2.3)
Where, Ts[ρ] and J[ρ] are the kinetic energy and coulombic

correlation energy of independent electrons, respectively. Exc[ρ] is a
functional with a small magnitude called exchange–correlation (XC)
energy that can be approximated, and it can be presented as:

Exc ρ[ ] � T ρ[ ] − Ts ρ[ ] + Vee ρ[ ] − J ρ[ ] (2.4)
Due to Ts[ρ] and J[ρ] comprising the primary components of

Fock exchange energy FHK[ρ], the remaining Exc[ρ] is a functional
with relatively small values. Even when subjected to approximate
treatment, the errors associated with this part are not particularly
large. By variation, we can get the famous Kohn–Sham (KS)
equation:

ĤKS∅i ≡ −1
2
∇2 + V r( ) + ∫ ρ r′( )/ r − r′

∣∣∣∣
∣∣∣∣dr′ + Vxc r( )[ ]∅i r( )

� εi∅i r( ) (2.5)
And XC potential can be defined by:

FIGURE 2
Illustration of Jacob’s Ladder of DFT. Reproduced with
permission. (Zhang et al., 2020). Copyright 2020, JohnWiley and Sons.
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Vxc r( ) � δExc ρ[ ]/δρ r( ) (2.6)
Overall, there is no approximation and the Kohn–Sham

equation is accurate. However, the Exc[ρ] component of the
Kohn–Sham equation still lacks a rigorous expression form,
making it impossible to use in practical calculations. Instead,
several types of approximate XC generalized functionals must be
built to gradually approximate the real system. In simple terms,
when solving the KS equations, we need to start with an initial guess
for the electron density, use it to solve the KS orbitals, and then
calculate the electron density distribution function with the obtained
KS orbitals. This distribution function is then used in the KS
equations for further iterations, repeating this process until the
electron density distribution converges. This iterative approach,
which progressively refines the solution through approximations,
is the main source of errors in DFT calculations.

2.2 Exchange–correlation (XC) functional

Typical approximations such as local density approximation
(LDA), generalized gradient approximation (GGA), meta-GGA, and
hybrid functional are shown in the well-known Jacob’s ladder from
Hartree world to Chemical accuracy heaven (Figure 2). (Mattsson,
2002; Tao et al., 2003; Zhang and Xu, 2020)

The approximation for LDA is that the charge density changes
slowly with position and behaves similarly to the local
heterogeneous electron cloud, so the XC energy can be presented as:

ELDA
XC n[ ] � ∫ drn r( )εXC n( ) (2.7)

The LDA method only considers local charge density, which is
accurate for a uniform electron gas model but is clearly not
applicable to real systems where the electron density is not
perfectly uniform. Therefore, this method provides a rough
approximation when computing the real systems and tends to
overestimate binding energies.

To improve the accuracy of the LDA method, the GGA method
describes electron density with the assistance of density gradient and
can be presented as:

EGGA
XC ∝ ∫ drf n,∇n( ) (2.8)

BLYP (Becke, 1988; Lee et al., 1988), PW91 (Perdew et al., 1992;
White and Bird, 1994), and PBE (Perdew et al., 1996) are the
commonly used approximated density functionals of the GGA
method. The Becke exchange functional is a gradient-corrected
exchange functional that considers the gradient of the electron
density. The Lee-Yang-Parr (LYP) correlation functional
incorporates the correlation energy of electrons. By combining
these two components, BLYP aims to provide a more accurate
description of electron-electron interactions and correlation
effects in molecular systems. PW91 combines the Perdew-Wang
exchange functional with the Perdew-Wang correlation functional.
The exchange functional accounts for the exchange energy of
electrons, while the correlation functional deals with electron-
electron correlation effects. The PBE functional captures both the
exchange and correlation effects in the electron-electron interaction.

It has been found to perform well for a wide range of systems,
including molecules, solids, and surfaces, making it a popular option
in DFT calculations.

Based on the GGA method, meta-GGAs, such as TPSS, TPSSh,
and M06-L (Zhao et al., 2006; Zhao and Truhlar, 2006; Zhao and
Truhlar, 2008), introduced kinetic energy density variables but with
better accuracy accompanied by a significant increase in
computational cost.

By partially combining accurate XC functional in the DFT, the
hybrid functional could improve the calculation accuracy. The most
popular one is the B3LYP functional (Stephens et al., 1994), which
can be described as:

EB3LYP
XC � A · ELDA

X + 1 − A( )EHF
X + B · ΔEBeck

X + C · ELYP
C

+ 1 − C( )EVWN
C (2.9)

Where A = 0.8, B = 0.72, and C = 0.81. ELDA
X is the LDA

exchange functional, EHF
X is the Hartree–Fock exact exchange

functional, ΔEBeck
X is the Becke exchange functional, ELYP

C is the
LYP correlation functional, and EVWN

C is the VWN local spin density
approximation to the correlation functional.

Calculations involving periodic systems frequently employ the
HSE functional (Heyd and Scuseria, 2004), which is represented by
the following equation:

EHSE
XC � A · EHF,SR

X ω( ) + 1 − A( )EPBE,SR
X ω( ) + EPBE,LR

X ω( ) + EPBE
C

(2.10)
Where A is the mixing parameter, and ω is an adjustable

parameter controlling the short range of the interaction. The
standard values of A = 0.25 and ω = 0.2 of HSE06 (Heyd et al.,
2003) have been shown to give good results for most systems.
EHF,SR
X (ω) is the short-range Hartree-Fock exact exchange

functional, EPBE,SR
X (ω) and EPBE,LR

X (ω) are the short- and long-
range components of the PBE exchange functional, and EPBE

C is the
PBE correlation functional.

2.3 Periodic system

To deal with periodic systems, supercell models (primitive cells
in three dimensions (X, Y, and Z) with periodic repetition) are
frequently used. Vacuum space greater than 10 Å is added in the
Z-direction to eliminate the interaction. In condensed matter
physics, Bloch’s theorem states that solutions to the Schrödinger
equation in a periodic potential take the form of a plane wave
modulated by a periodic function and can be written as:

Ψ r( ) � uk r( )eikr (2.11)
Where r is the position, Ψ is the wave function, and k is the wave

vector. Based on the Bloch theorem, the electronic band structure is
involved in investigating surface science, and electronic states at
numerous k points should be calculated. In practical calculations,
however, a finite number of k points is used; the higher the density of
the k points, the lower the inaccuracy will be. In general, the number
of k points for metal systems is higher than that of the oxide systems.

For periodic systems, the electron wave function can be
expanded with numerous plane wave functions. However, only
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plane-wave basis sets with kinetic energy lower than the cut-off
energy are considered in practical calculations, which would result
in a systematic error (Kresse and Furthmüller, 1996a; Kresse and
Furthmüller, 1996b). Therefore, a pseudopotential that can replace
the true atomic potential of the nucleus and inner electrons is
introduced to reduce systematic error. Currently, the most widely
used plane-wave methods are the ultra-soft pseudopotential (US-
PP) plane wave method and the projector augmented wave (PAW)
method (Kresse and Joubert, 1999).

2.4 DFT + U scheme

DFT calculations cannot adequately describe systems with
physical properties that are controlled by many body electronic
interactions (correlated systems) because it is typically challenging
to model the dependence of the XC functional on electronic charge
density. The over-delocalize valence electrons and over-stabilize
metallic ground states are considered to be the main problems of
DFT to describe correlated systems. Therefore, the DFT + U
approach has been developed to enhance the description of the
ground state of correlated systems (Dudarev et al., 1998). The key
advantage of the DFT + U method is that it is within the realm of
DFT, making it easy to implement in the existing DFT codes.
Besides, its computational cost is only slightly higher than that of
normal DFT computations. The local and semi-local density
functionals that allow LDA + U and GGA + U computational
operations can be enhanced with this ‘U’ correction. The primary
function of the ‘U’ correction is to add an additional Hubbard-like
term to the strong on-site Coulomb interaction of localized
electrons. The on-site Coulomb term U and the site exchange
term J are the two parameters that represent the strength of the
on-site interactions for the purpose of practical DFT + U
implementation in computational chemistry. Parameters ‘U and
J’ are typically derived semi-empirically although ab initio
computations can yield them (Tolba et al., 2018).

E DFT + U( ) � E DFT( ) + Ueff/2∑σ
Tr ρσ − ρσρσ[ ] (2.12)

It has become a standard to use the parameter: Ueff � U − J in
place of the interaction U in the simplified LDA + U form. Ueff is
frequently utilized because the ‘J’ has been shown to be essential for
describing the electronic structure of specific classes of materials,
typically those subject to high spin-orbit coupling.

2.5 Molecular dynamics simulation

Molecular dynamics (MD) simulation, which is based on
Newton’s laws of motion, can simulate the trajectory of each
atom in a system at a certain temperature, thus the system’s
dynamic properties can be calculated. However, the standard
DFT can only be used to calculate a system’s static properties at
0 K. Briefly, for a given configuration and initial velocity of each
atom, the MD simulation can be divided into three steps. Firstly, the
forces acting on each atom in the system are calculated to determine
the system’s acceleration. Secondly, the configuration of the system
after Δt time can be obtained according to Newton’s three laws.

Thirdly, the calculation of the forces in the first step is continued
based on this configuration, and the results of the system evolving
with time can be finally obtained by repeated recurrence. MD
simulation can be further classified into two types: Classic MD
simulation and ab initioMD (AIMD) simulation, depending on how
the forces are calculated in the first step. Classic MD simulation
builds the potential energy function from the empirical force field
and calculates the force at each step using the gradient of the
potential energy function. AIMD simulation, on the other hand,
can be used to accurately calculate the force at each step by the ab
initio quantum chemical method (Nosé, 1984; Hoover, 1985; Kresse
and Hafner, 1993).

Unfortunately, AIMD is constrained by its suitability for small
simulation systems and limited simulation durations. The utilization
of force fields, however, can expedite the computation process.
Nevertheless, for an extended period, there existed a gap between
computationally demanding electronic structure-based DFT
calculations and the more efficient yet less precise empirical
potentials or force fields founded on physical approximations
and intuition (Kocer et al., 2022). This situation witnessed
substantial improvement with the emergence of machine learning
potentials (MLPs) in 1995 (Blank et al., 1995). Modern MLPs have
the capacity to discern the shape of multidimensional potential
energy surfaces from high-level DFT calculations and subsequently
incorporate the derived analytical atomic interactions (force fields)
into large-scale simulations, such as MD, with negligible accuracy
compromise (Handley and Popelier, 2010; Friederich et al., 2021;
Unke et al., 2021). Over the last two decades, numerous types of
MLPs have been introduced, including neural network potentials
(NNPs) (Lorenz et al., 2004; Behler and Parrinello, 2007), Gaussian
approximation potentials (GAPs) (Bartók et al., 2010), and gradient
domain machine learning (GDML) (Chmiela et al., 2019). Among
them, NNPs exhibit a formidable combination of neural network
expressive capabilities and the availability of extensive datasets like
the QM9 dataset (Ruddigkeit et al., 2012), Material Project (Jain
et al., 2013), and Open Catalyst 2020 (Chanussot et al., 2021),
rendering them exceptionally well-suited for expediting high-
accuracy MD calculations (Takamoto et al., 2022). Additionally,
beyond reliance on existing databases, on-the-fly machine learning
enables the construction of precise force fields from newly sampled
data with minimal training overhead (Jinnouchi et al., 2019;
Jinnouchi et al., 2020). In this adaptive process, during each step,
a decision is made whether to perform an ab initio calculation and
potentially incorporate the data into the force field or to employ the
existing force field and skip the learning phase for that specific step.

Furthermore, Metadynamics is an atomistic simulation
technique based on MD that operates within the same system to
expedite the exploration of rare events and calculate the free energies
of intricate molecular systems (Laio and Parrinello, 2002; Iannuzzi
et al., 2003). This technique functions by iteratively ‘filling’ the
system’s potential energy surface using a series of Gaussian
functions centered along its trajectory, all guided by a carefully
selected set of collective variables (CVs). This process compels the
system to transition from one energy minimum to another (Bussi
and Laio, 2020). Metadynamics provides several advantages in free
energy calculations. Firstly, it accelerates the sampling of high-
energy events within the studied system by progressively moving
it from low-energy regions to high-energy areas via the inclusion of a
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sequence of repulsive potentials. Secondly, it facilitates the
establishment of high-dimensional reaction pathways, enabling
the computation of multidimensional free energy data, including
two-dimensional free energy potential surfaces. Thirdly, because it
gradually elevates the studied system’s energy from low to high
regions, this approach excels in discovering optimal reaction
pathways. Lastly, this method does not require a prior prediction
of the reaction pathway within the studied system (Barducci et al.,
2011). One limitation of Metadynamics lies in the difficulty of
determining the optimal point for terminating the simulation.
Without proper termination, the bias potential keeps increasing,
possibly leading the system intoreaction regions that hold no interest
in our study. The application of Well-Tempered Metadynamics
effectively mitigates this limitation (Barducci et al., 2008).

2.6 Transition state theory

The transition state (TS), also known as the saddle point, is the
highest energy point on the potential energy surface (PES) where the
reactants (initial state, IS) generate products (final state, FS) along
the minimum energy path. Within the transition state theory (TST),
we assume that IS and TS are in quasi-equilibrium, and the main
task is to find out the free energy barrier for the transition, which is
the energy difference between IS and FS. Based on TST, the
transition rate can also be calculated. The Dimer method
(Henkelman and Jónsson, 1999) and the climbing image nudged
elastic band (CINEB) approach (Henkelman et al., 2000) are the two
most popular calculating techniques.

The dimer method can be used to find out the saddle points by
two images of the system, which is the so-called ‘dimer’. Driven by
the saddle point search algorithm, the dimer is moved uphill on the
potential energy surface, away from the vicinity of the potential
energy minimum of the IS and toward a saddle point. The dimer is
rotated along the way to identify the potential energy mode with the
lowest curvature at the dimer’s location. Since the Dimer technique
only uses the first derivatives of the energy, the major benefit is not
requiring the time-consuming computation of the minimal
eigenvalue of the Hessian matrix. The Dimer technique also has
the advantage of having less stringent initial configuration
requirements.

The nudged elastic band (NEB) method is an efficient method
for identifying the minimum energy path (MEP) between a given
initial and the final state of a transition, which has also been widely
used to estimate transition rates. A set of images between the IS and
FS of the system are created, often on the order of 4–20. Then the
adjacent images are contacted by a collection of spring interactions,
which can form an elastic band and ensure the continuity of the
path. The band is brought to the MEP by an optimization process
that minimizes the force acting on the images. The drawback of the
NEB method is that it requires the intermediates to be evenly spaced
throughout the optimization process, and the predicted TS may be
slightly deviated from the actual TS. The CINEB method was
developed to address this issue. The force on the highest image is
the full force resulting from the potential with the component along
the elastic band inverted, showing that it will not be influenced by
spring forces. As a result, the intermediates will gradually move to
the higher energy direction and reach the actual TS.

2.7 Advanced simulation tools and methods

Currently, the computational hydrogen electrode (CHE) model
is the most commonly employed and straightforward model for
assessing catalytic activity (Peterson et al., 2010). This model uses
half of the chemical potential of H2 in the gas phase at 0 V to
represent the chemical potential of a proton-electron pair
(G(12H2) � G(H+ + e−)). When a potential U is applied to the
catalytic system, the chemical potential can be adjusted as
(Peterson et al., 2010):

G
1
2
H2( ) − eU � G H+ + e−( ) (2.13)

Where e is the positive charge. Consequently, it becomes feasible
to calculate the reaction-free energy (ΔG) of proton-coupled
electron transfer (PCET) reactions, enabling a qualitative
assessment of catalytic activity. Nonetheless, the CHE model falls
short of representing the exact catalytic environment due to the
neglection of sensitive parameters affecting catalytic performance,
such as solvent, pH, and applied potential. To achieve a more precise
simulation of electrochemical reactions, multiple approaches and
tools have been developed and applied to consider the impact of the
reaction environment.

2.7.1 Solvent effect
Two primary approaches can be used to address the solvent

effects: implicit and explicit solvation models. The implicit solvation
model employs a polarizable medium, typically characterized by the
dielectric constant (ε), to represent the solvent, while an electric field
is constructed to depict the solvent’s charge distribution (Xu and
Carter, 2019). Currently, two representative implicit solvation
models are the solvation model based on solute electron density
(SMD) (Marenich et al., 2009) and the conductor-like solution
model (COSMO) (Klamt and Schüürmann, 1993). While the
implicit solvation model permits a qualitative description of
solvent effects at minimal computational cost, it falls short in
describing specific interactions, such as hydrogen bonds (Ling
et al., 2022).

On the other hand, the explicit solvation model precisely
incorporates solvent molecules, atoms, and cations into the
calculation systems, enabling direct observation of electrode/
electrolyte and adsorbates/electrolyte interactions. When
considering the most common water/electrode interfaces in
electrocatalysis, two explicit solvation models are generally
employed: icelike water bilayers and the electric double layer
(Gross and Sakong, 2022). In the meantime, AIMD is typically
employed to obtain reliable atomic configurations of the electrode/
electrolyte interfaces, incurring significantly higher computational
costs. Therefore, to strike a balance between computational accuracy
and cost-effectiveness, the Quantum Mechanics/Molecular
Mechanics (QMMM) method has been developed. With this
approach, quantum mechanical (QM) computations are
employed to simulate critical reaction components, such as
adsorbates and electrode/electrolyte interfaces, while classical
force fields or implicit solvation models are employed to handle
the surrounding solvent environment. The primary challenge in the
QMMMmethod is effectively partitioning the QM andMM fields to
ensure an accurate representation of critical effects (Li et al., 2020).
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2.7.2 Applied electrode potential (U)
In experimental macroscopic systems, both reaction

temperatures and the chemical potential of the electrolyte and
electrode remain constant throughout the reaction. However, in
most common DFT calculations, a limited number of atoms is
typically treated within the canonical (NVT) or NPT ensemble and
the total number of electrons in the simulated cells remains
constant. Consequently, this leads to significant variations
in the electrochemical potential (Fermi level) during a reaction.
To address this problem and achieve a setup closer to the
fluctuating particle numbers found in experimental conditions,
the combination of the grand-canonical (GC) ensemble (VTμ)
with DFT emerges as a natural choice for atomistic simulations
(Melander et al., 2018). GC-DFT provides a method to investigate
electrochemical microscopic systems in thermodynamic equilibrium,
offering insights into phenomena characterized by long-time and
length scales (Groß, 2021). During the fixed-potential grand
canonical calculations, varying the total charge of the system
can result in the fixed electrode potential (Fermi level) (Gao and
Wang, 2021). Furthermore, by the fixed-potential method,
we can easily calculate the potential-dependent reaction
barriers and avoid the inaccurate assumption about the charge
transfer coefficients in the constant-charge calculations.
Currently, great developments have been reached in the field
of methodology and models, such as continuum charging
methods (Gauthier et al., 2019) and constant-potential hybrid-
solvation dynamical model (CP-HS-DM) (Zhao and Liu, 2021),
making complicated NEB and AIMD simulations stable and
possible.

3 Theoretical guidance in catalyst
design and mechanism study

Nowadays, a series of well-known carbon-based electrocatalysts
have been fabricated through the combinations of various
modification methods and substrate materials, such as
heteroatom-doped graphene, defective graphene, Mxenes,
heteroatom-doped carbon nanotubes/ribbons, and modified
carbon dots (Yan et al., 2020; Zhou et al., 2020; Li et al., 2021;
Ding et al., 2022; Song et al., 2022; Sun et al., 2022; Tang et al., 2022;
Wu Q. et al., 2022; Wu Y. et al., 2022). However, the design of state-
of-the-art electrocatalysts still relies on inefficient trial-and-error
approaches, and the catalytic mechanism is still controversial and
difficult to reveal only through experimental research. DFT
calculations are thus utilized to address two issues: 1) predicting
catalytic performance and guiding the synthesis of electrocatalysts
and 2) investigating and corroborating the mechanism of
electrocatalysis in conjunction with experimental study.

3.1 Application of theoretical guidance in
designing electrocatalysts: descriptors

To predict the performance of electrocatalysts, computational
scientists mainly focus on the most important microscopic
properties of the catalysts that determine the macroscopic
catalytic performance. Since the early 20th century, catalysts with

high activity, according to the traditional Sabatier principle, should
bind atoms and molecules with an ideal bond strength: not too weak
to activate the reactants and not too strong to desorb the products.
Therefore, a volcano-shape relationship between bond strength and
catalytic activity has been proposed to represent the predictivity of
many descriptors (Che, 2013). Due to the lack of quantitativeness
and inability to undergo experimental validation, this principle is
not very predictive. The “bond strength” between the relevant
intermediates and the catalysts has been described during the
past decades by the extraction of electronic and structural
properties such as the descriptors.

3.1.1 d-band center theory
The well-known d-band center theory proposed by Nørskov

et al. has laid the foundation for a series of descriptors (Nørskov,
1991; Hammer and Norskov, 1995; Nilsson et al., 2005). It explains
the interactions between atoms or molecules and the surface based
on adsorbate orbitals and d-orbitals of atoms on the surface. The
energy of the d states (the center of the d states) relative to the Fermi
level is a good indicator of the bond strength. The higher the d states
are in energy relative to the Fermi level, the higher in energy the
antibonding states and the stronger the bond will be (Figure 3).
Stamenkovic et al., for example, investigated the ORR activity of
various Pt3M (M = Ti, V, Fe, Co, and Ni) alloys with Pt-skin and Pt-
skeleton surface structures, employing both experimental and
computational methods (Stamenkovic et al., 2007). They
constructed a volcano plot using experimentally measured
activity and theoretically calculated d-band center values. This
analysis revealed that Pt3Co, Pt3Fe, and Pt3Ni exhibited
significantly enhanced ORR activity compared to pure Pt.

The d-band center theory can also be applied to low-
dimensional electrocatalysts (Wu et al., 2016; Gao G. et al., 2018;
Tao et al., 2019; Ye et al., 2020; Jiao et al., 2022). For instance, Ling
et al. established correlations between the d-band center and the
adsorption strengths of *OH, *O, and *OOH, along with the
potential of elementary reactions for OER on β12 boron
monolayer (β12-BM)-supported single-atom catalysts (SACs)
(Ling et al., 2017). Ni SACs supported on β12-BM exhibited a
moderate energy level of the d-band center, resulting in a lower
overpotential for OER compared to the other systems under study.
Additionally, they proposed an optimal d-band center at −2.82 eV,
at which β12-BM-supported SACs would theoretically have the
lowest overpotential for OER. Deng et al. designed a series of
N-doped graphene-supported transition metal atom-pair catalysts
(TM APCs) models for efficient NRR (Deng et al., 2020). Twenty
kinds of transitionmetal atoms were systematically studied and were
proven by COHP and orbital interaction analysis; the d-band center
can be used as a descriptor to describe the NRR performance of the
TM APCs. For defective graphene-supported Fe and Al
nanoparticles, Lim and co-workers found that the d-band center
of the Fe and Al nanoparticles shifts closer to the Fermi level,
indicating a potential increase in the catalytic reactivity associated
with the graphene surface. Zhou et al. systematically explored the
HER activity of transition metals, transition metal oxides, and
carbide substrates covered by nitrogen-doped graphitic sheets
and found that the HER activity is correlated to the C pz-band
center, which is similar to the d-band center theory and determined
in turn by the degree of electronic coupling between the graphitic
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sheet and the metal substrate, enabling the rational design of
high-performance hybrid graphitic carbon/transition metal
electrocatalysts (Zhou et al., 2018).

3.1.2 Fermi softness
When oxygen atoms are adsorbed on Pt3Y (111) surface, even

though the surface d-band center of Y is higher than that of Pt, the
binding strength of Pt-O is stronger than Y-O, defying the d-band
center theory. However, it can be reasonably explained by the “Fermi
softness” (SF), which was developed by Huang and co-workers to
describe the electronic structures of a solid surface (Huang et al.,
2016). All the bands’ occupied and unoccupied states contribute to
the bonding, but those closer to the Fermi level (EF) aremore significant
(Figure 4A). A reactivity weight functionw(E) with a Fermi level peak is
created to determine a weighted summation of the density of states of a
solid surface (∫g(E)w(E)dE) (Figure 4B). The resultant property is
the finite-temperature chemical softness, known as SF, which is an
accurate descriptor of the surface reactivity. This property is obtained
when such a weight function is defined as the derivative of the Fermi-
Dirac distribution function at a certain non-zero temperature. For
example, the SF is identical to the density of states at the Fermi level
(g(EF)) without spreading (i.e., kT = 0 eV), which does not closely
resemble the surface reactivity (Figure 4C). Then, the SF displays a
substantial association with the surface reactivity when the nominal
electronic temperature is changed to 0.4 eV (Figure 4D).

Fermi softness can also be an efficient descriptor to predict the
catalytic performance of carbon-based catalysts (Gao R. et al., 2018;
Gao Z. et al., 2018; Yang et al., 2018; Xiong et al., 2020; Wang and
Zhang, 2022). Gao and co-workers designed a series of catalysts
named Fe/GS, which are composed of Fe atom that serves as the
active site and different graphene such as single and double vacancy
graphene that serve as the substrate (Gao Z. Y. et al., 2018). They
further found that the Fermi softness of Fe/GS and the O2

adsorption energy exhibit a strong positive linear correlation
(R2 = 0.81) at kT = 1.15 eV. The Fermi softness is also used to
describe the adsorption activity of Mn-modified graphene catalyst
by Wu’s group (Xie et al., 2022). They discovered a substantial

negative correlation (R2 = 0.93) between Fermi softness and
adsorption energy at kT = 2.8 eV. The Fermi softness is increased
with the increase of the adsorption energy.

3.1.3 Energy-based descriptors
Adsorption-free energies (ΔG) of key intermediates are utilized

as activity descriptors for recognized reactions, including ΔGH for
HER (Han et al., 2023b), ΔGO for ORR (Han et al., 2023a), ΔGCO for
CO2RR (Chen et al., 2022a), and ΔGN for NRR (Fang et al., 2023).
For instance, DFT calculations were conducted on the MoS2 edge,
yielding a ΔGH of 0.08 eV, which closely approaches the optimal
value of 0 eV (Hinnemann et al., 2005). Subsequently, experimental
confirmation established that MoS2 edges serve as the catalytically
active sites for HER (Jaramillo et al., 2007). Through the calculation
of free energies of N2 adsorption and the formation energy of the key
intermediate *NCON, Kou et al. found that V2N6 sites efficiently
catalyze the cleavage of N-N bonds and the coupling of C-N bonds,
facilitating effective urea production (Liu J. et al., 2023). Through
calculating ORR energy profiles on various active sites within
defective graphene, including pyridinic N sites, adjacent carbon
atoms, and edge-located pentagon defects, Yao and colleagues
determined that pentagon defects serve as the primary active
sites for acidic ORR. Subsequent experimental studies have also
validated these findings (Jia et al., 2019).

In multi-step catalytic processes, the adsorption and desorption
of the intermediates occur during the concerted proton–electron
transfer steps, and the adsorption energies of the intermediates
follow a linear scaling relationship (Man et al., 2011; J. K. Nørskov
et al., 2005; Nørskov et al., 2004). For example, the relationship
between the adsorption energies of the intermediates of OER and
ORR, such as *O, *OH, and *OOH, can be presented by:

ΔG i( )
2 � A i( )

1,2 · ΔG i( )
1 + B i( )

1,2 (3.1)

Where ΔG(i)
1 and ΔG(i)

2 represent the chemisorption energies of
oxygen intermediates and A(i)

1,2 and B(i)
1,2 represent the slope and

intercept, respectively, derived from the fitting of adsorption energy

FIGURE 3
Illustration of the use of the d-band model. (A) The main origin of a shift in the d-band center εd is a change in the interatomic distances within an
overlayer. (B) Electrochemically measured changes in the hydrogen adsorption energy (ESCE) for Pd overlayers on a number of metals are shown to scale
well with the calculated shift of the d-band center (δεd). Reproduced with permission (Kibler et al., 2005). Copyright 2005, John Wiley and Sons.
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data (Abild-Pedersen et al., 2007; Calle-Vallejo et al., 2015a).
Fundamentally, the quantity of valence electrons of the atoms
attached to the surface has a significant impact on the slope of Eq.
(3.1) on closed-packed and low-index surfaces. Since the oxygen atom
in OH* only requires one electron to comply with the octet rule,
whereas O* requires two, the slope between the adsorption energies of
*OH and *O is roughly 1/2. Scaling relationships offer a possible
solution to use a few descriptors to fully present the numerous
factors influencing a catalytic reaction. Combined with the Sabatier
principle, volcano curves can be derived from this linear relationship to
reveal the connection between structures and performance. In many
cases, ΔGOH and ΔGO − ΔGOH are considered as the descriptors for
ORR and OER, respectively (Zheng et al., 2015; Seh et al., 2017; Mao
et al., 2018). According to the statistical findings, the free energy
difference for monodentate adsorbates can be concluded as ΔGOOH �
ΔGOH + 3.2 ± (0.2) eV (Man et al., 2011).

3.1.4 Multiple descriptors
The excellent descriptors include eg-filling (Matsumoto et al.,

1977a; Matsumoto et al., 1977b), average O-2p-state energy (�ε2p),

(Lee et al., 2011; Grimaud et al., 2013) surface distortion (Chattot
et al., 2018), and generalized coordination numbers (CN). (Calle-
Vallejo et al., 2014; Calle-Vallejo et al., 2015b) Normally, a single
descriptor cannot completely predict the performance and
synergistic effect of complicated mixed-phase catalysts. Some
interface parameters that can demonstrate or influence electron
distribution reconfiguration, for instance, adsorption energy (Tran
and Ulissi, 2018; Guo C. et al., 2019; Wan et al., 2021), charge
transfer (Guan et al., 2019; Mao et al., 2021), surface properties
(defects/microstructure/facet) (Back et al., 2019; Parker et al., 2020),
and bond length (Wexler et al., 2018; Zhu et al., 2019; Zheng et al.,
2020), may serve as the descriptors to predict the best catalysts.
Furthermore, a variety of descriptors have been used for describing
the reactions with the assistance of machine learning and high-
throughput calculations.

Different reaction mechanisms can be used to explain the
complex NRR, including distal, alternating, and enzymatic
(Figure 5A). To identify the viable routes and theoretical onset
potentials by the classical approach, all chemical intermediates will
be systematically investigated, which will be inefficient for large-

FIGURE 4
Definition of Fermi softness (SF) and its correlation with surface reactivity. (A) Energy analysis of surface bonding. (B) SF is defined as a weighted sum
of the density of states. (C) SF that without and (D)with spreading. Reproducedwith permission (Huang et al., 2016). Copyright 2016, JohnWiley and Sons.
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scale catalyst screening. Ling et al. focused on two “stable to instable”
transitions in the NRR process (Eq. 3.2 and 3.3). They set up a two-
step method (Figure 5B) to efficiently and accurately screen the
nitride-doped-graphene-supported single-atom catalysts
(N-G-supported SACs) (Ling et al., 2018a).

*N2 +H+ + e− � *N2H (3.2)
*NH2 +H+ + e− � *NH3 (3.3)

In the first step, the systems with low activity are disregarded by
using the descriptors ΔEN2 (adsorption energy of N2) and ΔGN2−N2H

(free energy change of Eq. (3.2)). In the second step, among the
systems that meet the requirements of the first step, high-
performance catalysts are sought after using the descriptors
ΔGNH3−des (free energy for NH3 desorption) and ΔGNH2−NH3

(free energy change of Eq. (3.3)). Out of 540 N-G-supported SAC
systems, 10 interesting candidates with high NRR catalytic activity
were selected using the two-step high-throughput screen approach.
For example, W1C3 demonstrates the best performance with a low
onset potential of 0.25 V. Zhou and co-workers also used multiple
descriptors to predict the NRR performance of transition metal
atoms filled with boron nitride nanotubes (BNNTs) (Zhou et al.,

2020). The diameter of BNNTs, work function, and electron transfer
from metal to BNNTs, which have negative correlations with the
adsorption energy of N2, can serve as efficient descriptors to select
highly active catalysts.

3.2 Application of theoretical calculations in
revealing the reaction mechanism

With the development of modern characterization techniques,
an increasing number of in situ characterization tools are used to
observe the catalytic reaction processes, aiming to accurately
uncover the catalytic mechanism. However, it is still difficult to
identify the actual active site and reaction intermediates of complex
catalytic reactions by pure experimental study. In terms of CO2RR,
through different reaction routes, the products of CO2RR can be
carbon monoxide, formic acid, ethylene, or ethanol. Depending on
whether the adsorption sites change or not during the catalytic
processes, the actual reaction paths and intermediates and the
competition between the carbon-carbon coupling reaction and
HER are all unknown and difficult to elucidate experimentally
(Zhang et al., 2021). For instance, Dual-atom catalysts (DACs)

FIGURE 5
(A) Schematic depiction of different mechanisms for N2 reduction. (B) Flowchart of the two-step screening procedure for NRR catalysts.
Reproduced with permission (Ling et al., 2018a). Copyright 2018, John Wiley and Sons.
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have been considered promising candidates for C2 product
generation due to their ability to offer two metal sites that
enhance *CO coverage on the surface. However, experimental
results indicate that most DACs exhibit high Faradic efficiency
for CO, while the formation of multi-carbon products is seldom
observed (Gong et al., 2022; Hao et al., 2022; Zhao et al., 2022). Li
and colleagues conducted DFT calculations and discovered a
deviation from the conventional hypothesis, suggesting that C−C
coupling typically does not occur at the metal-top sites (Yang et al.,
2023). Surface Pourbaix analyses indicate that CO preferably
occupies the bridge sites between two metals, potentially
impeding subsequent C−C coupling reactions. Furthermore,
based on energy variations, it is not feasible for C−C coupling to
occur on the surface of a DAC, both in terms of thermodynamics
and kinetics. In experimental settings, oxide-derived copper (OD-
Cu) has demonstrated exceptional performance, displaying
remarkable selectivity toward C2+ products even at low potentials
(Cheng et al., 2021; Chen et al., 2022b). Nevertheless, the
understanding of the atomic structures of active sites in OD-Cu
remains limited due to its inherent complexity. Cheng et al.
conducted multiscale computations based on first principles to
simulate the synthesis, characterization, and performance
assessment of Cu nanoparticles deposited on carbon nanotubes
(CNTs) (Cheng et al., 2017). Their investigation identified two
active sites that show an undercoordinated surface square
structure adjacent to a subsurface stacking fault and exhibit lower
formation energies for *COCOH compared to the Cu (100) surface
sites.

Meanwhile, theoretical calculation is a key method to
compensate for experimental shortcomings because it can
investigate the electronic-scale change during the catalytic
reaction. In the past decades, the use of theoretical simulations in
defective electrocatalysis has greatly aided the catalytic mechanism
analysis of novel catalysts (Hu et al., 2021; Khan et al., 2021; Lan
et al., 2021; Liu A et al., 2021).

With the assistance of DFT calculations, Zhang et al.
systematically investigated the origins of the high-performance
atomic Co-Pt embedded into nitrogen-doped graphene (A-CoPt-
NC) (Zhang B-W et al., 2018). A stable adsorption state of the
intermediate in the HER is proved by the electron distribution
calculations. The disappearance of charge depletion on the surface of
the outer layer can improve the adsorption of protons to the catalyst.
Li and co-workers synthesized a new HER electrocatalyst (Li M.
et al., 2018). Carbon quantum dots were used to support ruthenium
nanoparticles (Ru@CQDs). It shows superior catalytic activity and
durability in alkaline conditions. DFT calculations provide
compelling evidence of the excellent HER catalytic activity of Ru
supported in the N-doped CQDs layer. The calculation results show
the synergistic effect of doped N atoms and Ru clusters, and both are
beneficial in reducing the dissociation energy of H2O. The electron
transfer from Ru and H2O to C atoms, which is proved by the
difference charge density analysis, can polarize Ru clusters, thus
contributing to the dissociation of H2O. Meanwhile, the dissociated
H atoms are held together by Ru and H interactions to form the H2

molecule (Figure 6).
As can be seen from the above discussions, theoretical

calculation is an indispensable method to investigate the
relationship between structures and performance. A reaction

model will be built to thoroughly study the basic reaction path of
the reaction, identify the crucial steps that determine the reaction
rate, and then optimize the chemical reaction conditions. It is
obvious that theoretical calculations are beneficial in identifying
the basic process and reaction paths of electrocatalysis at the atomic
level. Furthermore, the design of catalysts and the controllable
synthesis of the desired structures can be aided by the DFT
simulations, which can be utilized as a prediction tool.
Theoretical modelings can also be used in catalyst structure
optimization and validation of the design outcomes, as well as to
support experimental study.

4 Recent advances in computational
studies on low-dimensional carbon-
based electrocatalysts

4.1 Hydrogen evolution reaction (HER)

Hydrogen is one of the most promising clean energy sources to
replace fossil fuels, and it also has the highest energy density among
existing fuels. Water splitting is a sustainable way of producing
hydrogen compared to industrial reduction of natural gas (CH4).
Hydrogen evolution reaction (HER) is the cathodic half-cell reaction
of water electrolysis (Karunadasa et al., 2010). The large
overpotential restricts its practical application and high-
performance electrocatalysts are needed to boost the HER. Noble
metal-based catalysts such as Pt/C and RuO2 are commonly
considered to be the most efficient HER electrocatalysts; however,
scarcity and low durability limit their mass industrial production
(Andreadis and Tsiakaras, 2006; Hao et al., 2016). To date, many
high-performance low-dimensional carbon-based non-noble metals
and even metal-free electrocatalysts have been designed and
fabricated to be the alternatives of noble metal materials. In this
part, the fundamental concepts and recent developments in HER
electrocatalysts will be summarized.

HER is a two proton-electron transfer step (PETS) process. The
first step is the Volmer reaction, i.e., the adsorption of hydrogen,
which is presented in Eq. (4.1a) (acidic condition) and 4.1b (alkaline
condition).

H+ + e− + * → H* (4.1a)
H2O + e− + * → H* + OH− (4.1b)

The second step can be theHeyrovsky reaction or the Tafel reaction.
Equation (4.2a) (acidic condition) and 4.2b (alkaline condition) show
the Heyrovsky reaction and Eq. (4.3) shows the Tafel reaction.

H* +H+ + e− → H2 + * (4.2a)
H* +H2O + e− → H2 + OH− + * (4.2b)

2H* → H2 + * (4.3)
In which, * represents the active site on the catalyst surface.
For the design of low-cost and efficient electrocatalysts, it is

crucial to reduce the amount of precious metals being used, which
can be achieved in two ways. Firstly, the specific activity per metal
atom usually increases with the downsize of metal particles
(Figure 7). (Yang et al., 2013) Therefore, single-atom catalysts
(SAC) that contain isolated metal atoms singly dispersed on
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supports have attracted extensive research attention. Alternatively,
non-noble metal atoms or functional groups can also be anchored
on the substrate to tune the electronic structures of noble-metal
active sites (Sun et al., 2013; Gao G. et al., 2018; LiW. et al., 2018; Ren
et al., 2020; Yang et al., 2022). Ye and co-workers designed a novel Pt
SAC using aniline-stacked graphene as the support (Pt SASs/AG). It
shows excellent HER performance with η = 12 mV at 10 mA cm−2

and a mass current density of 22,400 Ag−1
Pt at η = 50 mV, which is

46 times higher than that of the commercial 20 wt% Pt/C (Ye et al.,
2019). Moreover, the Pt SASs/AG catalyst presents outstanding
stability. With the assistance of DFT calculations, they found that
the interaction between the atomical Pt and the nitrogen of aniline
makes the d-band center of Pt downshift to −2.465 eV, which is close
to that of Pt (111) (−2.687 eV). Additionally, the density of states
(DOS) near the Fermi level of Pt in Pt SASs/AG catalyst is as large as
that of Pt in Pt (111), eventually promoting the HER activity.

Secondly, non-noble metals such as transition metals are used as
efficient HER catalysts, and even metal-free catalysts with excellent
performance were designed and synthesized experimentally (Fan

et al., 2016; He et al., 2017; Zhang L et al., 2018; He et al., 2019; Ahsan
et al., 2021; Yasin et al., 2022; Han et al., 2023b; Yin and Du, 2023).
For example, using the first principle DFT calculations, 3D, 4D, and
5D transition metal SACs in N-doped 2D graphene and
nanographene of various sizes are screened for HER by Fung
et al. (Fung et al., 2020) For most SACs, a d-band center
downshift will occur when moving from graphene to
nanographene, indicating that the hydrogen adsorption on metal
SACs can be tuned by adjusting the size and dimension of the
substrate. V, Rh, and Ir embedded in N-doped nanographene show
much better HER activity than those on the extended 2D graphene.
Themachine learning models (kernel ridge regression, decision trees
(random forest), and neural networks) and the SISSO (Sure
Independence Screening and Sparsifying Operator) method are
employed to accurately predict the ΔGH using various proposed
descriptors; the results are shown in Figures 8A–D. Topological
defect-based and complex defect-based carbon materials are also
promising electrocatalysts. Yao and co-workers synthesized a series
of defective carbons via a facile nitrogen removal procedure from

FIGURE 6
(A) TEM and HRTEM images of Ru@CQDs. (B) Calculated HER relative energy diagram. (C) Adsorption and dissociation of the H2O molecule on
different surfaces. Reproduced with permission (Li M. et al., 2018). Copyright 2018, John Wiley and Sons.
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N-doped graphene, and the edge-defect model called 7557-4 shows
outstanding HER performance with the lowest calculated free
energy of 0.187 eV (Figures 8E,F). (Jia et al., 2016) DFT
calculations were also performed to better understand the
underlying catalytic mechanisms. The analysis of the frontier
molecular orbitals shows that the catalytic activity of edge atoms
is laid on their most contribution to the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO),
which are highly correlated with the catalytic reactions
(Figures 8G,H).

4.2 Oxygen evolution reaction (OER) and
oxygen reduction reaction (ORR)

Oxygen evolution reaction (OER,
2H2O (l) → O2 (g) + 4e− + 4H+) is the anode half-cell reaction
of water splitting containing four electron transitions, as shown in
Eq. 4.4. Oxygen reduction reaction (ORR,
O2 (g) + 4e− + 4H+ → 2H2O (l), Eq. 4.5) is the revise reaction
of the OER, which is the cathodic reaction of fuel cells and zinc-
air batteries (Gasteiger et al., 2005).

H2O l( ) + * → OH* + e− +H+ (4.4a)
OH* → O* + e− +H+ (4.4b)

O* +H2O l( ) → OOH* + e− +H+ (4.4c)
OOH* → O2 + e− +H+ (4.4d)
O2 + e− +H+ → OOH* (4.5a)

OOH* + e− +H+ → O* +H2O l( ) (4.5b)
O* + e− +H+ → OH* (4.5c)

OH* + e− +H+ → H2O l( ) + * (4.5d)
Both the OER and ORR are restricted by the sluggish kinetic and

high reaction energy barriers, thus electrocatalysts are needed to

accelerate their reaction rates. However, the high cost and low
abundance of current commercial noble metal-based catalysts,
i.e., Pt/C for ORR, RuO2 and IrO2 for OER severely hinder their
widespread applications. Similarly, the strategies of lowering the cost
and improving the performance of the HER catalysts are also
applicable to the OER and ORR electrocatalysts, and great
achievements have been accomplished (Zhu et al., 2018; He et al.,
2020a; Wang et al., 2020a; Yan et al., 2020; Yang et al., 2020; Yan et al.,
2021; Xu et al., 2023). Zhang et al. anchored atomical distributed Ni
atoms onto an N-doped hollow carbon matrix (HCM@Ni-N) (Zhang
et al., 2019). In alkaline conditions, the HCM@Ni-N only requires an
OER overpotential of 304 mV to reach the current density of
10 mA cm-2, which is much lower than that of the RuO2

(393 mV), suggesting excellent OER activity of the prepared
catalyst. Through the calculated distributions of charge density,
they found that the electronic distribution of N-doped HCM was
changed obviously after the Ni decoration (Figure 9A). In addition,
the 3d orbital of Ni in HCM@Ni-N shows a leftward shift, and the
d-band center of the Ni was downshifted from −0.94 eV to −2.04 eV
as a result of the Ni-N interaction (Figure 9B). According to the
d-band center theory, this change could facilitate the desorption of
adsorbates and reduce the energy barrier. The free energy pathways of
the OER can also be calculated by DFT simulations and they are in
good agreement with the experimental results (Figures 9C,D). By
encapsulating Co and β-Mo2C into N-doped carbon nanotubes (Co/
β-Mo2C@N-CNT), Ouyang and co-workers successfully fabricated a
bifunctional electrocatalyst for the HER and OER in an alkaline
electrolyte (Ouyang et al., 2019). Based on the heterointerface
between Co and β-Mo2C, the OER activity of β-Mo2C is enhanced
significantly.With the assistance of DFT calculations, they proved that
the joint effect of N-CNTs, Co, and β-Mo2C resulted in the low energy
barriers of the intermediates, thus greatly improving the HER and
OER kinetics.

Under the guidance of DFT calculations,Wang et al. successfully
synthesized a series of topological carbon defects through a facile
N-removing strategy, among which adjacent pentagons (A-C5)
show the best catalytic performance for the ORR and the edge
divacancy defects (C585-2) are favorable for the HER (Wang et al.,
2020b). DFT calculations were applied to investigate the relationship
between the original carbon structure, the type of N configuration
obtained, and the corresponding defect structures, for example,
perfect carbon network versus graphitic-N versus C585
(Figure 10A), edge-rich hexagonal structure versus pyridinic-N
versus S-C5 (Figure 10B), and edge-rich pentagon versus pyrrolic-
N versusA-C5 (Figure 10C). By a spontaneous gas-foaming method,
Jiang and co-workers fabricated a range of promising trifunctional
electrocatalysts named defect-rich N-doped ultrathin carbon
nanosheets for HER, OER, and ORR (Jiang et al., 2019). In
rechargeable Zn-air batteries, NCN-1000-5 exhibits a high energy
density (806 Wh/kg), a low charge/recharge voltage gap (0.77 V),
and an extremely long cycle life (over 300 h). DFT calculations were
used to identify the intrinsic active sites for the electrochemical
reactions. The catalytic performance of various active sites for the
ORR and OER was investigated, and the results are shown in the
volcano plot (Figure 10D). The armchair edge carbon atoms, which
are adjacent to the graphitic-N, possess the lowest overpotential,
thus they should be the optimal catalytic active center for the specific
electrocatalysis (Figures 10E–G).

FIGURE 7
Schematic illustration of the changes of surface-free energy and
specific activity per metal atom with metal particle size and the
support effects on stabilizing single atoms. Reproduced with
permission (Yang et al., 2013). Copyright 2013, American
Chemical Society.
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FIGURE 8
Comparison of DFT-calculated versus machine learning-predicted ΔGH using (A) kernel ridge regression, (B) random forest regression, (C) neural
network regression, and (D) SISSO regression. Reproduced with permission (Fung et al., 2020). Copyright 2020, American Chemical Society. (E)
Mechanism study model of 7557defect. (F) Schematic energy profiles for the HER pathway. (G) HOMO and (H) LUMO orbitals for 7557 defect.
Reproduced with permission (Jia et al., 2016). Copyright 2016, John Wiley and Sons.
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4.3 Carbon dioxide reduction reaction
(CO2RR)

Carbon dioxide reduction reaction (CO2RR) could convert CO2 to
many value-added chemicals, such as CO, CH4, CH3OH, and C2H5OH
(Eq. 4.6) (Whipple and Kenis, 2010; Chen J. et al., 2021; Chen S. et al.,
2021), which can be directly used as fuels to replace fossil fuels like
gasoline and natural gas. Therefore, the CO2RR could significantly
relieve the greenhouse gas effect. However, the hydrogen atoms
necessary for the reduction of CO2 molecules are transported from
the aqueous solution, so theHERmust be considered as the competitive
reaction. The high cost of the currently used noblemetal-based catalysts
and the low selectivity of CO2RR are still the biggest obstacles to its
industrialization. Therefore, developing highly efficient and selective
non-noble metal CO2RR catalysts based on earth-abundant elements
has attracted the most attention in this promising research field (Back
et al., 2017; Mao et al., 2020a; He et al., 2020b; Er et al., 2021; Zha et al.,
2021; Powar et al., 2022).

CO2 + e− → CO−
2 EƟ � −1.90V (4.6a)

CO2 + 2H+ + 2e− → CO +H2O EƟ � −0.52V (4.6b)
CO2 + 2H+ + 2e− → HCOOH EƟ � −0.61V (4.6c)

CO2 + 4H+ + 4e− → HCOH +H2O EƟ � −0.51V (4.6d)
CO2 + 6H+ + 6e− → CH3OH +H2O EƟ � −0.38V (4.6e)
CO2 + 8H+ + 8e− → CH4 + 2H2O EƟ � −0.24V (4.6f )

CO2 + 12H+ + 12e− → C2H4 + 4H2O EƟ � −0.34V (4.6g)
The initial stage of CO2 reduction is CO2 adsorption, which

is a crucial step of the CO2RR. Zhu et al. systematically

investigated the adsorption of CO2 on the g-C3N4 surface by
DFT calculations (Zhu et al., 2017). Through analyzing the
electronic properties such as the band gap, density of states,
work function, HOMO, and LUMO, they found that the two-
coordinated N atoms, which contributed to both valance band
and conduction band edge, have the most negative adsorption
energy (−0.4181) for CO2 molecule. CO2 can be effectively
captured and activated on Si due to the “acceptance and
back-donation” of electrons between the Si dopant and CO2

molecule. Accordingly, Mao and co-workers designed an
experimentally synthesizable electrocatalyst called silicon-
doped graphene edges (Si chain@G) (Mao et al., 2019b). The
catalytic performance of the Si@ZZG (Si atoms doped into the
zigzag edge of graphene) and Si@ACG (Si atoms doped into the
armchair edge of graphene) was exhaustively studied through
DFT calculations (Figure 11A). CO2 can be well captured and
efficiently activated on Si@G. The binding energy at the zigzag
and armchair edges is −0.65 eV and −0.83 eV, respectively.
Remarkably, CO2 can be converted to CH3OH effectively
when the Si@ACG is served as the active site. Moreover, Si
chain@G with multiple Si active sites which are beneficial to
product multiple-carbon productions was also investigated.
They found that the Si chain@ZZG has a high selectivity to
transform CO2 to C2H5OH with an extreme low limiting
potential of −0.6 V under the optimal theoretical reaction
pathway (Figures 11B,C).

Transition metal atoms can also be excellent CO2RR active
centers. Guo et al. established calculation models with Fe, Co, and
Ni single atoms embedded onto graphitic carbon nitride (Fe/Co/
Ni-C3N4) and systematically investigated the structures of the

FIGURE 9
(A)Calculated distribution of charge density for HCM@Ni-N. (B) Schematic band diagrams of HCM@Ni andHCM@Ni-N. (C) Proposedmechanism of
O2 evolution over HCM@Ni-N. (D) Free energy diagram at 0 V for OER over HCM, HCM@N, HCM@Ni, and HCM@Ni-N. The bold lines indicate the rate-
determining step. Reproduced with permission (Zhang et al., 2019). Copyright 2019, John Wiley and Sons.
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electrocatalysts, CO2 adsorption configurations, and the
reduction mechanisms (Guo X. et al., 2019). g-C3N4 with six-
fold cavities was selected as the substrate, and the introduced Ni,
Co, and Fe atoms are located from the corner to the center of the
cavity. The PDOS of the metal d orbital and adsorbed CO2

indicated that CO2 could be chemically adsorbed on Co-C3N4

and Fe-C3N4 but physically adsorbed on Ni-C3N4 (Figures
12A,B). Guo et al. also probed the reaction pathway and
mechanism of different C1 products and thoroughly calculated

the limiting potentials for the production of CO, HCOOH,
CH3OH, and CH4. They found that Co-C3N4 has superior
CO2RR activity and selectivity for CH3OH (Figure 12C).
Currently, copper (Cu) is found to be one of the best catalysts
for achieving the high activity reduction of CO2 to hydrocarbons
since *CO2 and *COOH can be effectively collected from Cu-
based catalysts (Raciti and Wang, 2018). Due to the hydration of
non-adsorbing CO2 molecules, Pb, Hg, Cd, and Bi also
demonstrate good catalytic performance for producing

FIGURE 10
Computational simulation of specific N-doping and removing process in different carbon models: (A) Schematic and formation energy calculation
of transformation from edge-deficient carbon to GN-dominated carbon and then to divacancy-rich carbon. (B) Schematic and formation energy
calculations of transformation from edge-rich carbon to PDN-dominated carbon and then to pentagon-rich carbon. (C) Schematic and formation
energy calculations of transformation from pentagon-edge-rich carbon to PON-dominated carbon and then to special carbon reconstruction.
Reproduced with permission (Wang et al., 2020b). Copyright 2020, Elsevier. (D) The volcano plot for the ORR and OER by plotting the overpotential as a
function of ΔG(*O) at various possible active sites. The top and side views of the active site (E) A-1 for the ORR, (F) A-3 for the OER with OOH adsorbed,
and (G) A-1 for the HER; the green ball represents the adsorbed H (θ = 2.27%). Reproduced with permission (Jiang et al., 2019). Copyright 2008, Royal
Society of Chemistry.
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FIGURE 11
(A) Possible reaction pathways for the electrocatalytic reduction of CO2 to six different products. (B) Gibbs free energy diagrams of CO2 reduction
reactions to CH3OH and C2H4 on Si chain@ZZG and Si chain@ACG. (C) The optimized structures for CO2 reduction to CH3OH on the zigzag edge.
Reproduced with permission (Mao et al., 2019b). Copyright 2011, Royal Society of Chemistry.

FIGURE 12
(A) The most stable CO2 adsorption configurations. (B) PDOS of the metal d orbital before and after adsorption (including the adsorbent CO2 total
DOS). (C) Summary of the limiting potentials for the productions of CO, HCOOH, CH3OH, and CH4. Reproduced with permission (Guo X et al., 2019).
Copyright 2019, John Wiley and Sons.
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formate (Mao et al., 2020b). Other transition metals such as Ni,
Fe, Pd, and Ti exhibit low CO2RR selectivity because the HER is
much more favorable due to the strong H-bonding (Back et al.,
2017).

4.4 Nitrogen reduction reaction (NRR)

Nitrogen is the most abundant element on the earth, and it is
essential for all organisms including animals and plants.
Ammonia (NH3) is one of the most important industrial
compounds due to its wide use in different fields. However,
the ultra-stable N≡N triple bond greatly impedes the nitrogen
fixation reaction. The industrial Haber-Bosch process uses N2

and H2 as the raw materials, consuming excessive energy
because of the high reaction temperature (350°C–550°C) and
pressure (150–350 atm) (van der Ham et al., 2014; Chen
Jingguang et al., 2018). Therefore, the conversion of N2 to
NH3 under ambient conditions is a promising research area.
Recently, electrocatalytic nitrogen reduction reaction (NRR)
has attracted increasing research attention because of its
obvious advantages such as low energy consumption, reduced
reaction temperature, and enhanced productivity (Li et al.,
2016; Cui et al., 2018; He et al., 2020c; Liu Y et al., 2021;
Ruiyi et al., 2021; Samal et al., 2021; Wang and Mao, 2021;
Zhou et al., 2022; Fang et al., 2023; Liu H. et al., 2023). Figure 13
shows the possible reaction pathways of the catalytic conversion
of N2 to NH3.

The first and most important step of the NRR is the
adsorption of N2 to the active sites, which requires the atoms
containing not fully occupied orbitals to accept the lone-pair
electrons from the σ orbital of N2. Therefore, transition metals

would be ideal electron acceptors due to their half-occupied d
orbitals, and they have the potential to be promising NRR
electrocatalysts (Lan et al., 2013; Le et al., 2014; Han et al.,
2019). Ling and co-workers established a computational model
that anchored Mo atoms onto N-doped carbon (Mo1-N1C2) and
studied its NRR catalytic performance using the first principle
calculations (Ling et al., 2018b). Firstly, the bonding energy of N2

adsorbed on M1-N1C2 (M = Cu, Pd, Pt, and Mo) is investigated;
only Mo1-N1C2 shows strong adsorption of N2 with the
adsorption energy of −1.19 and −1.18 eV for side-on and end-
on adsorption, respectively. In addition, the N≡N bond length
has increased from 1.12 Å (isolated N2 molecule) to 1.18 Å (side-
on) and 1.14 Å (end-on) (Figures 14A–C). Accordingly, Mo is
selected as the potential electrocatalyst, and the possible reaction
pathways are calculated. As shown in Figure 14 D, Mo1-N1C2 has
a low overpotential of 0.24 V and it can catalyze the NRR through
an enzymatic pathway. It is worth noting that the generated NH3

can be removed quickly from the Mo1-N1C2 catalyst with a free-
energy uphill of only 0.47 eV, which is much lower than that of
the previously reported catalysts.

In recent years, metal-free catalysts have also emerged as an
important category of electrocatalysts for ammonia formation.
Boron (B) has the potential to be used in NRR processes because
of its Lewis acid-like characteristics and electron-deficient
nature, which is different from other main group elements.
The outer orbital of B undergoes hybridization to produce sp2

orbitals, which can accept electrons from the N2 σ-bond and
donate electrons from the filled 2p orbitals to the antibonding π*-
orbitals of N2. This finding has been supported by a number of
recent investigations (Ling et al., 2018c; Yu et al., 2018; Mao et al.,
2019c). For instance, Yu’s group reported that B-doped graphene
could effectively catalyze the NRR with a high Faradic efficiency

FIGURE 13
Schematic depiction of the dissociative pathways and the associative pathways (including distal, alternating, and enzymatic pathways) for catalytic
conversion of N2 to NH3. Reproduced with permission (Li et al., 2016). Copyright 2016, American Chemical Society.
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of 10.8% for NH3 production in aqueous solutions under ambient
conditions at −0.5 V (versus RHE), with the electron
redistribution at the active site constituting the reduction
process (Yu et al., 2018). However, the theoretically calculated
overpotential remains very high, so there is still a great need for
more suitable substrates to sustain B atoms. In addition, the
detailed reaction mechanism of the N2 activation and reduction
for non-metallic catalysts is yet to be uncovered, suggesting that
new methods of nitrogen capture and activation should be
exploited to increase the efficiency of nitrogen fixation.

5 Conclusions and outlook

In summary, the development of modern DFT was briefly
introduced, and the applications of theoretical calculations such
as descriptors suited to material screening andmechanism studies in
carbon-based heterogeneous catalysts were reviewed. Afterward,

recent achievements of carbon-based electrocatalysts were
presented. As shown in Figure 15, the development of
supercomputer technology could improve the accuracy of the
theoretical calculations. With the assistance of machine learning
and high-throughput computing, the prediction and screening
ability of computational simulation has gradually enhanced and
become more closely integrated with experimental work. Besides,
DFT calculations can simulate a more realistic reaction environment
and material structures, which could improve the efficiency and
accuracy of the mechanism explanation. Particularly, low-
dimensional carbon-based materials have demonstrated
tremendous potential in electrocatalysis due to their distinctive
features, including 1) diverse and controllable structures as well
as excellent environmental tolerance; 2) inherent substrate materials
can be easily doped by heteroatoms; 3) various defects can serve as
the active sites. However, similar to other kinds of excellent
electrocatalysts, carbon-based electrocatalysts also face severe
limitations in the rational design and practical application. More

FIGURE 14
Top and side views of the structures of (A) Mo1-N1C2, and Mo1-N1C2 with N2 adsorption through (B) side-on and (C) end-on patterns. N−N bond
lengths and charge transfer from Mo1-N1C2 to N2 are also presented. Free-energy diagrams for N2 reduction through (D) enzymatic and (E) consecutive
mechanisms at different applied potentials as well as (F) the corresponding structures of the reaction intermediates. Gray, cyan, yellow, and blue balls
represent the C, Mo, doped N, and adsorbed N atoms, respectively. Reproduced with permission (Ling et al., 2018b). Copyright 2018, American
Chemical Society.
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universal, accurate, and measurable descriptors should be
developed, and additional research attention should be focused
on the synthesis of catalysts. The following important issues and
challenges deserve further investigation.

(1) Microkinetic modeling is a bridge that can connect quantum-
chemical data with macroscopic behaviors in surface reactions.
However, the existing theoretical approaches and functionals
describing interface charge cannot meet the requirement of
evaluating kinetics and reaction barriers of elementary steps
under realistic reaction environments. For example, the widely
used CHE model can only obtain the reaction-free energies,
without the consideration of the non-electrochemical processes,
proton-electron transfer, and the recombination of electrons
and holes. More advancements in kinetic modeling are needed
to fully uncover the relationship between coverage, potential
dependency of activation energies, adsorbate-adsorbate
interactions, and pH effects. For interfacial catalytic
processes, multiscale modeling can facilitate the
understanding of the transport effects. Alternatively, assisted
by advanced sampling methods, such as slow-growth (SG),
metadynamics, and umbrella sampling, AIMD can
compensate for the shortcomings of the CHE models.

Meanwhile, grand-canonic fixed-potential DFT calculations
offer a feasible way to evaluate the catalytic performance at
equilibrium states, which is the same as the experimental setup.

(2) The combination of multiple descriptors to effectively describe
the relationship between structures and performance is
indispensable. This is because it may be impossible to
accurately predict the activity trends of complicated multi-
phase catalysts only using one descriptor. Meanwhile, the
simulation results of completed calculations, such as explicit
SG-AIMD simulation, are highly dependent on the selection of
collective variables. Importantly, machine learning, high-
throughput calculations, and force-field approaches should be
applied to uncover more general descriptors and advanced
models, leading to higher efficient reaction mechanisms
investigation and catalytic performance prediction.

(3) In addition to kinetics and reaction barriers, the stability of the
catalysts plays a pivotal role in practical applications. Several
commonly employed simulation methods are used to assess the
stability of designed catalysts. For instance, retaining a stable
structure during AIMD simulations is often interpreted as a sign
of catalyst stability; nevertheless, the limited simulation
duration reduces the reliability of the results. Another
commonly used method, Pourbaix diagrams, cannot fully

FIGURE 15
Schematic illustration showing the combination of theoretical calculations and experimental studies.
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overcome the limitation of thermodynamic formation energy,
even considering factors such as pH and applied potential.
Hence, there is a pressing need to develop a dependable
approach for evaluating the stability of electrocatalysts, which
deserves more attention in research.

(4) Selectivity is also a critical parameter in assessing the catalytic
performance of electrocatalysts. In simulations, the selectivity of
electrocatalysts is often evaluated by comparing formation
energies, adsorption energies of reactants, or energy barriers
of potential determining steps (PDS). However, these
evaluations are typically based on the CHE model and do
not consider the real reaction environment, which
substantially impacts the selectivity of catalysts.
Consequently, it is still unclear how to effectively assess the
selectivity, while microkinetic models that consider various
environmental factors may prove to be a successful solution.

(5) Synthesis of electrocatalysts with abundant active sites is also
crucial, for instance, the formation process of specific defect
structures and the synthesis of SACs with specific density are yet
to be improved. Theoretical scientists have been focusing on
improving the activity of electrocatalysts. However, rational
design and synthesis strategies for large-scale production of
carbon-based electrocatalysts are also one of the stumbling
blocks for practical applications. More attention should be
focused on the synthesis of electrocatalysts with the targeted
active site for a specific reaction.

(6) The scaling relationship between oxygen adsorbates in OER,
ORR, and CO2RR has the possibility to develop efficient
descriptors. However, it also restricts the lowest overpotential
of electrocatalytic reactions, for example, the predicted lowest
overpotential is (3.2–2.46) eV/2e ≈ 0.4 V for both ORR and
OER. Therefore, how to break the scaling relationship is also a
prospective research topic in the near future. One possible
solution is stabilizing the key intermediates, and the other
method is exploring new reaction mechanisms to avoid the
formation of key intermediates.
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Hydrogen production via chemical looping steam methane reforming (CL-SMR) is
among themost promising current technologies. Thiswork presents the development
in gPROMS Model Builder 4.1.0

®
of a 1D model of an adiabatic packed bed reactor

used for chemical looping reforming (CLR). The catalyst used for this process was
18wt. %NiOwith the support of Al2O3. A brief thermodynamic analysis usingChemical
Equilibrium Application (CEA) was carried out to identify the optimum operating
conditions. The model was simulated for 10 complete CL-SMR cycles. The effects
of variations in temperature, pressure, gas mass velocity, nickel oxide concentration,
reactor length, and particle diameter were studied to investigate the performance of
the CL-SMR process under these variations. A parametric analysis was carried out for
different ranges of conditions: temperatures from 600 to 1,000 K, pressure from 1 to
5 bar, gas mass velocity between 0.5 and 0.9 kg·m−2 s−1, nickel oxide concentration
values between 0.1 and 1mol·m−3, particle diameters between 0.7 and 1mm, and fuel
reactor (FR) lengths between 0.5 and 1.5m. At the optimum temperature (950 K),
pressure (1 bar), and steam-to-carbon molar ratio (3/1), with an increase in particle
diameter from 0.7 to 1mm, an 18% decrease in methane conversion and a 9.5%
increase in hydrogen yield were observed. Similarly, with an increase in FR length from
0.5m to 1.5m, a delay in the temperature drop was observed.

KEYWORDS

hydrogen, chemical looping, reforming, energy, gPROMS, methane reforming

1 Introduction

During the last couple of decades, global warming has emerged as one of the major
problems confronting the Earth’s climate. According to an Intergovernmental Panel for
Climate Change (IPCC) report, the temperature of the Earth has been rising drastically since
1850, with the last 4 decades (1980–2020) being considered the warmest (Intergovernmental
panel of climate change IPCC, 2021). The main reason behind the rise in the temperature of
the Earth is excessive emission of greenhouse gases (GHGs), such as N2O, H2O, CH4, CO2,
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SF6, and chlorofluorocarbons (CFCs), into the atmosphere. CO2 gas
makes the highest contribution to GHGs, at 78% (Abbas et al., 2017).
The emission of CO2 poses a high level of risk to the atmosphere due
to its high efficiency in absorbing energy and its emission on a large
scale (Rasheed et al., 2019). In 2021, 79% of total world energy was
produced from fossil fuels, which emitted a total of 36.64 Gt of CO2,
representing a 10.2% increase over CO2 emissions observed in 2018
(International Energy Agency IEA, 2022). Furthermore, it is
expected that global energy demands will increase by up to 40%
by 2040. In 2021, the total energy produced by Pakistan was
75.50 Mtoe, with CO2 emissions of 219.8 MT, which represents a
251.4% increase in CO2 emissions as compared to 1990. In
comparison to 2021, it is estimated that by 2040 the
consumption of natural gas for energy production will increase
by up to 35% (Pakistan Energy demand forecast, 2021). With the
rising energy demands, limited fossil fuel reserves, and
environmental concerns, sustainable alternatives and
environmentally friendly sources of energy are attracting
attention and demanding greater research focus for the
development of improved technology (International Energy
Agency, 2017).

Hydrogen is recognized as one of the most suitable energy
sources for clean energy production, as combustion of H2 is free
of harmful pollutant emissions; due to this quality, researchers
currently consider it to be the fuel of the future (Ma et al., 2016).
Water vapor is the only byproduct produced along with energy
production during combustion of H2. No harmful pollutants, such
as COx, SOx, particulate matters, or soot, are produced during
combustion of H2 (Sharma and Ghoshal, 2015). H2 can be used
as an energy carrier for both industrial and domestic usage. Due to
its high conversion efficiency, low pollution, and recyclability, H2 is
considered to be a perfect energy source (Liu et al., 2020). The
combustion of H2 produces more energy per unit mass than any
other fuel, including gasoline, coal, and methane (Dutta, 2014).

The processes used for production of H2 are gasification,
pyrolysis, reforming, and electrolysis (Luo et al., 2018). At
present, nearly 96% of the world’s H2 production is fossil fuel-
based, for example, from coal, crude oil, and natural gas. Among
these, natural gas is the most prominent source used for H2

production (Omoniyi and Dupont, 2018; Stoppacher et al., 2022).
There are numerous methods used for the manufacture of H2 from
natural gas, e.g., partial oxidation (POx), steam methane reforming
(SMR), and autothermal reforming (ATR). At present,
approximately 75% of total H2 production across the world is
SMR-based (Dutta, 2014). The SMR process occurs in two steps
(see Appendix B) under mild pressure conditions of 20–35 atm and
at an elevated temperature (between 800°C and 1,000°C). In the
initial step (Appendix B, equation B1), CH4 is converted into H2; in
the second step (equation B2), the water–gas shift (WGS) reaction
takes place (Jin et al., 2023). The overall chemical reaction of the
SMR process (Appendix B) is extremely endothermic and therefore
requires an external heat source (Luo et al., 2018).

The main problem in the SMR process is the choice of oxygen
transfer material (OTM), which can be tackled by maintaining
appropriate specifications, such as high selectivity, high stability,
and high reactivity with CH4, along with high resistance to carbon
deposition (Pashchenko, 2018). In order from highest to lowest, the
reactivity of OTMs with CH4 is as follows: NiO, CuO, Mn2O3, Fe2O3

(Luo et al., 2018). Metallic nickel (Ni) is most often used as a catalyst
in the SMR process, and the most widely preferred OTM is also Ni-
based oxide (LeValley et al., 2014). The SMR process is quite
expensive, as losses in effectiveness occur with the passage of
time, along with catalyst degradation (May et al., 1996).

In 2000, the chemical looping reforming (CLR) technique was
introduced by Lyon and Cole (Lyon and Cole, 2000). The term
chemical looping (CL) was given to this approach due to the
transportation of oxygen as part of the process. The metal
reduced during SMR reactions is subsequently oxidized for the
beginning of the new CL cycle; see Figure 1.

The chemical reaction equations for chemical looping–steam
methane reforming (CL-SMR) are shown in Appendix B (B1 to
B7 and B8 occur in a fuel reactor and an air reactor, respectively)
(Luo et al., 2018). The main benefits of CL-SMR over SMR are as
follows: 1) no external combustion is required; 2) steam and the
catalyst are required in smaller quantities; 3) emission of sulfur
pollutants is very low; and 4) there is zero formation of thermal NOx

(Garcia-Labiano et al., 2009; Pröll et al., 2010; Liu et al., 2020).
Therefore, chemical looping technology has recently attracted
increasing attention, and a great deal of research has been carried
out in the development of this technology.

2 Literature review

In the 1950s, Lewis et al. (1951) presented the basic idea of
chemical looping to produce CO2 and syngas by using iron- and
copper-based OTMs from carbonaceous fuel. Lewis and Gilliland
(Lewis et al., 1954) also introduced the idea of using two
interconnected fluidized bed reactors (FBRs) for the circulation
of solid particles. The concept was the same as the chemical
looping combustion (CLC) process. Later, Richter et al. (1983)
recommended the principle of CLC, in which they considered
the metal oxides CuO and NiO as OTMs in a formation of
connected FBRs to increase the efficiency of a power plant. In

FIGURE 1
Schematic illustration of the CL-SMR process. Solid lines
represent active streams, and dotted lines represent streams that are
not active.
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1987, Ishida et al. (1987) introduced the term CLC for the first time.
They reduced the exergy losses that occurred during the conversion
of fuel-based energy to thermal-based energy in conventional power
plants by using natural gas.

The concept of chemical looping reforming (CLR) was originally
proposed in 2001 by Mattisson and Lyngfelt (2001). CLR works on
the same basic principles as chemical looping combustion (CLC),
but instead of thermal-based energy, the end product is H2.
Mattisson et al. (2004) recommended that the oxygen fraction in
steam should not be more than 0.3 of the total oxygen in order to
maintain a high temperature and promote conversion of CH4.

2.1 Progress in oxygen carriers

Zafar et al. (2006) tested NiO, CuO, Fe2O3, and Mn2O3 on two
supports, SiO2 and MgAl2O4, in a laboratory-scale fluidized bed
reactor (FBR). They discovered that MgAl2O4 showed higher
reactivity levels than SiO2 during redox reactions. For H2

production from CH4, Rydén et al. (2008a); Rydén (2008)
worked with atmospheric and pressurized CLR processes. Based
on their findings, they concluded that the pressurized process
achieved 5% higher efficiency due to a reduction in the energy
requirements of H2 compression. Additionally, they tested Fe2O3/
MgAl2O4 as an OTMwith addition of an NiO layer. They discovered
that, with a 1% addition of NiO on the OTM surface, the reactivity
increased, and thus the selectivity of CH4 toward H2 and CO.
Johansson et al. (2008) studied NiO as an OTM on two different
supports, MgAl2O4 and NiAl2O3. They concluded that NiO/
MgAl2O4 had a lower tendency toward carbon formation and a
higher tendency toward CH4 conversion. Diego et al. (Lu et al., 2018)
studied the behavior of NiO as an OTM on several supports, such as
γ-Al2O3, θ-Al2O3, and α-Al2O3. They determined that the OTM
impregnated on α-Al2O3 showed the highest reactivity during the
reduction reaction, whereas it showed the lowest reactivity on γ-
Al2O3. They also observed that, with an increase in the H2O-to-CH4

ratio and a decrease in temperature, the deposition of carbon during
the reduction reaction occurred. de Diego et al. (2009) also studied
the CLR working process with an Ni-based OTM on α-Al2O3 and γ-
Al2O3 supports in a 900 W continuous reactor. They used different
operating variables, such as different solid circulation rates, H2O-to-
CH4 molar ratios from 0 to 0.5, and fuel reactor (FR) temperatures
between 800°C and 900°C, to analyze the effects of these variables on
CH4 conversion and product distribution. Rydén et al. (2006);
Rydén et al. (2008b); Rydén et al. (2009) tested an Ni-based
OTM on different supports, such as α-Al2O3, γ-Al2O3, MgAl2O4,
and ZrO2-MgO, in 500 W CLR continuous reactors. They achieved
the complete conversion of CH4 and high selectivity toward H2 and
CO in all units. Pröll et al. (2010) tested an Ni-based OTM on
NiAl2O4-MgO for the CLR process in a 140 kW pilot plant. They
analyzed the results in a temperature range between 750°C and
900°C. All the aforementioned studies were conducted at
atmospheric pressure. Ortiz et al. (2010) studied the performance
of a pressurized CLR process (up to 10 bar) in 900 W units and
found results similar to those obtained with OTMs at atmospheric
pressure by de Diego et al. (2009). Zainab et al. (Ibrahim et al., 2018)
studied the CL reforming of shale gas using NiO on Al2O3 and CaO/
Al2O3 in a packed bed reactor (PBR) at 1 bar, 750°C, and with a

steam-to-carbon molar ratio of 3. They observed that significant
deactivation of catalyst (NiO on CaO/Al2O3) occurred after
consecutive nine redox cycles. Before catalyst deterioration, fuel
conversion was above 80%, which shows that steam reforming
processes are highly favored by a high temperature.

2.2 Progress in CLR modeling

For the purposes of scale-up, design, and optimization of the
CLR process, modeling and simulation of air and fuel-based reactors
would appear to be beneficial. Halabi et al. (2008) developed a 1D
model of an FBR for investigation of performance in terms of
conversion of CH4, H2 yield, H2 purity, and reforming efficiency
of autothermal reforming (ATR). They assumed that the process was
adiabatic in nature. Monnerat et al. (2003) developed amodel for AR
to determine the effect of the quantity of O2 on the temperature of
the reactor. They also developed a model of oxidation of an Ni
catalyst for unsteady-state conditions. Hoang and Chan (2004)
developed a 2D model of the reformer in order to simulate the
conversion behavior of the reactant. Zhou et al. (2013) developed a
1D model of a PFR for the reduction and CLC processes, using NiO
as a catalyst. They assumed isothermal and isobaric conditions.
Adams and Barton (2009) developed a 2D heterogeneous model of
PBR for the WGS reaction. The model established could be applied
to both low- and high-temperature shift reactions and was also
suitable for simulation of a catalyst-based process with known
kinetic data. Grigorios et al. (Pantoleontos et al., 2012) developed
a model to examine the dynamic behavior of an industrial
heterogeneous catalytic packed bed reactor (PBR) for the SMR
process. The model described the physicochemical processes that
take place in both the gas and solid phases, accounting for
diffusional limitations within the catalyst particles.

Ghouse and Adams (2013) developed a 2D heterogeneous
model of SMR. They assumed perfect mixing of the species
without any carbon deposition. In their work, the equations of
energy and mass transfer in the solid and gas phases were
considered. Zhou et al. (2015) developed a three-phase
hydrodynamic model of CL reduction with NiO as the catalyst
and CH4 as the fuel for the analysis of experimental data. They
incorporated pressure change, energy balances, mass balances, and
the effect of entrainment of oxygen carriers in the freeboard region,
which improves overall fuel combustion efficiency and solid
conversion. They also studied the effects of mass transfer, oxygen
carrier entrainment, and bubble size on the performance of the CL
reducer. They found that smaller bubbles are more desirable to
increase fuel combustion efficiency. Morgado et al. (2017) developed
an FBR model for comparison of CH4 conversion, H2 production,
the drop in temperature, and length of reactor for CLR and GSR.
This model employed perfect phenomenological closures for the
turbulent and fast fluidization regimes and for the bubbling
phenomenon. Simulations were carried out to examine the
degree of OTM consumption, which is considered to be an
important process variable. According to the authors, GSR is
more suitable for pure H2 production with integrated CO2

capture and CLR for power generation. Diglio et al. (2016)
presented work on the numerical analysis of an ATR in a PBR
with NiO as the catalyst and CH4 as fuel. They theoretically
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quantified the challenges, such as the choice of the duration of the
oxidation and reduction phases, the startup temperature, and the
cycle design, through numerical simulation. They concluded that
suitable choices of duration for the reduction and oxidation phases
and of initial temperature are essential requirements for the
performance of the CLR process. Singhal et al. (2017) proposed a
multiscale model of a packed bed CLR. They presented a
comparison of two reactive flows at two different scales: 1) a
particle-resolved direct numerical simulation, and 2) a 1D packed
bed model. According to their findings, in order to utilize the model
to improve an industrial-scale model, the volume of gas generated by
the SMR reaction, reactant diffusion within the particles, and clear
reaction order in equilibrium conditions are required.

Chenlong et al. (2019) investigated the CLR process of acetic
acid by using Fe-doped LaNiO3 perovskites with different Ni-to-Fe
ratios. They found that Ni/Fe perovskites were more stable than
LaNiO3 perovskites, although LaNiO3 showed more activity in gas
production. Minbeom et al. (Lee et al., 2020) studied the effect of
transition metals at B-sites (B = Fe, Ni, Mn) of LaCoO3 on CL-SMR.
According to their findings, Fe showed more selective oxidation of
methane to syngas, the highest H2 purity, and the greatest extent of
steam regeneration. Dragomir et al. (Bukur et al., 2019) investigated
the redox properties of twoNi-based oxygen carriers, namely, Al and
Zr. During the CLR process for successive cycles, with the help of a
thermogravimetric analyzer and an in situ magnetometer, they
found that a high degree of redox activity was seen during cyclic
study of CL-SMR using the Zr-supported oxygen carrier than using
the Al-supported oxygen carrier, and that the degree of redox
activity increased gradually with the number of cycles. On the
other hand, they observed moderate crystalline growth during Al
use, while there was a decrease in crystalline size during the use of Zr.

Mathematical modeling of various sub-models, such as AR
(oxidation of catalyst), FR (SMR with reduction of catalyst), and
the WGS reaction of the CL-SMR process, has been reported on in
the literature. However, to the best of the authors’ knowledge,
model-based study of CL-SMR with NiO as a catalyst in a PBR
at low pressure and with different OTM particle diameters has not
yet been considered. Therefore, in this work, we considered a 1D
mathematical model of the CL-SMR process in a PBR with NiO as a
catalyst at low pressure (1 bar). For the implementation of the model
and to determine the effects of various operating conditions,
parameters such as temperature, pressure, gas mass flow velocity,
void fraction, and particle diameter were considered.

3 Methodology

In this section, a one-dimensional heterogenous model is
considered in order to understand the behavior of the
physicochemical processes involved in CL-SMR; the material
balance and energy balance in the gaseous and solid phases are
implemented along with the model assumptions. Subsequently, a
thermodynamic analysis is considered in order to determine the
optimum operational conditions. Finally, the implementation of
model in gPROMS, along with boundary and initial conditions, is
discussed.

In the implementation of the model, the following assumptions
have been adopted, in consideration of work by Abbas et al. (2017):

a) The reactor is operating under adiabatic conditions, with no heat
entering or leaving the system. The main purpose of assuming
the system to be adiabatic is to study the behavior of the
temperature within the reactor under different conditions.

b) This model is applicable for ideal behavior, because the gases
used in the system are considered to be ideal gases and equation
used for these gases is the ideal gas equation.

c) Temperature change in the catalyst is not considered, as the
changes within the catalyst are negligible and to consider these
would makes the model very complex and sensitive. Due to this
sensitivity, it would be very difficult to study the model under
different operating conditions.

d) In the reactor, the plug flow pattern of gases and the temperature
and concentration gradients along the length of the reactor are
considered. In comparison to the axial direction, negligible
changes in temperature and concentration are observed in the
radial direction.

The model equations consist of equations representing material
and energy balance for the gaseous phase (Eqs. 1, 2) and the solid
phase (Eqs. 3, 4), and the pressure drop (Eq. 5).

εb
∂Ci

∂t
( ) + ∂uCi

∂z
( ) + kg,i av Ci − Ci,s( ) � εb Dz

∂2Ci

∂z2
( ) (1)

εb ρg
∂T
∂t

( ) + uρCpg
∂T
∂z

( ) � hfav Ts−T( )+λzf ∂2T
∂z2

( ) (2)

kg,i av Ci − Ci,s( ) � 1 − εb( ) ρcat ri+υρcat ri (3)

ρbed Cp,bed
∂Ts

∂t
( ) + hf av Ts − T( )� υ 1 − εb( ) ρcatƩ−Hrxn,jƞjRj (4)

ΔPgc

L
� 150

dp
2( )

1 − εb( )2
εb3

( )u μ + 1.75
dp

( )
1 − εb( )2
εb3

( )ρg u
2 (5)

The supporting equations required for the calculation of the
physical property terms used in mathematical model Eqs. 1–3 and
Eq. 4 to Eq. 5 are provided in Supplementary Table SA; these
include the dispersion coefficient (Supplementary Equation SA1),
thermal conductivities (Supplementary Equations SA1, SA3), the
mass transfer coefficient along with its supportive dimensionless
numbers (Supplementary Equations SA1–SA7), and the heat
transfer coefficient along with its supportive dimensionless
number (Supplementary Equations SA8–SA11).

Additionally, the material balance for the chemical reactions
(Supplementary Equations SB1–SB4) involves oxygen transfer
material, as expressed by Eqs. 6, 7. It is important to mention
that, in order to reduce the complexity of the model, only major
chemical reactions are considered; minor or side reactions, such as
methane decomposition, carbon gasification with steam, and dry
methane reforming, have been neglected. With this assumption, the
overall model-based results still represent the real process with error
below 1% (Rasheed et al., 2019).

dCNi

dt
� 2R1 + R2 + R3 + R4( )MNi (6)

dCNio

dt
� − 2R1 + R2 + R3 + R4( )MNiO (7)

In Eqs. 6, 7, R1 to R4 represent the reaction rate of the chemical
reaction Supplementary Equations SB1–SB4, respectively. The
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required reaction rate equations for R1 (Supplementary Equation
SB1), R2 (Supplementary Equation SB2), R3 (Supplementary
Equation SB3), and R4 (Supplementary Equation SB4) are
provided in Supplementary Appendix SB.

3.1 Implementation of the model

For prediction of the behavior of the reactors (fuel and air)
shown in Figure 1, the differential and algebraic equations, along
with boundary and initial conditions, were implemented in
gPROMS Model Builder 4.1.0®. The initial and boundary

conditions used in solving model equations 12 to 18 are provided
in Table 1. The first-order BFDM was used to solve Eqs. 12–18,
A.1 to A.11 (Supplementary Appendix SA), and B.1 to B.14
(Supplementary Appendix SB).

From Supplementary Appendix SB, it can be seen that initially
(at t = 0), there is no trace of gaseous stream present in the reactor,
but a small amount of H2 has been considered, because with a zero
value the rate of reaction of the reforming reactions (equations B.5 to
B.7) becomes infinite due to the denominator term in the rate
equation; therefore, a minute quantity of H2 has been fed into the
reactor along with the reactant concentration in order to simulate
the reactor model thoroughly, as listed in Table 2. Additionally, the
parameters required to simulate the model in gPROMS are provided
in Table 2.

4 Thermodynamic analysis of CL-SMR

To determine the optimum operational conditions of the CL-
SMR process, thermodynamic analysis needs to be carried out under
equilibrium conditions. In this section, the Chemical Equilibrium
Application (CEA) software is used to generate the results for the
equilibrium conditions.

Minimization of Gibbs free energy is the basis of the CEA
software (Rydén et al., 2009). The gases species H2, H2O, CO, CO2,
CH4, O2, N2, Ni, and NiO were considered in implementation of the
thermodynamic analysis in CEA. The stoichiometric molar balance
of N2 was used for calculation of the equilibrium output of each
component, which further assisted in the determination of the total
product moles at equilibrium. The effects of pressure and
temperature on XCH4, H2 purity, and H2 yield were examined
under equilibrium conditions with the help of CEA and the built
model (Eqs. 1–7; Supplementary Appendix SA, Supplementary
Equations S1–S11; Supplementary Appendix SB, Supplementary
Equations B1–B14). Eqs. 8–10 were used for calculation of the
fraction of XCH4, H2 purity, and H2 yield, respectively.

XCH4 �
_nCH4 ,in − _nCH4 ,out

_nCH4 ,in
(8)

H2 purity � _nH2 ,out

_nCH4 ,out + _nH2 ,out + _nCO,out + _nCO2 ,out
(9)

H2 yield � MH2 × _nH2 ,out

MCH4 × _nCH4 ,in
(10)

The performance of CL-SMR for a steam-to-carbon (S/C) molar
ratio of 3 and an NiO/C ratio of 1/1 was examined to determine the
effect of temperature between 600 and 1,000 K and the effect of
pressure between 1 and 5 bar under equilibrium conditions with the
help of CEA.

4.1 Outputs of chemical equilibrium of
CL-SMR

The effects of temperature and pressure onXCH4, H2 purity, and
H2 yield are shown in Figures 2, 3, respectively. In addition,
comparisons are also made between the CEA-based and model-
based results. It is important to mention that Figures 2, 3 show only
the results for optimum pressure and temperature, respectively.

TABLE 1 Initial and boundary conditions required for modeling of Chemical
Looping Steam methane reforming (CL-SMR).

Initial conditions

Ci,o/mol m-3 where iϵ {CH4, CO, H2, H2O, CO2 and N2} [2.53, 0, 0.11, 7.6, 0, 2.53]

CNiO,o/mol m-3 0.1

To/K 950

Po/bar 1

Ts,o/K 950

X/% 0

Boundary conditions

Inlet of reactor (z = 0) Outlet of reactor (z = L)

Ci � Ci,o;T � To;P � Po;Ts � Ts,o (∂Ci
∂t )� 0;(∂T∂z)� 0;(∂Ts

∂z )� 0

TABLE 2 Parameters used in the implementation of CL-SMR model (Abbas
et al., 2017).

Parameters Values

Void fraction, εb/μm 0.50

Reactor length, L/m 1.50

Specific surface area per unit volume, av/m
2 m−3 300

Density of catalyst, ρcat/kg m−3 550

Density of catalyst bed, ρbed/kg m−3 1,625

Heat capacity of bed, Cpbed/J kg K
−1 980

Viscosity of gases, μg/kg m−1 s−1 0.0181E-3

Particle diameter, dp/m 0.0010

Avg. molecular diffusivity, Dm/m
2 s−1 1.6E-5

Gas mass velocity, Gs/kg m−2 s−1 0.50

Thermal conductivity of gases, λg/W m−1 K−1 3E-2

Thermal conductivity of solids, λs/W m−1 K−1 13.80

Avg. molecular weight, Mav/g mol−1 20.02

Molecular weight of Ni, MNi/g mol−1 58.69

Molecular weight of NiO, MNiO/g mol−1 74.69

Initial specific surface area of OTM, ao/m
2 kgcarrier 102
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CEA plots of CH4 conversion, H2 purity, and H2 yield at 600–1000 K
for pressure ranging from 1 to 5 bar are presented in Supplementary
Appendix SC (see Supplementary Figures C1–C3).

The results for XCH4, H2 purity, and H2 yield at 1 bar are shown
in Figure 2. It can be seen that, at 1 bar, increasing the temperature
from 600 to 950 K also induces an increase in CH4 conversion, H2

purity, and H2 yield from 33% to 99.2%, 24.3%–71.5%, and 4%–
32.1%, respectively. From 950 K onward, a minor change in the CH4

conversion value is observed, and a decline in observed for H2 purity
and H2 yield. Therefore, 950 K is considered to be the optimal
operating temperature for CL-SMR for attainment of maximum H2

purity and yield. The average difference between the CEA and
model-based results was calculated by dividing the sum of the
difference between CEA and model-based results by the total
number of points; this resulted in differences of 5.97% for XCH4,
5.53% for H2 purity, and 1.91% for H2 yield.

Figure 3 shows the effects of varying pressure between 1 and
5 bar. The operating conditions for the equilibrium study of CL-
SMR of 950 K, an S/C M ratio of 3, and an NiO-to-C of 1/1 are
maintained. It can be seen that with the rise in the operating pressure
from 1 to 5 bar the values for CH4 conversion, H2 purity, and H2

yield decrease from 99.2% to 86.6%, 76.5% to 61.3%, and 32.6% to
27.5%, respectively. Therefore, it can be concluded that, under the
conditions implemented, the most suitable operating pressure for

the CL-SMR process is 1 bar. The average difference calculated were
7.7% for XCH4, 4.52% for H2 purity, and 0.85% for H2 yield.

As the CEA values are based on equilibrium conditions, the model
values should not be higher than those generated using CEA.
Comparing the results of both studies, CEA and model-based, it can
be observed from Figures 2, 3 that themodel-based study values did not
exceed the equilibrium values of the CEA results, falling below them in
all cases; this is acceptable and proves the correctness of the model.

5 Results and discussion

In this section, the developed models of the FR and AR are first
validated with experimental results given in the literature. Subsequently,
a cyclic study of the CL-SMR process is conducted and the behavior of
the gases andOTM is observed for 10 cycles. Finally, sensitivity analyses
are performed for the variables CNiO, Gs, and dp.

5.1 Validation of the model

This section describes the validation of the model of the CL-
SMR process. Validation is performed in two steps: first, the FR
model results are discussed and validated in connection with

FIGURE 2
Thermodynamic analysis of the CL-SMR process at 1 bar, S/CM ratio of 3, andNiO-to-Cmolar ratio of 1/1, indicating the effect of temperature on (A)
XCH4, (B) H2 purity, and (C) H2 yield.

FIGURE 3
Thermodynamic analysis of the CL-SMR process at 950 K, S/C M ratio of 3, and NiO-to-C molar ratio of 1/1, indicating the effect of pressure on (A)
XCH4, (B) H2-purity, and (C) H2-yield.
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experimental results found in the literature. Subsequently, validation
of the AR model is performed separately.

5.1.1 Fuel reactor
To authenticate the developed model of the fuel reactor (FR)

considered in CL-SMR, the work of Pooya et al. (Azadi et al., 2011) is
used. Pooya et al. considered 10% NiO as the OTM in an adiabatic
packed bed reactor of length 60 cm and 10 cm internal diameter.
The operational conditions of 973 K and 1 bar along, with 5% CH4

and 10% H2O in N2 feed gas, are considered for model validation.
The mole fractions of gases in dry conditions obtained from
experimental and model-based works are given in Figure 4. It is
important to mention that during the experimental study (Azadi
et al., 2011), a delay of 30 min was observed by Pooya et al. at
beginning of the experiment. Essentially, this time delay was due to
the induction period of gases in the reformer. However, for model
validation, this experimental time delay has been neglected, as
induction period was not considered, and values are adjusted
accordingly.

In Figure 4, it can be seen that initially variation can be observed
at the start of the model-based results, which is essentially due to the
occurrence of reduction and SMR reactions. Once the reactions
proceed, within less than 2 min, methane conversion approaches
100%, and the mole fraction of H2 increases from 0% to 77% and
subsequently remains constant throughout the process. The average
differences between model and experimental values for CH4, CO,
H2, and CO2 are 0.9%, 0.7%, 2.7%, and 4.8%, respectively. Based on
the trends, it can be determined that model-based results are in good
accordance with the experimental values for the stable range of
11 min onward. However, due to the unavailability of experimental
data for the time interval between 0 and 11 min, the dynamic
response occurring in the experimental work cannot be compared.

5.1.2 Air reactor
The experimental work by Monnerat et al. (2003) used for the

validation of the model in terms of OTM in the air reactor. An
adiabatic packed bed reactor of length 230 mm and internal
diameter 9 mm was used for oxidation of the catalyst. First, the
temperature profiles from the model-based and experimental work
are compared for operational pressure 1.5 bar and 10% O2 in feed
gas; see Figure 5A. Subsequently, 10% O2 feed intake under
temperature and pressure conditions of 773 K and 1.5 bar is
considered; see Figure 5B.

As shown in Figure 5A, a rapid initial increase in temperature is
observed due to the exothermic nature of the oxidation process;
specifically, at the beginning of the process, all the Ni is available for
oxidation. After 45 s, a decrease in temperature is observed due to
the decrease in the Ni concentration. From the initial temperature of
773 K, a maximum temperature rise of 51 K is observed in the
model-based work, whereas in the experimental study, a 51 K rise is
observed. After 180 s of operation, the temperature reaches 776 K or
781 K in the model-based and experimental studies, respectively.
The average temperature difference between the model and
experimental results is 5.6 K. As shown in Figures 5A, B sudden
initial rise in the amount of O2 at exit of the AR occurs until 70 s.
After that, the slope in the curve representing the amount of O2 at
exit of the AR decreases, becoming a horizontal straight line until
200 s. After 75 s of operation, the dry mole fraction of O2 at exit of
the AR reaches 0.085 or 0.071 in the model-based and experimental
results, respectively. The average difference in the O2 mole fraction
between the model and experimental results is 0.012. Overall, based
on the figure, it can be seen that the model results are in good
agreement with the experimental work.

5.2 Cyclic study of the CL-SMR process

The optimum operating conditions have already been
determined by the thermodynamic analysis using CEA for the
cyclic study of the CL-SMR process, as shown in Figure 1. In the
FR in CL-SMR, a feed consisting of CH4 gas, steam, and N2 is
introduced at 950 K, at 1 bar, and with a steam-to-carbon (S/C)
molar ratio of 3/1. As shown in Figure 6, it can be observed that with
entrance of the feed into the fuel reactor (FR), an immediate
decrease in temperature is observed, specifically, a drop of
approximately 11 K within 10 s. This decrease in temperature is
due to the dominance of the endothermic nature of the reduction
reaction. Subsequently, between 10 and 50 s, a further drop in
temperature of 5 K is observed; in this phase, the chemical
reactions, which are exothermic in nature, show their dominance
along with the reduction reactions. Within less than a minute (50 s),
almost 95% of the NiO is converted into Ni, catalyzing the SMR
reaction. Within another minute (specifically, between 50 and
110 s), the temperature further drops; specifically, it falls by more
than 10 times (from 933 to 775 K). This drop is due to the
dominance of the SMR reaction, which is highly endothermic in

FIGURE 4
Drymole fraction of outlet gases, yi ∈ CH4 ,H2 ,CO,CO2{ }, at 973 K, 1 bar, and S/C of 2. Solid lines represent themodeling data (MOD), while markers
represent the values in the experimental data (EXP).
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nature. Subsequently, a rise in the temperature of the process from
775 to 803 K is observed; this rise is due to the exothermic nature of
the WGS reaction. After 190 s, an overall drop in NiO % conversion
and temperature can be observed; these fall by approximately 99.5%
and 146 K, respectively. The yellow dot in Figure 6 indicates the end
of the fuel reactor cycle, and from here onward, the air reactor cycle
begins.

In the second part of CL-SMR, the reduced Ni is transferred
into the air reactor (AR) for oxidation by injection of air (21% O2

and 79% N2) at 1 bar and 804 K. As soon as the feed has passed
through the reactor, the temperature of the reactor increases
from 804 to 952 K within 70 s. Subsequently, the temperature of
the air reactor (AR) starts decreasing due to the decrease in the
concentration of available Ni for oxidation. For reduction
reaction and SMR reaction, a higher temperature is needed in
the fuel reactor (FR), so the oxidation process stops when the
temperature reaches 952 K. Subsequently, the feed is turned off
for the AR and turned on for the FR. The green dot indicates the
completion of the AR cycle, as well as the combined completion
of the AR and FR cycles; see Figure 6. The FR and AR cycles
together form a complete CL-SMR cycle. The CL-SMR process
was studied for ten cycles. The behavior and concentrations of

gases (CH4, CO, CO2, H2, H2O, and NiO) during these ten cycles
are shown in Figure 7. Each cycle of CL-SMR took 280 s to
complete (see Figure 6). In the initial two cycles of the CL-SMR
process, these is some variation in the outlet concentrations of
gases and OTM. After this point, the variation in the
concentrations of gases disappears as the number of cycles
increases and the process moves toward the steady state.
Values for XCH4, H2 purity, and H2 yield for this ten-cycle
study are presented in Figure 8. In every cycle, 97.5% CH4

conversion, 69% H2 purity, and an overall H2 yield of 27.5%
were achieved.

5.2.1 Comparison of outlet concentrations and
reaction rates during cycles 1 and 2

The outlet concentrations of gases during cycles 1 and 2 are
shown in Figure 9. In the pre-breakthrough period, both the cycles
show the same kind of variation in the outlet concentrations of gases.
However, during the breakthrough period (i.e., from 70 s to 110 s),
both the figures show differences in the variation in the outlet
concentrations of gases, mainly for H2 and H2O. After 100 s, the
concentrations of H2 and H2O during cycle 1 are 4.77 mol·m−3 and
5.49 mol·m−3, respectively, while during cycle 2, the concentrations

FIGURE 5
For the air reactor: (A) temperature profile at 1.5 bar and 10 mol% of O2 in feed; (B)O2mole fraction at the outlet for 773 K, 1.5 bar, and 10 mol% of O2

in feed. Solid lines represent modeling (MOD) results; markers represent experimental (EXP) results.

FIGURE 6
Cyclic study of the CL-SMR process for 10 cycles. The red dot indicates the start of the fuel reactor (FR) cycle; the yellow dot indicates the end of the
FR cycle and start of the in reactor (AR) cycle; and the green dot indicates the end of the AR cycle.
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of H2 and H2O are 5.56 mol·m−3 and 4.73 mol·m−3, respectively; this
inconsistency is due to the difference in temperature drop between
the cycles. In Figure 6, it can be seen that after 100 s of operation, the
temperature drops to 772 K in cycle 1 and 804 K in cycle 2. This

difference of 32 K is the main reason for the difference in the
variation in the outlet concentration of gases, because the
optimum temperature range for the SMR reaction is
900–1,100 K. As shown in Figures 9A, B, it can be observed that

FIGURE 7
Cyclic study of outlet concentration of gases: CH4, CO, CO2, H2, H2O, and NiO.

FIGURE 8
XCH4, H2 purity, and H2 yield during a cyclic study of the CL-SMR process for 10 cycles.

FIGURE 9
Comparison of FR outlet concentrations of gases with respect to time during (A) cycle 1 and (B) cycle 2 of CL-SMR.
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in the pre-breakthrough period, a drop of 2.44 mol·m−3 and
3.9 mol·m−3 (cycle 1) and 2.442 mol·m−3 and 4.3 mol·m−3 (cycle
2) occurs in the concentration of CH4 and H2O, respectively. In
contrast, a rise of 6.59, 0.97, and 0.98 mol·m−3 (cycle 1) and 6.61,
1.03, and 0.92 mol·m−3 (cycle 2) can be observed in the
concentration of H2, CO, and CO2, respectively.

Figure 10 shows the rate of reactions for cycle 1 and cycle 2. This
graph indicates that the reduction reactions are so fast that they
show variation in the reaction rate within the first 20 s of the process,
and convert all the NiO into Ni. The drop and rise in the
concentrations of gases during first the 20 s is due to the
activation of reduction reactions; in these reactions, NiO reacts
with CH4 to form H2, CO, and CO2. A decrease in CH4

concentration and increases in H2, CO, and CO2 concentration
can be observed. Subsequently, until 60 s, the change in gas
concentrations remains constant; at this point, the pre-
breakthrough period ends and the breakthrough period begins.
Unlike the pre-breakthrough period, during the breakthrough
period the concentrations of CH4 and H2O increase, whereas the
concentration of H2 decreases. This large change in concentration is
due to the activation of the SMR reaction, which is highly
endothermic. The SMR reaction is more dominant than the
other two reactions (WGS and overall SMR) here. This change in
reaction rate also indicates the reason for the change in
concentrations of outlet gases from the FR.

5.3 Sensitivity analysis

In this section, a sensitivity analysis is carried out by observing
the impact of concentration of NiO (CNiO) and gas mass velocity
(Gs) on the temperature profile of the CL-SMR process, as well as the
impact of particle diameter (dP) and reactor length L on CH4

conversion, H2 purity, and H2 yield.

5.3.1 Effect of CNiO and Gs

The effects of NiO concentration (CNiO) and Gs on the
temperature of the fuel reactor (FR) were studied; the results are
presented in Figures 11A, B, respectively. In Figure 11A, it can be
seen that with a rise in the NiO concentration, the duration of the
pre-breakthrough period increases because of the greater amount of
NiO available for reduction reactions, but the drop in temperature
decreases, e.g., from 155 to 24 K for a change in NiO concentration
in the FR from 0.1 to 1 mol·m−3. The reduction in the temperature
drop is due to the smaller amount of CH4 available for the SMR
reaction, which is highly endothermic in nature, as more CH4 is
consumed during the reduction reactions because of the larger
amount of NiO. In contrast, in Figure 11B, it can be seen that
with an increase in the value of Gs from 0.5 to 0.9 kg m−2 s−1, the
duration of the pre-breakthrough period decreases, as the reactants
remain lower in the reactor at the higher value of Gs. With an
increase in Gs, the drop in temperature increases from 150 to 190 K.

FIGURE 10
Comparison of rate of reactions (SMR and reduction) with respect to time during (A) cycle 1 and (B) cycle 2 of CL-SMR.
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This is because the availability of gas for the SMR reaction per unit
area and time is enhanced with the increase in Gs, and so the
temperature drop also increases. Similarly, at lower values of Gs,
more CH4 is consumed before the breakthrough period in the
reduction reaction and less CH4 is available for the SMR
reaction, which reduces the temperature drop during the
breakthrough period.

5.3.2 Effect of particle diameter
The effect of OTM particle diameter was studied to observe the

overall performance of the CL-SMR process. The operating
conditions of 950 K, 1 bar, and an S/C M ratio of 3 were
maintained. The values of XCH4, H2 purity, and H2-yield, for
particle diameters ranging from 0.7 to 1 mm, are presented in
Figure 12. A decrease in XCH4 from 81% to 63% is observed as
the diameter of the particles increases from 0.7 to 1 mm; see
Figure 12A. Similarly, a minor decrease in H2 purity (see
Figure 12B) from 71% to 69% is also observed with this increase
in the OTM particle diameter. This is because, with an increase in
the size of OTMparticles, less surface area is available to the gases for
reaction, and therefore reductions in CH4 conversion and H2 purity
is detected. The size of the OTM particle is inversely proportional to

CH4 conversion and H2 purity. On the other hand, H2 yield in the
CL-SMR process increases from 15.5% to 25% (see Figure 12C) with
the increase in particle diameter from 0.7 to 1 mm. This increase in
H2 yield is due to more formation of H2 per unit mole of CH4

entering the reactor. However, in the reactor, the variation in XCH4,
H2 purity, and H2-yield over time directly relates to the temperature
variation.

5.3.3 Effect of Reactor Length (L) on Temperature
(T) profile

The effect of FR length on temperature variation in the reactor at
pressure of 1 bar, a temperature of 950K, and with an S/C ratio of
3 over a given period of time is presented in Figure 13. The behavior
of the temperature profile in the reactor was examined for three
different lengths of reactor (namely, 0.5 m, 1 m, and 1.5 m). From
the graph, it can be seen that with an increase in the length of the FR,
a delay in the temperature drop is observed, while the temperature
profiles were almost identical for all lengths of reactor. This delay in
temperature drop is because of the time taken to consume the
oxygen carrier during the reduction reaction in the reactor: as the
length of the reactor increases, the length of the bed of OTM also
increases. The maximum temperature drops for 0.5 m, 1 m, and

FIGURE 11
Temperature profiles for the fuel reactor (FR) at 950 K, at 1 bar, and with a steam-to-carbon molar ratio of 3, showing the effects of (A) NiO
concentration (CNiO) and (B) gas mass flow velocity (Gs).

FIGURE 12
The effect of OTMparticle diameter (0.7–1 mm) under operating conditions of 950 K, with S/CM ratio of 3, on (A) XCH4, (B)H2 purity, and (C)H2 yield.
Effect of reactor length (L) on temperature (T) profile.
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1.5 m length are 163 K, 157 K, and 152 K, respectively; similarly, the
amounts of time taken to reach the steady state are 200 s, 300 s, and
400 s, respectively, as shown in the figure.

6 Conclusion and outlook

A one-dimensional simulation of a heterogenous catalytic CL-
SMR process in an adiabatic PBR, at low pressure, was conducted in
gPROMS Model Builder®. First, a thermodynamic analysis of the
process was carried out, using CEA, to identify the optimum
temperature (950 K) and pressure (1 bar) conditions for the CL-
SMR process at an S/C M ratio of 3. Next, the effects of temperature
and pressure on XCH4, H2 yield, and H2 purity in the CL-SMR
process were studied at equilibrium conditions; the findings were
compared with the results of the validated model. The effects of
increasing temperature (from 600 to 1000 K) and pressure (from
1 to 5 bar) on XCH4, H2 yield, and H2 purity in the CL-SMR process
were positive and negative, respectively. This adiabatic model of the
CL-SMR process was run for 10 cycles. It was observed that during
each cycle the changes in the values of XCH4, H2 purity, and H2 yield
were negligible.

The effect of reaction rate, along with a comparison of the first
two cycles of CL-SMR, were also presented. The behavior of
temperature in the FR was examined for different values of Gs
(0.5–0.9 kg m−2 s−1) and CNiO (0.1–1 mol m−3). It was concluded
that, with an increase in the value of Gs, the delay in the temperature
drop or the duration of pre-breakthrough period was decreased. An
increase in the concentration of NiO was found to reduce the
temperature drop in the FR. The effect of OTM particle diameter
on CL-SMR performance was also studied. It was concluded that,
with decrease in particle size from 1 to 0.7 mm, there was an increase
in XCH4 and H2 purity, but a decrease in H2 yield. Finally, the effect
of reactor length on the temperature variation profile within the fuel
reactor was also studied, with three different lengths examined
(0.5 m, 1 m, and 1.5 m). With an increase in the length of the
FR, a delay in the temperature drop and activation of the SMR was
observed, while the behavior of the temperature profile remained the
same for each length. From this study, it can be concluded that the

model developed here is effective and that the process runs at
optimum temperature and pressure values for 10 cycles without
any change in OTM concentration or products.
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Nomenclature

a Specific surface area/m2 kgcarrier
−1

C Concentration/mol m−3

Cp Heat capacity/J kg−1 K−1

D Dispersion coefficient/m2 s−1

d Diameter/mm

Dm Molecular Diffusivity/m2 s−1

E Activation energy/J mol−1

G Gibbs free energy/J

Gs Gas mass velocity/Kg m−2 s−1

H Heat of reaction/J mol−1

ΔH Heat of adsorption/J mol−1

hf Gas to solid heat transfer coefficient/W m−2 s−1

jD Chilton–Colburn factor of heat transfer

jH Chilton–Colburn factor of mass transfer

K Adsorption constant

k Kinetic rate constant

Kg Gas to solid mass transfer coefficient/m3 m−2 s−1

Kj Thermodynamic equilibrium constant

ko References temperature dependent kinetic rate constant

P Total gas pressure/bar

Pr Prandtl number

R Rate of reaction/mol kgcat
−1 s−1

r Rate of formation or consumption/mol kgcat
−1 s−1

Re Reynolds number

Rg Ideal gas constant/J mol−1 K−1

Sci Schmitt number

T Temperature/K

u Velocity of gases/m s−1

X Conversion/- Molecular diffusivity/m2 s−1

Greek letters

ƞ Effectiveness factor

ρ Density/kg m−3

ε Porosity

Ω Unitless term in reaction kinetics

µ Gas viscosity/kg m−1 s−1

λ Thermal conductivity/W m−1 k−1

Subscripts

b Bed

cat Catalyst

g Gas phase

i Gas species

j No. of reaction

o Initial value

p particle

rxn Reaction

s Solid phase

z Axial direction
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Economy of scale for green
hydrogen-derived fuel
production in Nepal

Biraj Singh Thapa*†, Bishnu Pandey† and Rahul Ghimire

Green Hydrogen Laboratory, School of Engineering, Department of Mechanical Engineering,
Kathmandu University, Dhulikhel, Nepal

Opportunity for future green hydrogen development in Nepal comes with end-
use infrastructural challenges. The heavy reliance of industries on fossil fuels
(63.4%) despite the abundance of hydroelectricity poses an additional challenge
to the green transition of Nepal. The presented work aims to study the possibility
of storing and utilizing spilled hydroelectricity due to runoff rivers as a compatible
alternative to imported petroleum fuels. This is achieved by converting green
hydrogen from water electrolysis and carbon dioxide from carbon capture of
hard-to-abate industries into synthetic methane for heating applications via the
Sabatier process. An economy-of-scale study was conducted to identify the
optimal scale for the reference case (Industries in Makwanpur District Nepal) for
establishing the Synthetic Natural Gas (SNG) production industry. The techno-
economic assessment was carried out for pilot scale and reference scale
production unit individually. Uncertainty and sensitivity analyses were
performed to study the project profitability and the sensitivity of the
parameters influencing the feasibility of the production plant. The reference
scale for the production of Synthetic Natural Gas was determined to be 40 Tons
Per Day (TPD), with a total capital investment of around 72.15 Million USD.
Electricity was identified as the most sensitive parameter affecting the
levelized cost of production (LCOP). The 40 TPD plant was found to be price
competitive to LPG when electricity price is subsidized below 3.55 NPR/unit
(2.7 c/unit) from 12 NPR/unit (9.2 c/unit). In the case of the 2 TPD plant, for it to be
profitable, the price of electricity must be subsidized to well below 2 NPR/kWh.
The study concludes that the possibility of SNG production in Nepal is profitable
and price-competitive at large scales and at the same time limited by the low
round efficiency due to conversion losses. Additionally, it was observed that
highly favorable conditions driven by government policies would be required for
the pilot-scale SNG project to be feasible.

KEYWORDS

synthetic natural gas, techno-economic analysis, economy of scale, green hydrogen,
CO2 utilization

1 Introduction

Despite the positive advancements in renewable energy, such as increased solar PV
installations and electric car sales, a new record for global carbon dioxide (CO2) emissions
was set, with 37 billion metric tons (Gt) in 2022. The amount was 1% higher than previously
anticipated (Grubler et al., 2018; Hussain et al., 2021; International Energy Agency, 2023).
According to a study, there is an emphasis on the necessity for global CO2 emissions to be
restricted by approximately 45% from 2010 levels by 2030, with the goal of reaching net zero
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by 2050 (Leahy et al., 2020; Intergovernmental Panel on Climate
Change, 2022). To attain this, an urgent need exists for energy
sources that are both sustainable, scalable, and adaptable, offering
high energy density as viable alternatives to ensure a secure energy
supply while mitigating the environmental impact associated with
current non-renewable energy sources (Li et al., 2017). As a
promising, low or zero-carbon energy source, hydrogen is
acknowledged with significant potential as an energy carrier in
the future. Projections suggest that green hydrogen will have a
pivotal role in the global energy transformation (International
Energy Agency, 2015)., given its adaptability and high heat value
(120–140 MJ/kg) compared to gasoline (44 MJ/kg) and coal
(20 MJ/kg) (Hosseini and Wahid, 2016; Francesco, 2018).
Additionally, its use in CO2 recycling via the Sabatier Process
offers energy-efficient solutions for addressing global energy
demand and combating global warming (Dutta, 2014; Shastri
et al., 2022).

Nepal’s low greenhouse gas emissions, coupled with its
vulnerability due to melting Himalayas, drive the search for
carbon-neutral solutions. However, the country’s annual
investment of nearly 10% of its GDP, approximately 200 million
USD, in fossil fuel imports is expected to rise due to population
growth, inefficient operation, and increased economic production
(Bhandari and Pandit, 2018; Nepal Oil Corporation, 2023). In Nepal,
the primary energy source for 84.87% of households is fuel wood,
while Liquefied Petroleum Gas (LPG) has experienced a 2.76%
increase in usage over the last decade with over 33.1% of
households employing it, particularly in urban areas, where it
constitutes the second most common cooking fuel at 54.1%
(Figure 1) (Water and Energy Commission Secretariat, 2022).
Similarly, fossil fuels are heavily relied upon by Nepalese
industries with a total energy consumption of 114.5PJ (Water
and Energy Commission Secretariat, 2022) which is
predominantly coal (48%) worth NRS 27.19 billion, imported in
the fiscal year 2020–21, according to Nepal Rastra Bank.

On the other hand, Nepal has abundant renewable energy in the
form of hydropower and solar resources with a current generation
capacity of 2684 MW of hydroelectricity in 2023. (Nepal Electricity
Authority, 2023). Nepal has 7231.3 MW hydropower projects under

construction, with 20,000 MW in development stages. By 2030, the
16,820 GWh of surplus energy is projected. Exporting excess
hydroelectricity faces geopolitical and pricing hurdles. Developing
high-energy industries and grid management is a rapid government
and developer task (Thapa et al., 2021). Moreover, over 90% of
Nepal’s existing hydropower plants are runoff river type (Bhatt
2017) poses problems related to seasonal peaking, and in the absence
of a lack of energy storage facilities Green Hydrogen and Hydrogen
synthetic fuels provide better energy management opportunities.

Surplus hydropower can make 67,277 to 336,400 tons of green
hydrogen with the use of 20% and 100% surplus energy in 2030,
convertible to Synthetic Natural Gas using CO2 from cement,
addressing compatible energy needs (Warsi et al., 2020; Thapa
et al., 2021). Given the inadequacy of current hydrogen
infrastructure and imbalance in electricity supply during dry
seasons, the conversion to Synthetic Natural Gas (SNG) is
deemed necessary. Annually, 3.6 million MT of CO2 is emitted
by 72 cement plants in Nepal, with the potential for 1.3 million
MT of SNG production as a substitute for heating fuel.
(Zimmermann et al., 2020; Szima and Cormos, 2021). According
to the Power-to-Gas concept, SNG can be produced by
hydrogenating CO2 as following chemical equation:

CO2 + 4H2 �����������������������������������������������������������→Ru/γ−Al2O3/365℃
CH4

+2H2OΔHR 298K( ) � −165KJ/mol (1)
Methanation, a commonly employed technique for carbon

monoxide and carbon dioxide elimination in chemical processes
like ammonia production and natural gas purification, typically
involves the conversion of small amounts of carbon dioxide. Bulk
conversion can be hindered by the potential for numerous side
reactions. Despite this, 128 Power-to-Gas (PtG) projects are
recognized in Europe, with 27 already completed and
38 scheduled for future commissioning (Wulf et al., 2018). The
CO2 methanation plants are primarily of small scale, while the
6 MW Audi e-gas plant is an exception. Electrolysis gained
prominence when, in 2014, it was coupled with a methanation
reactor and a coal-powered plant by Buchholz et al., 2014, achieving
53% efficiency, later theoretically claimed to be improved up to 80%

FIGURE 1
Energy mix of Nepalese Industrial and Residential Sector (Water and Energy Commission Secretariat, 2022).
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for solid oxide electrolysis cell by Giglio et al., 2015, which has not
reached technological maturity yet. The cost of hydrogen is a
significant factor in SNG production, as identified by Szima and
Cormos, 2021. A techno-economic assessment for SNG production
was carried out by Becker et al., 2019, including the Organic Rankine
Cycle for heat recovery, reporting SNG production costs as low
as ~2 USD/kg.

In Nepal, the concept of hydrogen and Synthetic Natural Gas is
relatively new, and no work has been done to find the feasibility of
the SNG plant. The study focuses on the process design, economy of
scale, and a techno-economic assessment for the reference and pilot
scale SNG plants focusing on the Hetauda industrial area in
Makwanpur District.

2 Methodology

The present investigation consists of the development of a
simulation model for SNG production utilizing ASPEN Plus
Software to find out the required sizing of the equipment. The
manufacturer’s data and economic analysis tools were used to
analyze the economics of SNG production for the sized
equipment of different scales. The risk analysis was done using
Monte Carlo simulations. The following section details the requisite
input, distinct process simulation models, and the resulting output.

2.1 Resources

In Nepalese industries, despite the bad reliability the older
technologies for thermal purposes were gradually being replaced
by electricity, coal and fuelwood continued to dominate. During
COVID-19 restrictions, a 5.8% decrease in energy consumption was
experienced in the sector in 2020, but an impressive 29% growth was
witnessed in 2021, demonstrating the sector’s adaptability and
recovery capabilities (Water and Energy Commission
Secretariat, 2022).

The Hetauda Industrial District is one of Nepal’s largest
industrial hubs located in Makwanpur District, encompassing
103 industries across various sectors, including plastic, cement,
and mining industries. In this district, the industrial sector
accounts for 813,800 GJ of energy consumption which is mostly
carbon-emitting fuel (72%) (Makwanpur District District
Development Committee Makwanpur Government of Nepal
Ministry of Environment Alternative Energy Promotion Centre,
2011). The study is conducted to address the unreliable nature of
hydroelectricity in Nepal, particularly stemming from runoff river
projects. It aims to explore the conversion to e-fuel, which can be
adapted and utilized directly for a range of heating applications. A
centralized distribution system is assumed for the synthetic methane
gas produced from co-located SNG plants, with the reference case
designed to ensure that the industrial clean energy requirements
(585,936 GJ) in Makwanpur District are entirely replaced by the
generated SNG. The method chosen for hydrogen production
involves water electrolysis using PEM electrolyzers. CO2 is
assumed to be sourced from a nearby Cement Industry named
Hetauda Cement, which has an estimated daily cement-making
capacity of 750 tonnes when operated at full capacity, resulting the

possible CO2 emissions of 489.75 tonnes Eq. (2). For this study, it is
assumed that the clinker is also produced in the factory to avoid
confusion related to the emission factor. The cost of the equipment
used in establishing the plant is obtained from supplier quotations
and literature (Becker et al., 2019). Parameters such as the stages in
the reaction, temperature, pressure, the type of catalyst (Chein and
Wang, 2020), and reaction kinetics have been extensively studied
and are known to exert a significant influence on the efficiency of the
SNG production plant.

Emission ECO2 � Cemen Production I( ) p Emission Factor ϵ( ) (2)
(Lei et al., 2011)

ϵ � 0.653

(Lei et al., 2011).

2.2 Models

The process simulationmodel employed in this studywas developed
in Aspen Plus software, a process modeling tool designed to replicate
real-world chemical processes. The following section depicts the process
model developed through the Aspen Plus software as in Figure 2 and the
details are tabulated in Table 1.

2.2.1 Electrolysis
In the present work, the electrolytic production of hydrogen is

envisioned to be geographically co-located with hydropower-
generated electricity to meet the demand for green hydrogen in
SNG production. The process of water electrolysis involves the
breakdown of the water into hydrogen and oxygen by a direct
supply of current as shown in the following equation: (Shiva Kumar
and Himabindu, 2019):

Anode: OH− → 1
2O2 +H2O + 2e−

Cathode: H2O + 2e− → H2 + 2OH−

Overall: H2O + energy → 2H2 + O2

The Aspen Plus Software was used to examine a Proton Exchange
Membrane (PEM) electrolyzer with a 70% efficiency (Wirkert et al.,
2020). Subsequently, the hydrogen generated from the electrolyzer was
simulated to be fed into the reactor at 25 bars froma high-pressure buffer
tank compressed using a pneumatic reciprocating compressor. The
simulations revealed that a 2 TPD SNG plant would require
approximately 42 kg/h of hydrogen gas, along with 378 kg of
deionized water and 2,520 kW of electrical power. An integrated
~140 kW air compression unit delivers air at a pressure of 5 bars to
operate a pneumatic hydrogen compressor to deliver hydrogen at
25 bars maintaining a 42 kg/h flow rate. Additionally, a valuable by-
product of 336 kg/h of oxygen would be concurrently generated.
However, it should be noted that the cost of selling oxygen was not
considered in this analysis. Figure 2 display the detailed of the major
components. The specifications for the electrolyzer were verified through
a quotation from themanufacturer “Light Bridge,” based in SouthKorea.

2.2.2 Amine based carbon dioxide (CO2) capture
for CO2 capture from cement industry

Numerous advanced methods exist for capturing carbon
dioxide, including adsorption, physical absorption, chemical
absorption, cryogenic separation, and membrane-based
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absorption. Among these alternatives, amine-based separation
technology stands out as a well-established and commercially
viable technique. It can be integrated into an existing cement
plant in Nepal for extraction of CO2 from the flue gas (Bosoaga
et al., 2009; Plaza et al., 2020; Devkota et al., 2021). The simplified

technical analysis of the CO2 capture plant was done in Aspen taking
reference from Plaza et al., 2020; Devkota et al., 2021 as in Figure 2,
and the optimum size of the equipment and the utilities required for
the capture process were obtained. Results from the simulations
show that a CO2 flow rate of 236.3 kg/h will be required for the daily
production of 2 tons of CH4 (stored in BT-002 at 25℃) with an
electrical power requirement of 330 kW including the compressor
(CO2 gas compressor (120 kW), Liquefaction Compressor (90 kW))
and all the Pumps (Cooling water pump (15 kW), Lean MEA pump
(15 kW), Rich MEA pump (15 kW), Cooler pump (15 kW), Caustic
pump (30 kW) etc. Aqueous monoethanolamine (MEA) was
selected as an absorbent for capturing CO2 from the flue gas of
conventional CO2-emitting plants. The Carbon Capture plant
efficiency was assumed to be 90%. Detailed major components
are presented in Figure 2 and Table 2.

2.2.3 Thermo-catalytic Sabatier process to
produce Synthetic Natural Gas (CH4)

Synthetic Methane (Synthetic Natural Gas) is produced through
the Sabatier process, which involves the utilization of CO2 captured
from industrial flue gas and H2 generated via water electrolysis in the
presence of a catalyst Eq. (1), Here, the Ruthenium, i.e., 0.5 wt% Ru/
γ-Al2O3 was used for simulations due to its 96% yield tomethane gas
with no CO production at 300°C (Falbo et al., 2018) whereas Nickel
has high selectivity and low cost but is more prone to catalyst
deactivation it only gives 80% yield to methane gas along with CO

FIGURE 2
Schematic of the process diagram of the SNG production system.

TABLE 1 Equipment code with corresponding equipment name.

Code Equipment name Code Equipment name

E-001 Electrolyzer H-101 Pre-heater

C-001 Compressor for H2 R-101 Packed bed reactor 1

BT-001 Tank for H2 HX-101 Heat Exchanger 1

AC-001 Absorption Column for CO2 R-102 Packed bed reactor 2

SC-001 Stripping Column for CO2 HX-102 Heat Exchanger 2

P-001 Pump for solvent R-103 Packed bed reactor 3

P-002 Pump for solvent MS-101 Membrane Separator 1

C-002 Compressor for CO2 HX-103 Heat Exchanger 3

BT-002 Tank for CO2 F-101 Flash Separator

P-101 Pump for coolant 1 C-101 Compressor for SNG

P-102 Pump for coolant 2 H-102 Cooler

P-103 Pump for coolant 3
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production at 400°C on 20% Ni/γ-Al2O3 (Chein and Wang, 2020).
The SNG production plant was modeled in Aspen Plus software.
The reactor used is a packed bed reactor (RPLUG).

The Plant feed of CO2 is chosen to be consistent with the 4:
1 H2:CO2 molar ratio from the stoichiometry of the reaction.
The CO2 is distributed such that the ratio of H2:CO2 is always
greater than 4:1 as suggested by Arita and Iizuka, 2015. The three
reactor stages with 80%, 70%, and, 60% CO2 conversion
efficiency for the first, second, and third stages respectively
were selected as stated by Becker et al. (2019) for the
following reasons: i) to enable water purging, driving the
reverse WGS reaction, ii) to avoid the necessity of bulk
recycling with two or fewer reactors, and iii) to enhance
reactor efficiency while managing capital costs. The supply of
hydrogen and carbon dioxide was set at 42 kg/h at 25 bar
pressure and 249.96 kg/h at 25 bar pressure respectively. The
electrical power required for the preheaters for the initial heating
of the input gases (later the heat from the exothermic reaction is
used for preheating using heat exchangers), pumps, and
compressor is 96 kW. The kinetics of the CO2 methanation
on a Ru-based catalyst was used as given by Falbo et al., 2018.

2.3 Cost estimation model

In this analysis, the estimation of equipment cost (C) involves a
comprehensive consideration of various elements as in Eq. (3). These
elements incorporate the cost in the reference year (CR), the
recommended plant size for the equipment determined using the
Aspen Plus model (S), the size in the reference year (SR), the
chemical engineering plant cost index for the year 2022 (CI22), the
cost index for chemical engineering plants in the reference year (CIR),
and a scale factor (sf) that can vary within the range of 0.6–0.8, as
depicted in the provided Table 3. (Turton, 2012a; Devkota et al., 2021).

C � CR ×
S

SR
×
CI22
CIR

× sf (3)

Subsequently, the equipment cost derived from the equation above is
combined with the expenses for installation, piping, buildings, electrical,
and instrumentation costs to compute the total capital investment for
each piece of equipment. The annual repair and maintenance cost are
accounted for as 2.5% (Ali Khan et al., 2021) of the total capital
expenditure, with labor costs being determined using the formula

found in R. Turton’s book. The costs for electricity, de-ionized water,
and cooling water are taken from the standards set by the Nepal
Electricity Authority and various water distribution bodies in Nepal.

The sizing factor for the Electrolyzer and the carbon capture unit
was directly taken from literature but the SNG plant uses heat
exchangers and cooling towers to reuse the heat and there were lack
of similar concept was found in the literature hence the major
equipment’s were sized based on the plant schematic in Becker et al.,
2019 and sizing factors in Turton, 2012a book.

3 Economic assessment

After conducting a technical assessment and equipment sizing
for the 2 TPD SNG plant, the cost estimation model was used to
calculate the cost of the required equipments. To enhance the
accuracy of the cost estimation, the costs were cross-referenced
with those provided by suppliers. Selections of NEL-Hydrogen’s “M
Series” MC 500 Electrolyzer and BOSCO INDIA were based on
technical specifications derived from ASPEN simulation for
electrolysis and carbon capture. The total equipment purchase
cost, amounting to 44.14 Million NPR (equivalent to 3.42 Million
USD), was calculated using Eq. 3 and data from Table 3. This
hydrogen production equipment, constituting 62% of the total cost
whereas SNG reactor unit and CO2 production account for 22% and
16% of the capital expenditure, respectively. The considerable
variance in equipment costs is attributed to the notably lower
technology readiness level (TRL) of the hydrogen production
unit. (Pinsky et al., 2020). The Economic Assessment model was
adapted from the economic analysis done by Ghimire et al., 2024.

The annual operating cost encompasses the electricity cost,
determined by the average rate offered by the Nepal Electricity
Authority (NEA). The computation of feed and cooling water
expenses relied on rates provided by Kathmandu Upatyaka
Khanepani Limited (KUKL) and data from R. Turton’s book.
Estimates for annual maintenance costs for the electrolyzer and
other equipment were derived from a study conducted by Ali Khan
et al., 2021. The service period for the PEM Electrolyzer was
established at 40,000 h. In this analysis the stack exchange cost is
not considered in the initial CAPEX and a 19% (Schmidt et al., 2017)
of system is added after every 5 years. Insurance, property tax, and
labour rates were sourced from the Nepal Government website.
(Ministry Of Labour, 2023).

TABLE 2 Details of the sized equipment for synthetic natural gas plant.

Specialized unit Sizing (kW) Input Output Power

Consumption
(kW)

Electrolyzer Unit 2,750 ⁃ 378 l/h deionized Water 42 kg/h H2 at 25 bar and 336 kg/h O2 2,659

⁃ 35,000 l/h Cooling water

CO2 Capture Unit (amine-
based)

330 ⁃ 12.4% CO2 in flue gas at 1.013 bar and 40 ℃ 99.9% CO2 at 25 bar and 25 ℃ 330

SNG Production Unit 96 ⁃ 21.48 kg/h H2 at 25 bar and 20.5 bar and 25℃ 83.33 kg/h of CH4 at100 bar and 25℃ 96

⁃ 236.25 kg/h CO2 at 20 bar and 25 ℃Total 3085

Frontiers in Chemistry frontiersin.org05

Thapa et al. 10.3389/fchem.2024.1347255

108

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2024.1347255


TABLE 3 The scale factor of the sized equipment.

Components Scale factor References

Hydrogen 0.75 (Green and Perry, 2008; Turton, 2012a; Alnouss et al., 2022)

• Electrolyzer Unit 0.84

• Reciprocating Compressor

Carbon Dioxide 0.6

• Carbon Capture Unit 0.84

• Compressor

Synthetic Natural Gas 0.71

• Heat Exchangers 0.6

• Reactors 0.8

• Compressor 0.43

• Pumps 0.6

• Cooling tower 0.65

• Preheater

TABLE 4 CAPEX of the SNG production plant.

System Components/Description
(number)

Size Capital costs Manufacturer/ Source

(Material) (130 NPR/USD)

Electrolyser system Electrolyser Unit (1) 2.5 MW In USD In NPR NEL Hydrogen and Jianggsu
Minnuo Group Co. Ltd

(Compact System with the cooling unit,
water pumps, Deionizer, Controllers))

(SS 316) 1,329,430 171,496,513

Storage tank Buffer Storage Tank 1 set (15 pcs) 1000 L at 45bars 5 377,691 48,722,241 Light Bridge Inc

(SS 316)

Compressor with
Cooling Unit

High-pressure compressor with Heat
Exchanger (1)

25 to 360 Bar 359,691 48,722,241 Jiangsu Minnuo Group Co. Ltd

Carbon Capture
Unit

Reboilers (1), Drivers, Pumps (5), Heat
Exchangers (1) etc.)

15%–17% CO2 to 99.999%
pure CO2

476,000 61,404,000 BOSCO India

(Mainly SS 304, Stripper Tower and
reboiler CS,)

SNG Production
Unit

Heat Exchanger (6) at 2.24 m2 HE area 219,708 28,342,332 ASPEN PLUS Economic Analyzer
and DSB Engineering

Reactor (3) (SS 304) 327,710 42,2742,590 ASPEN Economics and (Becker
et al., 2019)

Others (1) Fixed Bed Reactor with 90%
Cascaded efficiency of 3 reactors

314,332 40,548,828

(SS 316)

Reciprocating Compressor, Pumps,
Cooling Tower, preheaters, etc

Additional Costs Unit Cost

Total Equipment Costs 154% of the total equipment cost USD NPR

Fixed Capital Investment (FCI) (Purchase equipment installation,
Piping, Electrical installation, Building, land, Location factors)

(Towler et al., 2008; Turton, 2012b) 3,422,036 441,442,708

Working Capital Investment 10% 20% of FCI 5,269,936 685,091,707

and Contingency Cost of 10% (Towler et al., 2008) 1,053,987 135,964,354

With no revenue expected during the first operational year, given the construction, establishment, and testing phases, a preliminary liquidity reserve of 10% is included to ensure smooth

operations. Furthermore, a contingency cost of 10% is incorporated into the project budget to address unforeseen fluctuations (Authors Estimation).
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3.1 Economy of scale

An economy-of-scale analysis was conducted based on the
CAPEX and OPEX data from Table 4 and Table 5 for the 2 TPD
plant, along with the sizing factor of various plants and equipment
as outlined in Table 3. The reference commercial scale of SNG
plant is selected such that to replace the use of conventional fuel
(72%) in the Industries of the Makwanpur District as mentioned
in Section 2.1.

The decrease in the levelized cost of Synthetic Natural Gas
(SNG) production is noted as the plant scale is increased as shown in
Figure 3. The most suitable size for investment from the demand
perspective (equivalent energy required) is determined to be a
40 TPD plant, with an approximate levelized cost of production
of 3282.48 USD/ton (423,439 NPR/ton) at an electricity rate of
0.06 USD/kWh (8 NPR/kWh). Beyond this stage, the slope of the
levelized cost decreases, but it surpasses the off-takers. However, the
slope of the LCOE will not saturate and become more profitable at

100 TPD. In this study, the techno-economic assessment was
conducted for both the base scale (2 TPD) and the commercial
or reference (40 TPD) to evaluate the feasibility of such plants
in Nepal.

3.2 Net Present Value

The total CAPEX and OPEX for the 2 TPD and 40 TPD SNG
production units were calculated. In both scenarios, annual OPEX
exceeds CAPEX. Assuming a selling cost of SNG at USD 3.5 per kg
to ensure profit on the cost of production per kg and a positive IRR
for both plant scales. The analysis includes cash flow, NPV, and
discounted payback period determination. Project acceptability is
assessed by comparing the present value of cash inflows to outflows,
known as NPV (Turton, 2012b).

Figure 4 Cash Flow Diagram for 40 TPD SNG Plant and 2 TPD
SNG Plant with Electrolyzer Stack Exchange

TABLE 5 OPEX of the SNG plant.

System Unit Unit cost Total annual cost
(In NPR)

Total annual cost
(In USD)

Source

(In NPR)

Electricity 3085 kW 8/kWh 190,649,030 1,466,531 Aspen Plus/ NEA

Maintenance 2.5% of CAPEX 13,701,740 105,398 (Ali Khan et al., 2021)

Deionized
Water

500 kg/h 0.001USD/kg 569,400 4,380 (Turton, 2012b

Insurance 0.01 (FCI) 6,850,870 52,699 Devkota et al., 2021)

Catalyst 0.0075* (FCI) 5,138,120 39,524 (Becker et al., 2019)

And Liaoning Haitai Sci-Tech Development
Co Ltd

Labor 30 (Turton,
2012b)

750/day 9,931,350 76,395 (Ministry Of Labour, 2023)

FIGURE 3
Economy of the scale for SNG production plant in Nepal.
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PV i( ) I∑N

n�0
An

1 + i( )n

Where, An = net cash flow at the end of period n i = Discount
rate or minimum attractive rate of return (MARR) N = Service life of
the project

The IRR was calculated based on a 25-year service life for the
SNG production plant system and an 8% discount rate, with
corresponding revenues as per the production capabilities
(assuming stack change after every 5 years).

For 2 TPD, the NPV comes out to be USD -2 Million (IRR
4% < 8%) suggesting the proposed scale is economically not
feasible. For 40 TPD, the NPV comes out to be USD 29 Million
suggesting the feasibility of the proposed scale of the plant. The
IRR comes out to be 12% for the electricity tariff rate of 8 NPR/
kWh (0.061 USD/kWh). The discounted payback time for the
40 TPD plant comes out to be at the end of the 13th year with
stack exchange.

3.3 Uncertainty and sensitivity analysis

A Monte Carlo simulation was conducted to assess the
uncertainty regarding statistical data and the key risk factors
associated with investing in the proposed plant. This analysis
involves the generation of a wide range of potential outcomes
and their associated probabilities through 10,000 simulations.
The Monte Carlo simulation was executed using Microsoft Excel
software, with the assistance of an optimistic, pessimistic, and most
likely values for various cost Parameters as represented in Table 6.
Subsequently, the corresponding Net Present Value (NPV) is
calculated and plotted to evaluate the range of NPVs and
determine the probabilities associated with project-related risks.

In aMonte Carlo simulation for a 2 TPD pilot project, NPV ranged
fromUSD 79.9Million (IRR: 24.74%) to USD -9.9Million, with positive
NPV in 40% of cases, as depicted in Figure 4. For a 40 TPD commercial
scale, NPV ranged fromUSD160.7Million (IRR: 38%) to −87.2Million,
showing positiveNPV in over 85%of instances, as illustrated in Figure 4.
The positive NPV does not ensure a project profitability but it can be
taken as an indicator of the risk of failure. The variance in risk
percentage is attributable to differences in profit margins per
kilogram of SNG, particularly high for commercial-scale plants.

TABLE 6 Optimistic, pessimistic, and Most Likely Scenarios for various Cost Parameters of SNG Plant.

Cost parameters Optimistic Most likely Pessimistic

CAPEX

Electrolyzer System 0.6*TCI TCI 1.6*TCI

Carbon Capture Unit 0.9* TCI TCI 1.1*TCI

SNG Reactor Unit 0.9* TCI TCI 1.2*TCI

Other Cost 0.8* (FCI-TEC) FCI-TEC 1.2*(FCI-TEC)

OPEX

Maintenance Cost 0.02*FCI 0.025*FCI 0.03*FCI

Electricity Cost NPR 2/kWh NPR 8/kWh NPR 10/kWh

Labor Costs 4% of all other OPEX 5% of all other OPEX 6% of all other OPEX

Deionized Water cost USD 0.0005/kg USD 0.001/kg USD 0.08/kg

FIGURE 4
Cumulative distribution of NPV for 2 TPD and 40 TPD SNG Plant (left to right).
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Sensitivity analysis was conducted to identify the most
influential parameter affecting NPV. It was found that the most
sensitive parameter is the electricity cost followed by electrolyser
cost both having negative correlation with NPV as shown in
Figure 5. Sensitivity in the Hydrogen production unit is linked to
evolving technology and the current low Technology Readiness
Level (TRL), leading to cost differences between suppliers and
literature. However, the sensitivity of the CO2 and SNG unit is
low, given minimal discrepancies between literature and market
costs for the associated equipment.

Considering the results from the uncertainty analysis, which
highlights the pivotal role of the electricity tariff rate in the study,
sensitivity analysis has been conducted to assess the impact of electricity
cost on the Net Present Value and Internal Rate of Return (IRR) of
SNG production. The analysis reveals that the levelized cost of SNG
production decreases significantly with a reduction in electricity cost,
the cost of electricity was taken feasible such that the IRR >8% and
NPV is positive at the point. It was found that for the 40 TPD plant to
satisfy the condition mentioned above, the electricity cost should be
lower or equal to 0.066 USD/kWh (8.7 NPR/kWh). Similarly, for the
2 TPD plant to be profitable (Positive NPV and IRR >8%), the
electricity cost must be below 0.053 USD/kWh (6.9 NPR/kWh) at
the selling price of 3.5 USD/kg, as shown in Figure 6.

3.4 Assessing market competitiveness of
Synthetic Natural Gas (SNG) production

Figure 5 illustrates the electricity to be most sensitive parameter for
levelized cost of Production (LCOP) and in this analysis different plant
scales were evaluated for the price of electricity at which the LCOP of
SNG becomes cost competitive to the current Liquified Petroleum Gas
(LPG) price. LPGwas selected as the point of comparison due to the lack
of price competitiveness of SNG production costs when compared to

other inexpensive fossil fuels such as coal. Additionally, LPG represents a
substantial portion of imported fossil fuel, further justifying its selection
for comparison purposes. The highest unsubsidized rate of Liquefied
Petroleum Gas (LPG) in Nepal recorded at 227.04 NPR/kg
(1.74 USD/kg) (adapted from Bhandari and Pandit, 2018) and this
amount has been used for the comparison basis.

At a given plant scale if, LCOP of SNG (energy equivalent
to 1 kg of LPG)≤ 227.04NPR

kg the scale is cost competitive to LPG.
The outcomes derived from the graph above demonstrate that, given
a subsidized electricity cost of 4.3 NPR/kWh, plant scales equal to or
exceeding 100 TPDmeet the criteria for comparison and are deemed
economically competitive with LPG. Likewise, to ascertain the
viability of 40 TPD and 2 TPD plants in terms of market
competitiveness against LPG, the subsidized electricity rate must
fall below 3.5 NPR/kWh and significantly below 2.5 NPR/kWh,
respectively as shown in Figure 7.

4 Conclusion

This study involved an economy-of-scale analysis for an SNG
production plant, drawing data from various literature and suppliers.
The SNG as a fuel can act as a balance between the storage of spilled
hydroelectricity from runoff rivers, excessive fossil fuel import, and the
economical adaptability of clean fuel in the current heating
infrastructure. A techno-economic analysis was conducted for a pilot-
scale 2 TPD plant in the Hetauda Industrial district, using technical data
from ASPEN Plus. The 40 TPD plant was found feasible to replace the
use of CO2 emitting fuel with SNG fuel in the Industries of Makwanpur
district. The economy of scale analysis was done to find the effect on the
levelized cost and CAPEX with increasing plant scale.

Economic analyses for both the 2 TPD and 40 TPD plants were
carried out, with CAPEX and OPEX calculated using secondary data
from suppliers and a literature review. The levelized cost of

FIGURE 5
Parameter Sensitivity of SNG Production Plant.
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production for both the commercial and pilot-scale plants was
determined, with a selling cost of 3.55 USD/kg of SNG set to
ensure a positive NPV for the 2 TPD plant. Despite higher initial
capital requirements for the 40 TPD plants, breakeven was achieved
in the 13th year at a discounted rate of 8%. In contrast, the 2 TPD
plant found it difficult to breakeven even at the 25th year. The NPV
for the 2 and 40 TPD plants were calculated at USD -2Million with a
4% (< discount rate, 8%) Internal Rate of Return (IRR) and USD
29.2 Millions a 12% (> discount rate, 8%) IRR, respectively.

Furthermore, the Monte Carlo analysis revealed that the 2 TPD
plant is about two times riskier than the 40 TPD plant from the
investment point of view. Notably, the Monte Carlo equation
emphasized a substantial negative correlation between NPV and
electricity cost, surpassing correlations with other factors.
Consequently, the plants’ sensitivity to electricity rates was simulated,
concluding that both scales of plants can become profitable if the
electricity cost could be reduced below 6.9 NPR/unit at 3.5 USD/kg
selling price. However, for SNG to effectively compete with the LPG
market inNepal, electricity costs should be lowered to 3.5NPR/kWh for
the 40 TPD plant and well lower than 2 NPR/kWh for the 2 TPD plant.

Overall, the viability and scalability of the SNG plant in Nepal
depend upon the support from government policies such as promoting
affordable electricity for clean fuel application, categorisation of clean
fuels as premium fuels, etc. Additionally, the integration of carbon
financingmechanisms and use of flue gas heat in the carbon capture can
reduce the utility cost and can further enhance the business’s feasibility.
It should be noted that this study is constrained by the precision and
reliability of simulation software and data obtained from the literature.
The study primarily concentrates on SNG production and does not
delve into the specifics of auxiliary components. This study is positioned
to serve as a stimulus for further research, contributing to policymakers’
and investors’ comprehensive understanding of prospects and enabling
well-informed decision-making.
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FIGURE 6
NPV v/s IRR v/s per unit Electricity tariff cost (in NPR) for 40 TPD and 2 TPD plant (left to right).

FIGURE 7
Electricity Rate vs. Feasible Scale of SNG Production Plant (in comparison to LPG prices in Nepal).
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The epoch of Nano-biomaterials and their application in the field ofmedicine and
dentistry has been long-lived. The application of nanotechnology is extensively
used in diagnosis and treatment aspects of oral diseases. The nanomaterials and
its structures are being widely involved in the production of medicines and drugs
used for the treatment of oral diseases like periodontitis, oral carcinoma, etc. and
helps in maintaining the longevity of oral health. Chitosan is a naturally occurring
biopolymer derived from chitin which is seen commonly in arthropods. Chitosan
nanoparticles are the latest in the trend of nanoparticles used in dentistry and are
becoming themost wanted biopolymer for use toward therapeutic interventions.
Literature search has also shown that chitosan nanoparticles have anti-tumor
effects. This review highlights the various aspects of chitosan nanoparticles and
their implications in dentistry.

KEYWORDS

chitosan, sustainable nanomaterials, organic-inorganic hybrid nanomaterial, bio-
medical applications, dentistry

1 Introduction

Over the years, scientific progress in the field of biomedicine has paved the way for the
evolution of newer nano-biomaterials which have proved to be progressively efficient and
biocompatible. The process of extraction of marine-based nano-biomaterials is at its peak
with lot of relevant research being conducted on the same (Bonderer et al., 2008; Ghosh and
Urban, 2009). Recent literature search has shown that marine based nano-biomaterials like
chitosan is used extensively in medical and dental fields (Ladet et al., 2008; Jones, 2010). As
stated in the “European Commission’s Recommendation”, nanomaterial can be elaborated
as a natural or synthetic material incorporated with particles, in a bound or unbound state,
where 50% or more of the particles are in the range of 1–100 nm (Raura et al., 2020). One of
the most commonly used nanoparticle in dentistry is silver (Ag) which has been used in
contrasting forms of carbon substrates and ion-oxide species. Nanoparticles are procured
with unique physiological and chemical properties like nano-size, better chemical
wettability and reactivity and larger surface to volume ratio for better bonding
characteristics (Boverhof et al., 2015). These properties of the nanoparticles have been
immensely used in treatment of oral—health related problems like treatment of dentinal
hypersensitivity, eradication of oral biofilms, diagnosis and treatment of oral cancers.

The chemical nature and properties of chitosan like biodegradability, non-toxicity and
bioacompatibility lends it to be sustainable. Chitosan is a natural nanopeptide obtained
from the purification of chitin which is the main ingredient found in the exoskeletons of
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marine crustaceans like crabs and prawns (Paul and Sharma, 2004;
Younes and Rinaudo, 2015). Other major sources of chitin include
fungi (Blumenthal and Roseman, 1957; Merzendorfer, 2011), insects
like silkworm, waxworm, etc (Finke, 2007; Mohan et al., 2020),
certain spore-bearing plants like mushrooms, fungi (Wu et al., 2004;
Vetter, 2007; Ifuku et al., 2011; Nitschke et al., 2011) and molluscs
like snail, oysters, etc (Kurita, 2001; Manni et al., 2010; Rasti et al.,
2017; Taser et al., 2021). This macromolecule is processed by the
repeated formation of D-glucosamine, which is further extracted
from de-acetylation of chitin which is a byproduct of marine shells.
During the manufacturing process, the shells and the exoskeleton of
these marine creatures undergo de-proteinization to form insoluble
chitin (CH) which is then converted to CS (Chitosan soluble under
acidic conditions) by the removal of acetyl groups (Figure 1).

Chitin (CH) is considered as the second most abundant
polysaccharide after cellulose (Elieh-Ali-Komi and Hamblin,
2016). This natural amino-polysaccharide copolymer is the
building block of the exoskeleton of the marine crustaceans

giving them durability and stability against the natural forces.
Through enzymatic de-acetylation, chitosan (CS), derivative of
chitin is formed. Chitosan is a natural fiber, analogous to
cellulose and cannot be digested. This biomaterial is natural,
biocompatible, hydrophilic and has a broad antimicrobial and
antibacterial spectrum. These natural occurring biopolymers
(Chitin and Chitosan) are profusely being used for biomedical
applications. Table 1 summarizes the characteristic differences
between chitin and chitosan (Imai et al., 2003; Eijsink et al.,
2010; Azuma et al., 2015). Chitosan (CS) is composed of
N-acetyl glucosamine and glucosamine polymer units (Figure 2)
which is derived from Chitin (CH).

Chitosan (CS) has wide range of commendable properties that
have been used as a marker for biomedical research. Chitosan has
been shown to have positive response for osteo-conductivity when
amalgamated with bioactive compounds like Poly-caprolactone
(Hayashi et al., 2007; Ignatova et al., 2007; Sarasam et al., 2008;
Fakhri et al., 2020). These distinctive characteristics have made a

FIGURE 1
Diagrammatic illustration of de-acetylation process of chitin to chitosan.

TABLE 1 Chemical analysis of Chitin (CH) and Chitosan (CS).

Characteristics Chitin (CH) Chitosan (CS)

Molecular weight Mw > 1000 kDa Mw > 100 kDa

Chemical name β-(1–4)-poly-N-acetyl-D-glucosamine (1,4)-2-Amino-2-deoxy- beta-D-glucan

Empirical formula (C8H13NO5)n (C6H11NO4)n

Water solubility Water insoluble Poorly soluble

Sources Exoskeleton of marine crustaceans Derivative of Chitin

Enzymes for synthesis Chitin synthase Chitinase
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remarkable entry in the field of tissue engineering and biomedical
research (Guo et al., 2006; Panahi et al., 2017; Farhadian et al., 2018;
Shrestha, 2018). Additionally, Chitosan has also been used as a
scaffold substrate for regenerative medicine (Shi et al., 2006;
Vázquez et al., 2015) and substratum for growth factor delivery
for wound healing (Caetano et al., 2015; Vijayan and Kumar, 2019).

Chitosan is considered to be the only cationic poly-
aminosaccharide which can be chemically altered based on the
property and function (Fakhri et al., 2020). The degree of
deacetylation has a strong influence on its physio-chemical-
biological nature. Chitosan and it is by products like chitosan
oligosaccharides are similar in nature. These nano-biopolymers
can be broken down into simpler compounds through enzymatic
process which are biocomapatible and based on required
application, they can be modified through chemical or enzymatic
reactions to variegated smaller conjugates and various forms like
gels, fibers, and sponges (Xia et al., 2011; Qin and Li, 2020). Chitosan
and its analogues based on their multitudinous features like cross-
linking can be a vital source for the conglomerates of various
biomedical materials (Pichayakorn and Boonme, 2013; Li
et al., 2014).

Chitosan is well known for its antimicrobial activities, but there
are several theories based to this property of chitosan (Rabea et al.,
2003; De Carvalho et al., 2011). One theory explains that when
chitosan comes in contact with bacterial cell wall, it displaces the
calcium ions of the cell membrane resulting in destruction of the
membrane (Yadav and Bhise, 2004). Various literature has shown
that chitosan is an effective anti-plaque agent and enhances the
periodontal health by minimizing the colonies formed by
Porphyromonas gingivalis, Actinobacillus actinomycetemcomitans
and Prevotella intermedia (Ikinci et al., 2002; Hanes and Purvis,
2003; Akncbay et al., 2007). In animal studies, chitosan has
manifested high potency of biocompatibility and shown to have
positive response with implantation of nanomaterials (Levengood
and Zhang, 2014; Oryan and Sahvieh, 2017; Li et al., 2021; Sivanesan
et al., 2021). Various synthetic monologues of chitosan and their
properties are categorized in Figure 3.

The framework of dental materials still holds a place for
improvement and lot of research has been carried out for the
scope of amelioration. The aim of this review is to highlight the
applications of chitosan in dentistry and emphasize its importance
in the treatment of various oral diseases. The bioactive properties of

FIGURE 2
Chemical representation of Chitin to Chitosan.

FIGURE 3
Synthetic monologues of Chitosan.
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chitosan help in synthesis of various drugs and scaffolds for pulpo-
dentinal regeneration. Chitosan has shown excellent
oseteoconductivity, proliferation of osteoblasts, and mesenchymal
cells thereby inducing in vivo neovascularization. (Kim et al., 2008;
Costa-Pinto et al., 2011; Saravanan et al., 2013). Chitosan with the
above-mentioned properties, makes it the most suitable component
for tissue engineering. (Saranya et al., 2011; Sacco et al., 2018; Islam
et al., 2020).

Chitosan is the only polycationic nanopolymer and its charge
frequency hinges on the degree of acetylation and the pH condition
of the media. The solubility of the chitosan depends on molecular
weight and acetylation degree. High molecular weight chitosan
molecules are easily soluble in acidic media. Hence enormous
number of chitosan synthetic derivatives with increased solubility
are produced. (Saranya et al., 2011).

The physiochemical properties of Chitosan are shortlisted
in Figure 4.

2 Bio-dental applications of chitosan
and its derivatives

Chitosan distinctive properties like biocompatibility (Zhang
et al., 2002; Rodrigues et al., 2012; Norowski et al., 2015; Elieh-
Ali-Komi andHamblin, 2016), bioactive nature (Saranya et al., 2011;
Prabaharan, 2014; Ainola et al., 2016; Sacco et al., 2018; Islam et al.,
2020), antifungal and antimicrobial (Goy et al., 2009; Sahariah and
Másson, 2017; Hassan et al., 2018; Kim, 2018; Yilmaz, 2020),
anticancer activity (Wimardhani et al., 2014a; Adhikari and
Yadav, 2018; Kim, 2018; Alamry et al., 2020) and ability to whisk
with other materials.

Chitosan is a natural biopolymer which is easily available and
extracted from natural sources. Its biomedical nature makes it one of
the most efficient natural nanoparticle which can be used in

dentistry. The anti-inflammatory, antifungal, antibacterial,
anodyne effect, mucoadhesiveness, osseintegrative property makes
it most viable material to be integrated in dentistry. It was also
observed that when chitosan was laser coated with chitosan, the
osteoblastic activity was enhanced which helps in better
remineralization effects. Chitosan, when modulated with apatite
coating, enhanced the bioactivity of chitosan which improves the
physiological response. (Zhang et al., 2002; Rodrigues et al., 2012;
Norowski et al., 2015).

2.1 Classification of nanoparticles
in dentistry

Nanoparticles are classified on the basis of origin, dimension,
and structural configuration (Hassan et al., 2018; Raura et al., 2020).
The classification is summarized in Figure 5.

2.2 Synthesis of nanoparticles in dentistry

There are two main approaches for the synthesis of
nanoparticles (Figure 6):

1) Top-down approach: In this approach the bulk of the material
is made to shrink to a nanoscale structure with specialized
treatments like grinding, ablation, etching, and sputtering.
These techniques are used for manufacturing micron sized
particles. This is a simpler technique involving miniaturization
of the bulk material to a small sized structure with desired
properties. The basic drawback of this technique is the
imperfection of the surface architecture. Nanowires made
by lithography is an example of top-down approach (Yanat
and Schroën, 2021; Abid et al., 2022; Indiarto et al., 2022).

2) Bottom-up approach: In this latter approach the material is
made to undergo chemical reactions. This technique is
economical, and boasts of reduced wastage of the material.
This refers to building-up of the material; i.e., atom-by-atom,
molecule-by-molecule, or cluster-by cluster. Some of the well-
known bottom-up techniques are organo-metallic chemical
route, revere-micelle route, sol-gel synthesis, colloidal
precipitation, hydrothermal synthesis, template assisted sol-
gel, electrodeposition etc. Luminescent nanoparticles are an
example of bottom-up approach (Yanat and Schroën, 2021;
Abid et al., 2022; Indiarto et al., 2022).

Besides these, there are some physical, chemical and biological
methods for synthesis of nanoparticles which are enlisted in Table 2
(Yanat and Schroën, 2021; Abid et al., 2022; Indiarto et al., 2022).

Chitosan is cationic polymer and is efficacious against fungi and
bacteria. This microbial action is attributed to the reactive hydroxyl
groups at the C-3 and C-6 positions, the structure, physicochemical
traits, and environmental factors of chitosan. Chitosan with it is
High-MW, potential antimicrobial effects included serving as a
chelator of critical metals, inhibiting nutrients from being taken
up extracellularly from cells, and changing cell permeability because
it is typically unable to permeate the cell wall and cell membrane.
Nevertheless, low-MW chitosan affects RNA, protein synthesis, and

FIGURE 4
Summarization of properties of Chitosan.

Frontiers in Chemistry frontiersin.org04

Mascarenhas et al. 10.3389/fchem.2024.1362482

119

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2024.1362482


mitochondrial function in addition to having extracellular and
intracellular antibacterial activity. Moreover, the kind of bacteria
that chitosan is targeting greatly influences its manner of
antimicrobial action. (Ke et al., 2021).

1) Antimicrobial Activity against Bacteria

The cell wall structures of Gram-positive and Gram-negative
bacteria differ significantly; Gram-positive bacteria have thicker

peptidoglycans, whereas Gram-negative bacteria are more
abundant in lipopolysaccharides (LPS). Because LPS is frequently
linked to phosphorylated groups, Gram-negative bacteria have a
greater negative charge than Gram-positive bacteria. When the
pH of the surrounding environment is lower than 6.5, cationic
chitosan can attach to phospholipids on more negatively charged
cell surfaces. Gram-negative bacteria may be more sensitive to
chitosan than Gram-positive bacteria, according to certain theories.

Gram-positive bacteria’s teichoic acids are negatively charged as
well because of the phosphate groups that are present in their structure.
Nevertheless, Staphylococcus aureus developed a greater
resistance to chitosan with loss of the teichoic acid production
pathway, suggesting that chitosan’s mechanism of action involves
more than just electrostatic interactions. Interestingly, research
have shown that DNA transcription can be inhibited by chitosan
(≤50 kDa) that can penetrate the cell wall. Therefore, even
though chitosan’s molecular size (MW) is crucial for targeting,
chitosan’s structure—rather than its MW—determines whether it
has extracellular, intracellular, or both extracellular and
intracellular antibacterial action.

2) Antimicrobial Activity against Fungi

Chitosan has been demonstrated to have fungicidal effects on a
variety of human and plant fungal diseases. The way chitosan
interacts with the cell wall or membrane is mostly responsible for
its antifungal qualities. However, the MW and level of deacetylation
(DDA) of chitosan, the pH of the solvent, and the kind of fungus
being targeted are all strongly correlated with the minimum
inhibitory concentrations (MICs) of chitosan against fungi.
Additionally, it has been suggested that there may be a positive
correlation between the amount of unsaturated fatty acids on the cell
membrane and chitosan susceptibility. This is because a higher
amount of unsaturated fatty acids promotes improved membrane
fluidity, which increases the negative charge on the membrane. The
contrasting traits between chitosan-resistant and chitosan-sensitive
The presence of unsaturated fatty acids in cell membranes is

FIGURE 5
Classification of various nanoparticles used in dentistry.

FIGURE 6
Diagrammatic representation of synthesis of nanoparticles.
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associated with strains of Neurospora crassa. Low-MW chitosan has
the ability to pierce both the cell surface and wall, which inhibits the
creation of proteins and DNA/RNA.

2.3 Applications of chitosan in dentistry

Chitosan has a plethora of applications in the field of dentistry. A
schematic diagram summarizing the same has been given below
(Figure 7). (Agrawal et al., 2023; Arora et al., 2023; Nava Juárez,
2023; Paradowska-Stolarz et al., 2023; Qu et al., 2023; Minervini
et al., 2024)

2.3.1 Oral drug delivery systems
A lot of research has been conducted to confirm the potentiality

of chitosan as an oral drug carrier. The basic aim of drug delivery
analogues is to produce controlled and sustained release of drugs
with prolonged contact time for a specified target with reduced
dosage. This results in improving the drug efficacy and reduced side
effects of systemic administration (Zivanovic et al., 2007;
Priyadarsini et al., 2018). Research has shown that Chitosan-
based composites (CBCs) are used to make full-bodied drug
delivery carrier systems that have high mechanical strength;
maintain good contact time and sustain release of the drug when
they are in close contact with the oral mucosa. Chitosan based

TABLE 2 Physio-Chemico-Biological methods for synthesis of Nanoparticles.

Physical methods Chemical methods Biological methods

High energy Ball milling Sol-Gel synthesis Microorganisms assisted biogenesis

Inert Gas Condensation Micro-emulsion Technique Bio template assisted biogenesis

Pulse Vapor Deposition Hydrothermal synthesis Plant extracts assisted biogenesis

Laser Pyrolysis Polyol synthesis

Flash Spray Pyrolysis Chemical Vapor synthesis

Electro spraying Plasma enhanced Chemical Vapor deposition

Melt mixing

FIGURE 7
Applications of chitosan and its derivatives in dentistry.
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composites have been used in treatment of oral diseases (Dhand
et al., 2015; Huang et al., 2016; Jeyaraj et al., 2019; Sanap et al., 2020).

The Food and Drug Administration (FDA) has approved
Chitosan to be used as food supplement. Oral Chitosan
nanospheres are non-toxic in nature and help in prolonged
activity of drug at the site of pathology (Saboktakin et al., 2010;
Stenhagen et al., 2019; Hu et al., 2020). Chitosan has been shown to
have promising ingredients for drug delivery of various organic
molecules like DNA, RNA, and various growth factors (Zhang et al.,
2011; Soran et al., 2012; Abdel Mouez et al., 2014; Ding et al., 2017).

The proton-amino groups on D-glucosamine of the CS
microstructure undergoes electrostatic linkage with negatively
charged mucus layer and then invades the deepest layers of the
epithelium (Kumari and Singh, 2013; Singh et al., 2013). Based on
the mucoadhesive property, chitosan can be used as vehicle for drugs
which are administered through various routes like nasal, buccal, ocular,
and pulmonary (Keegan et al., 2012; Wang et al., 2013). The insoluble
nature of chitosan can be modified through chemical alterations like
carboxymethylation, acetylation, thiolation, quaternization, etc (Aguilar
et al., 2019; Bakshia et al., 2019). Modified chitosan such as Quaternized
chitosan with positive ions, thiolated chitosan obtained by chemical
alteration of amino groups with thioglycolic acid, carboxymethyl
chitosan and N-acylated chitosan are profusely used in
pharmaceutical industry due to increased solubility, high pH, high
mucoadhesive property and improved drug penetration
(Khutoryanskiy, 2011; Bernkop-Schnürch and Dünnhaupt, 2012;
Mansuri et al., 2016; Bakshia et al., 2019). CS based drug delivery
systems are highly used in the treatment of dental caries, periodontitis,
pulp space therapies and prolonged anesthesia.

The adverse effects of systemic administration of drugs have resulted
in poor patient compliance; so, to overcome this, local drug deliveries for
periodontal pockets has come to the forefront. Local drug delivery
systems permit prolonged release of the drug in periodontal pockets with
a long contact time resulting in better treatment outcome (Chen et al.,
2017; Zhang et al., 2018a; Wang et al., 2020). These systems act as an
adjunct to oral prophylaxis and decrease the systemic adverse effects.

Chitosan nanoparticles have been shown to have anti-
inflammatory effects on human gingival fibroblasts by reducing
the number of receptors on inflammatory cytokines and chemokines
such as IL-1β, TNF-αand CXCL-8. Various studies have shown that
human gingival fibroblasts tend to have increased metabolic ability
and cellular viability in the presence of chitosan nanoparticles which
help in reconstitution of gingival tissue (Goodson et al., 1985;
Mahmood et al., 2017; Shen et al., 2017).

Chitosan microspheres are spherical patches ranging from few
micrometers to 1000 µm and contain medicinal agents in a
polymerized matrix. These patches protect against salivary
digestive enzymes and can be applied in mucosal membranes
and sub-gingival sites (Greenstein and Polson, 1998; Joshi et al.,
2016). Recently, there are micro-formulations of chitosan with
anionic bio-particles like alginate, xanthan gum, hyaluronic acid
and pectins. These micro-formulations are termed as polyelectrolyte
complexes (PEC) which provide sustained release of drugs and are
less toxic when compared to cross-linked polymers (Agnihotri et al.,
2004; Sinha et al., 2004; Arancibia et al., 2013; Silva et al., 2013;
Babrawala et al., 2016). Yadav and co—workers in a study used
chitosan, calcium and sodium alginate combination microspheres to
contain antibiotics like ornidazole and doxycycline and proved the

efficacy, muco-adhesive activity and biodegradability of these
microspheres (Yadav et al., 2018). Many attempts to combine
microspheres and hydrogel to provide two-layered barrier system
has been tried (Zhao et al., 2014).

Chitosan nanoparticles have propitious results when treating
oral pathologies. These group drug delivery devices benefit from the
small particulate size and the innate characteristics of the polymer.
Owing to sizing of the nanoparticles, these particles can penetrate
through impervious barriers and also contact the tissues over a larger
surface area (Fakhri et al., 2020). These chitosan nanoparticles
protect the gastrointestinal tract from enzymatic degradation and
acidic environment (Wang et al., 2011; Alcaraz et al., 2016). The
beneficial aspects of chitosan nanoparticles encapsulated with
antibiotics like doxycycline (Madi et al., 2018; Hu et al., 2019),
silver nanocrystals (Xue et al., 2019), tetracycline (Parsa et al., 2019)
and ciprofloxacin (Zhao et al., 2013) have been studied and
confirmed. A lot of research is conducted on chitosan/PLGA
(Polylactic co-glycolic acid) nanoparticles and has shown to have
improved stability, enhanced drug release and non-toxic behavior
(Lu et al., 2019). Chitosan laden PLGA, Lovastatin and Tetracycline
nanoparticles have been explicated and have been revealed to induce
osseous formation, alkaline phosphatase activity, biocompatibility,
antibacterial activity and controlled and sustained release of these
drugs to treat existing pathological condition (Lee et al., 2016).

Chitosan nanofilms are gaining popularity and are effectively
used in the interproximal pockets (Salari et al., 2018). The
advantages of films as drug delivery devices include
biodegradability and ease of placement without intervening with
daily activities. The films can be altered and adjusted according to
the size of the defect site (Soskolne, 1997). The placement of films in
the oral cavity gets disturbed due to saliva and its lubricating efficacy.
Muco-adhesiveness is considered to be a pre-requisite property for
the manufacturing of nanofilms. In a study by Ghafar et al., thiolated
chitosan based nanofilms were introduced for the release of calcium
fluoride for dental caries and for the release of lignocaine for
diminishing pain. Based on this study, it was found that the thiol
groups from the films get released and interact with the oral mucosa for
long duration increasing the contact time of the drug, and also
regulating the release of fluoride. Hence, thiolated chitosan based
nanofilms can be suggested for oral problems (Ghafar et al., 2020).
Chitosan–alginate complex films are durable, have improved physical
and mucoadhesive properties. These films are said to have higher
alginate content with increased concentration which aids in slow drug
release (Kilicarslan et al., 2018). CS-alginate films have been used to
incorporate natamycin and silver nanoparticles (da Silva et al., 2013).
Chitosan laden with risedronate and zinc hydroxyapatite (CRZHF)
films are introduced for treatment of periodontitis as anti-resorptive
medicament. These CRZHF films are flexible and have good
mucoadhesive strength resulting in hard detachment after the
placement of the film into the periodontal pockets. Clinical trials
with CRZHF have shown increased alkaline phosphatase activity,
resulting in bone formation and improved successful treatment
outcome (Khajuria et al., 2018). Chitosan-based films with local
anesthetics have been implemented to relieve pain and discomfort in
patients. Chitosan/collagen films incorporated with lidocaine, tetracaine
and benzocaine for effective delivery of local anesthetics have also been
tried. These films have good mucoadhesion, and improved flexibility
(DiMartino et al., 2019).
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Another form of drug delivery systems are chitosan gels. These
gels include drug macromolecules incorporated into the polymeric
structure and help in controlled and sustained release of the drug.
These hydrogels are manufactured by chemical crosslinking to form
permanent bonds and physical crosslinking to form provisional
bonds. These cross-linked hydrogels have good viscosity, high
mucoadhesive properties, better injectability and prolonged
release of the drug at the site (Bhattarai et al., 2010). Chitosan
gels combined with 15%metronidazole have been used as an adjunct
to mechanical debridement for periodontitis to improve the
treatment outcome (Akıncıbay et al., 2007). Recently,
thermosensitive gels have been introduced into dentistry; these
hydrogels reform their gelation nature according to alterations in
temperature and display sol-to gel transformation when
administered into the body. The first thermosensitive hydrogel
composed of chitosan, quarternized chitosan and β-
glycerophosphate was introduced against periodontal pathogens
like P. gingivalis and P. intermedia (Akncbay et al., 2007; Ji et al.,
2010). Chitosan, β-GP hydrogel in injectable form packed with
ornidazole and BMP-7 was used for periodontal regeneration of
furcation defects (Bansal et al., 2018). Bacterial plaque causes low
pH environment in the oral cavity which can alter the release of
the drugs from the hydrogel in situ. To overcome this,
pH sensitive hydrogels like N-carboxymethyl chitosan-based
hydrogel, injectable chitosan-grafted-dihydrocaffeic acid/
oxidized pullulan hydrogel, etc. have been introduced. These
hydrogels are pH- dependent and exhibit good swelling behavior,
drug release and muco-adhesiveness. These hydrogels are well-
known for cancer therapy and tumors which create an alteration
in pH in the oral environment (Liang et al., 2019). Hydrogels
which control the drug release have been found to be very
efficient with characteristics like eletro-responsiveness and
pH sensitivity and are manufactured by implanting polyaniline
onto chitosan and crosslinking with oxidized dextran (CS-P/
DO). These hydrogels are cyto-compatible and biodegradable
(Alinejad et al., 2016).

Chitosan fibers also form one of the recently introduced drug
delivery systems. Chitosan has known to have high fiber-forming
property. Chitosan fibers are constructed through
electrospinning process producing fibers ranging from
nanometers to micrometers. CS fibers are extravagantly used
for neural and osseous tissue engineering. These fibers tend to
have low molecular weight; hence they are reticulated with
epichlorohydrin, hydroxyapatite, PLGA, poly-caprolactone,
cellulose, polyvinyl alcohol, etc. (Wei et al., 1992; Tanir et al.,
2014). The Electrospun chitosan fibers with drug are potentially
used in guided tissue engineering. Chitosan-Polycaprolactone
cross-linked with metformin membrane stimulates bone
formation, alkaline phospahatase activity and mineralization
of bone mesenchymal stem cells (Zhu et al., 2020). Chitosan-
Gelatin nano-carriers laden with calcium hydroxide are used for
endodontic infections for sustained release of calcium hydroxide
for longer duration. The combination of chitosan with calcium
hydroxide has shown excellent antibacterial activity against
endodontic pathogens like Enterococcus faecalis (Shaik et al.,
2014; Malinowska et al., 2017). Table 3 mentions a list of a few of
the many studies on nanoparticle drug delivery modes with
antibiotics.

2.3.2 Alteration of antimicrobial agents
The positively charged amino groups of N-acetyl glucosamine

combines with negatively charged ions of the bacterial cell wall
containing lipids, phospholipids, carbohydrates and proteins (Kong
et al., 2010). This basis remains the same for fungal and viral micro-
organisms. The underlying mechanism for the antibacterial action of
chitosan is still not clear, but the theories state that the amino groups
interact with the negatively charged particles of bacterial cell wall
leading to cell wall leakage, increasing the permeability and
ultimately leading to cell destruction (Matica et al., 2019).
Another theory for the mechanism of action of chitosan believed,
is that the low molecular weight of chitosan can penetrate the
bacterial cells and impede the bacterial activities like RNA and
protein synthesis. High molecular weight molecules of chitosan
particles >100 kDa, tend to deposit a polymer material around
the cell membrane and cuts down the nutrient supply (Younes
et al., 2014). However, the bio-properties of chitosan are magnified
by decreasing the deacetylation process and modifying the pH of the
environment (Lim and Hudson, 2004; Li et al., 2016).

On the whole, intensifying the positive charges of chitosan
molecules increases the electrostatic reciprocity with the cellular
contents and thereby increases the antimicrobial efficacy of chitosan.
Certain cross-linking methods like carboxymethylation, sulfonation,
quaternization, and phosphorylation enhance the solubility of
chitosan and increase its antimicrobial efficiency (Lim and
Hudson, 2004; Xu et al., 2011). Quaternized chitosan and its
derivatives have been extensively studied on the aspects of their
antimicrobial efficacy and shown to have the best results (Zhang
et al., 2002; Ignatova et al., 2007; De Carvalho et al., 2011; Wang
et al., 2016; Xu et al., 2018). Ammonium salts of Chitosan are shown
to be highly effective against E. coli and S. aureus (Kim et al., 1997).

Chitosan and its compounds are effective on fungal and bacterial
substrates. Congregation of literature has divulged the efficacy of
chitosan film onmedical instruments against contamination (Ghosh
et al., 2011; Islam et al., 2019). Based on the efficacy, chitosan can be
cross-linked to tissue conditioners or denture adhesives and help in
the prevention of denture stomatitis (Lee et al., 2018;
Namangkalakul et al., 2020). Tissue conditioners made of
chitosan and chitosan oligosaccharide are excellent alternatives
for treatment of denture stomatitis. High anti-microbial property
and water solubility of Chitosan oligosaccharide makes it an ideal
choice for reducing Candida albicans infections. Tissue conditioners
made of quaternized chitosan can be used as provisional lining
materials for treating denture stomatitis (Saeed et al., 2019).

Chitosan has played a vital role in the treatment of endodontic
infections. Calcium hydroxide cross-linked with chitosan as intracanal
medicament has been effective in reducing the periapical infections.
Chitosan has anti-biofilm property which aids in controlling the
microbial load and effective against E. faecalis, Streptococcus mutans,
and various other microbes (Elshinawy et al., 2018; del Carpio-
Perochena et al., 2017; Loyola-Rodríguez et al., 2019; Ganss et al.,
2011; Young et al., 1997; Ganss et al., 2014). Antibacterial efficacy of
endodontic sealers incorporated with chitosan has been seen to be
effective for longer periods of time (Pini et al., 2020).

2.3.3 Alteration of oral health products
Use of oral hygiene products like toothpastes, brushes and mouth

wash plays a very key role in oral hygiene maintenance. Dentifrices are
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known to fend off the demineralization effects of tooth substrate due to
acidic drinks. Numerous dentifrice formulations have been studied and
enlisted in table 4. Various toothpaste preparations containing
nanoparticles with hydroxyapatite, 5% KNO3, etc., aim at providing
fluoride (F) release towards tooth re-mineralization of enamel substrate.
In a study by Ganss et al., a non-fluoride, chitosan-based dentifrice
(Chitodent® (B&F)) was investigated and showed significant reduction in
tooth tissue loss (Costa et al., 2014). This was attributed to the cationic
character of chitosan combined with low pH, and affinity to bind to
negatively charged structures like enamel and dental biofilm. The
presence of nanoparticles like chitosan helps in formation of organic
protective layer over the mineralized structures (Costa et al., 2014; Farias
et al., 2019; Pini et al., 2020). Certain toothpastes containing Strontium
(Sr) and potassium nitrate have shown to diminish the erosion of dentin
(Covarrubias et al., 2018). F/Sr containing toothpastes combined with
chitosan tend to have anti-erosive and anti-abrasive properties. Pini et al.,
in their study concluded that increasing the viscosity of chitosan to F/Sr
toothpaste, helps in complete inhibition of enamel tissue loss thereby
retaining the enamel surface (Costa et al., 2014).

Recently, a lot of research has been involved in the manufacture
of chitosan-based oral hygiene maintenance products like
mouthwash, varnishes, nanogels (Table 4). Costa and his co-
workers, studied the efficacy of chitosan based mouthwashes on
biofilm formation and microbial attachment of E. faecalis, C.
albicans, S. mutans and P. intermedia and concluded that these
mouth washes are effective in controlling dental caries, periodontal
problems and fungal infections. Various formulations of
mouthwashes like Mentha piperita essential oil (MPEO) with
chitosan have shown to have prolonged anti-caries effects.
Currently, a new lineage of anti-carious products containing
combinations of metallic compounds like silver or copper with
chitosan have been experimented and documented that chitosan
undergoes electrostatic interaction with tooth structure and bacterial
cell wall, thereby escalating anti-biofilm property (Arnaud et al.,
2010; Costa et al., 2014; Zafar and Ahmed, 2014; Wassel and
Khattab, 2017; Covarrubias et al., 2018; Farias et al., 2019).

2.3.4 Re-mineralization of enamel
Restoration of lost enamel is one of the most challenging tasks in

dentistry since enamel is formed only once in the human body and is
avascular (Zhang et al., 2018b). Various bioactive dental materials have

been developed for regeneration of enamel but till datemajority of them
are disbelieving. Chitosan structure gets protonated with free amino
groups and creates a positive charge around it. This property helps
chitosan to bind to negatively charged structures like tooth enamel. In
addition, chitosan can invade into the deeper layers of enamel
producing mineral content and thereby helping in re-mineralization
of carious lesions. Hence, chitosan-based materials help in re-
mineralization of lost enamel and prevent the progression of carious
lesions (Ren et al., 2019; Zhang et al., 2019). In a study, it was
demonstrated that Chitin-bioglass complex helps in deposition of
mineral content and refines the eroded or carious enamel surface;
improves the microhardness of surface and sub-surface areas. Chitosan
nanoparticles coupled with amelogenin in the form of hydrogel help
calcium and phosphate ions to reorganize and form enamel like
structure. (Ren et al., 2019). The above-mentioned hydrogel has got
excellent anti-bacterial and re-mineralization capacities.

2.3.5 Bonding to tooth structure and adhesion
mechanism with chitosan

The resin-dentin bond and the longevity of the bond strength
has received a lot of attention and is being researched upon. Dental
materials like composites are used for bulk filling and dentin
replacement which tend to cause polymerization shrinkage and
involves technique sensitive steps like acid etching and bonding,
and removal of smear layer (Murray et al., 2003). When there is
incomplete removal of smear layer, the resin monomer does not flow
in properly resulting in polymerization shrinkage and ultimately
microleakage (Chen et al., 2003). To overcome this demerit, chitosan
hydrogels and polymeric bio adhesives have come into demand. In a
study, chitosan hydrogels incorporated with propolis, β carotene
and nystatin were evaluated and shown to have increased shear bond
strengths over a period of time. The shear bond strengths with
respect to chitosan hydrogel have been deemed higher than
conventional dentin-bonding systems (Perchyonok et al., 2013).

2.3.6 Chitosan coated dental implants
The extent of osseo-integration of dental implants with alveolar

bone marks the clinical outcome of the dental implants (Javed et al.,
2014; Alghamdi, 2018). To improve the osseo-integration effects,
numerous methods such as chemical surface treatments, and surface
coating for implants have been tried and shown favorable results

TABLE 3 Studies illustrating on the drug delivery modes with antibiotics.

Ref Type of delivery
system

Biomaterial/
Polymer

Drug inoculated Conclusions

Goodson et al.
(1985)

Hydrogel Chitosan 5% Tetracycline • Great antibacterial activity against Gram-negative and
Gram-positive bacteria

• Can be used as wound dressing

Greenstein and
Polson (1998)

Nanospheres Chitosan Ciprofloxacin • Excellent antibacterial activity against E. coli

Agnihotri et al.
(2004)

Polyelectrolyte films Chitosan + Alginate Clindamycin • Good drug delivery system for periodontal therapy

Ghafar et al. (2020) Nanoparticle Chitosan + Dextran IL-17RB siRNA and
doxorubicin (DOX)

• Co-delivery of IL17RB siRNA and DOX have shown
excellent results in the treatment of breast cancer

Khattak et al. (2019) Intracanal medicament Chitosan Calcium hydroxide + Triple
antibiotic paste

• Highly effective against E. faecalis and C. albicans to treat
endodontic infections
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(Najeeb et al., 2016; Guglielmotti et al., 2019). Various bioactive
layering on the surface of implants have resulted in improved bone
health and osseo-integration in immunocompromised patients
(Abtahi et al., 2012; Pang and Huang, 2012; Diz et al., 2013;
Javed et al., 2014; Najeeb et al., 2017; Duarte et al., 2021).
Multitude of studies have highlighted the beneficial aspects of
chitosan coatings for dental implants (Redepenning et al., 2003;
El Nady et al., 2017; Li B. et al., 2019; Alnufaiy et al., 2020; Yilmaz,
2020). The chitosan coating on dental implants tends to decrease the
surface roughness, hydrophilicity which helps in apaptite formation,
cell adhesion and proliferation thus increasing the bioactivity.
Chitosan bio-coatings show excellent biocompatibility, no
cytotoxicity and better antibacterial activity. It is also stated that
increased thickness of chitosan coating on dental implants
prolonged the antibacterial activity (Norowski et al., 2011).
Literature has also reported that chitosan layering on dental
implants reduce stress concentrations by changing the elastic
modulus of the bone-implant interface (Levengood and Zhang,
2014). In addition, research has shown that antibiotics can be
incorporated on the chitosan coatings for better healing around
the implant area (D’Almeida et al., 2017; Cohenca et al., 2013).
Antibacterial coatings on implants and medical devices have shown
to have good clinical success, but still further investigation
is required.

2.3.7 Chitosan modified dental
restorative materials

Over the recent years, a lot of noteworthy research has been tried
and tested to create opportunities for bioactive dental materials. The
level of destruction to the pulpo-dentinal complex dictates the
treatment prognosis with the use of biomimetic materials
(Drummond, 2008). However, certain flaws have been delineated
which include poor adhesion, less mechanical strength when
compared to ceramic or resin-based materials (Wimardhani
et al., 2014a). Owing to these disparities, poor interfacial bond is

created between the tooth and the material resulting in microleakage
(Bentley and Drake, 1986; Ho et al., 1999).

Glass ionomers (GI) are tooth colored restorative materials
comprising calcium fluor aluminosilicate glass powder and
polyacrylic acid liquid. GIs bond chemically to the tooth
structure and exhibits anticariogenic property with the release of
fluoride (Forsten, 1994). There are numerous applications of Glass
ionomers like luting/cementation of crowns and bridges, restorative
materials for class V lesions and non-carious lesions like erosions,
sandwich technique for class II restorations, core build-ups,
atraumatic restorative treatment, lining material under composite
restorations and pit and fissure sealants (Sidhu and Nicholson,
2016). Despite all the advantages, GIs have certain limitations
like poor mechanical strength, low fracture toughness, low
abrasion resistance and poor esthetics. Hence the application of
conventional glass ionomers on high stress bearing areas is avoided
(Khoroushi and Keshani, 2013). To overcome these discrepancies,
experimentation has been done to integrate bioactive polymers into
restorative materials and modify their properties.

Currently, nanoparticles like chitosan have been coupled with
glass ionomers to modify their mechanical and antibacterial
properties. The anionic groups of polyacrylic acid of Glass
ionomers co-agglomerate with cationic amine groups of chitosan
to form interpenetrating polymerized network. It can be predicted
that inclusion of nano-chitosan particles to Glass ionomer materials
would enhance the mechanical strength and anti-cariogenic
property for high stress bearing area applications (El-Negoly
et al., 2014; Senthil et al., 2017). It has also been proved that
application of chitosan to liquid component of GIs improves the
chemical adhesion and antibacterial activity (Soygun et al., 2021).
Chitosan modified GIs have been clinically accepted as a root
coverage material for gingival recession which promises minimal
to no-genotoxicity and cytotoxicity effects and enhances the
proliferation of human gingival fibroblasts (Zhou et al., 2019). It
is also noted that chitosan modified GIs helps in sustained release of

TABLE 4 Studies highlighting the effectiveness of chitosan modified oral hygiene aids.

Ref Type of
study

Type of oral
hygiene aid

Chitosan-
coupled
groups

Comparative groups Conclusions

Ganss et al.
(2011)

In-vitro Tooth paste Fluoride-free CS-
toothpaste
(Chitodent)

NaF-toothpastes, NaF/KNO3, NaF/HA,
Zn/carbonate/HA, SnF2/NaF, SnCl2/
NaF,SnF2

SnF2 most effective

Chitodent reduced tissue loss by 30%

Ganss et al.
(2014)

In-vitro Tooth paste AmF/NaF/SnCl2/
CS 0.5%

NaF, SnF2 gel, toothpaste AmF/NaF/SnCl2/CS showed significant
reduction in tissue loss with or without brushing

Pini et al. (2020) In-vitro Tooth paste F/Sn/CS-toothpaste F/Sn-toothpaste Chitosan with higher viscosity of (1000 mPas)
showed the best anti-erosion/abrasion effects

Costa et al.
(2014)

In- vivo Mouthwash HMW CS 0.4 v/v Chlorhexidine Chitosan incorporated mouthwash was highly
effective against Streptococci and Enterococci
with the lowest cytotoxicityLMW CS 0.4 v/v

Farias et al.
(2019)

In-vitro Mouthwash MPEO/CS/
biosurfactant

Biosurfactant/MPEO, fluoride-free
mouthwash

Mouthwash containing chitosan showed high
antimicrobial activity against cariogenic bacteria
with least toxicity

Biosurfactant/CS

Covarrubias
et al. (2018)

In-vitro Varnish CSnP/NaF, CSnP Miswak, Miswak/F, Propolis, Propolis/
F, NaF

NaF coupled with chitosan nanoparticles
exhibited highest anti-bacterial and anti-
demineralization activity
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proteins, growth factors and bioactive polymers which is apt for vital
pulp and regenerative therapies. In a study, it was reported that ion
release fromChitosan modified Glass ionomers was advantageous to
the tooth substrate (Mulder and Anderson-Small, 2019), and also
helps in sustained release of proteins without any cytotoxic effects to
pulp cells (Limapornvanich et al., 2009). Various bio-molecules like
Tumor Necrosis factor, growth factors, peptides, TGFβ-1 can be
applied to chitosan modified GICs to stimulate pulp regeneration
(Rakkiettiwong et al., 2011).

Enormous amount of research is being carried out to modify the
physical properties of various dental materials. Recently, chitosan-
based nanocomposites have been developed and are claimed to have
superior features like strength, heat stability, electrical conductivity,
photoluminescence, antimicrobial, and biomedical features which
increase the longevity of dental restorations (Diolosà et al., 2014;
Kausar, 2021). In addition, chitosan modified zinc oxide eugenol
cements, root canal sealers have also been investigated (Dragland
et al., 2019).

2.3.8 Chitosan and pulpal regeneration
Regeneration of dental pulp is one of the most unpredictable

situation in dentistry. Tissue engineering approaches like stem-cell
based transplantation have been experimented to simulate the dentin-
pulp complex. Stem cells are harvested from various sources like dental
pulp stem cells (DPSCs), stem cells from human exfoliated deciduous
teeth (SHEDs) and stem cells from apical papilla (SCAP) (Huang et al.,
2008). These cells have highest potential of differentiating into
odontoblast like cells, high proliferation capability, and multi-cell
differentiation capacity. DPSCs are easily extracted from human
permanent or deciduous teeth. Transplanting human DPSCs onto
the chitosan scaffold for pulpo-dentinal complex regeneration is still
under research. However, cell homing via DPSCs seem to have
promising results in regenerative endodontics. Some of the clinical
trials have shown to form connective tissue similar to dental pulp with
neovascularization and in some cases, dentin deposition was also
noticed (Eramo et al., 2018).

The stimulation of mesenchymal stem cells to form odontoblastic
cells forms the basis for endodontic regeneration. It has been reported
that porous chitosan scaffolds when coupled with bioactive molecules
like growth factors and peptides, help in release of odontoblastic
markers like dentin sialo-phosphoprotein, alkaline phosphate, and
dentin matrix acidic phosphoprotein which form an extracellular
polymerized matrix which acts as niche for the multiplication and
proliferation of DPSCs into odontoblastic cells resulting in
mineralization process (Soares et al., 2018; Bakopoulou et al., 2019;
Raddall et al., 2019; Moreira et al., 2021). In addition, Chitosan scaffolds
enriched with signalingmolecules like BMP 1and7, vascular endothelial
growth factor (VEGF), brain-derived neurotrophic factor (BNF),
fibroblast growth factor (FGF) and drugs like simvastatin and
metformin help in inducing reparative dentin formation by
promoting cell adhesion and proliferation of DPSCs (Guo et al.,
2006; Jingwen et al., 2016; Schmalz et al., 2017; Retana-Lobo, 2018;
Soares et al., 2018; Yang et al., 2020). Biomolecules like TGF β-1 when
loaded with chitosan are proving to be excellent alternatives to calcium
hydroxide as a pulp capping material since it regulates the
differentiation of odontoblastic stem cells, alkaline phosphatase,
OCN gene/protein expression and bio-mineralization (Farea et al.,
2014; Abbass et al., 2020). SCAP/carboxymethyl chitosan/TGF-

β1 scaffold is also reported to be favorable for pulp regeneration as
it releases CS nanoparticles, dentin matrix protein-1 and dentin sialo-
phosphoprotein (Bellamy et al., 2016).

Zhu and his co-workers brought a breakthrough in the field of
vital pulp therapy. They introduced injectable Ag-BG/chitosan
thermosensitive chitosan hydrogels which promote odontogenic
regeneration due to their viscosity, flexibility and thermosensitive
nature (Zhu et al., 2019). These hydrogels possess high antibacterial
and anti-inflammatory potential and the chitosan release
odontogenic markers like PGE2, TNFα, IL-1β, −6 and −8 which
are ideal for endodontic regeneration (Silva et al., 2013; Aguilar et al.,
2019; Zhu et al., 2019). Another innovation reported with the
development of pulp regeneration was chitosan-cellularized
fibrin hydrogel which led to proliferation of collagen type I
and dental pulp mesenchymal cells producing 3-D collagenous
network analogous to innate pulpal tissue (Ducret et al., 2019).
Qin et al. in their study inoculated chitosan–metformin with
Calcium phosphate cements to enhance the strength,
mineralization and osteogenic potential (high alkaline
phosphatatse activity and increased proliferation of DPSCs) of
biomembranes (Qin et al., 2018). Chitosan along with hDPSCs
have shown to have promising results for endodontic
regeneration.

2.3.9 Chitosan modified wound dressings
These dressings are highly effectual for controlling hemorrhage

and infection after surgical operative procedures. As stated earlier,
the positively charged amino groups of chitosan electrostatically
interact with negatively charged elements of blood, i.e., RBCs to
bring about the hemostatic property (Caetano et al., 2015; Minervini
et al., 2024).

Quaternized chitosan-G-polyaniline and benzaldehyde group
functionalized poly (ethylene glycol)-co-poly (glycerol sebacate)
(PEGS-FA) hydrogels have high antibacterial, antioxidant,
antimicrobial property, good self-healing capacity which makes it
ideal for the manufacture of wound dressings. These self-healing
hydrogels are bestowed with free radical scavenging capacity,
adhesiveness, biocompatibility and excellent in vivo blood clotting
capacity which stimulate the wound healing mechanism, granulation
tissue formation and collagen deposition by upregulating the growth
factors like TransformingGrowth Factor-β (TGF- β), Epidermal growth
factor (EGF) and Vascular endothelial growth factor (VEGF) (Zhao
et al., 2017). It is also proved that Chitosan dressings when refined with
polyphosphate and silver, escalates the hemostatic and antimicrobial
activity. Chitosan-polyphosphate formulation (ChiPP) enhances blood
clotting, platelet adhesion, faster thrombin generation and better
absorption of blood (Dai et al., 2011).

pH-responsive hydrogel wound dressings containing quaternized
chitosan/benzaldehyde-terminated pluronic F127 (PF127) coupledwith
curcumin have shown enhanced antimicrobial, anti-inflammatory, and
improved wound healing activity. These hydrogels enhance the wound
healing process by minimizing the inflammatory markers and
upregulating the wound healing-related growth factors (Qu et al.,
2018). Recently, a major breakthrough, i.e., in the treatment of
infected wounds, a photothermal self-healing nanocomposite
hydrogels with antibiotics have been introduced. These
nanocomposite hydrogels are presented with N-carboxyethyl
chitosan/PF127/carbon nanotube and exhibit stable hemostatic,
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mechanical properties, remarkable photothermal antibacterial property
and an increased pH-responsive moxifloxacin release capacity to
enhance the healing process (He et al., 2020).

2.3.10 Chitosan based tissue engineering aspects
Periodontitis is a chronic inflammatory disease affecting the

periodontium and the tooth supporting structures resulting in loss
of alveolar bone and mobility of teeth. To overcome this situation,
surgical approaches like guided tissue regeneration (GTR) and
guided bone regeneration (GBR) can be considered. In these
procedures, a scaffold barrier is placed to allow osteloblastic
proliferation and osseous formation around the bone defect. The
barrier obstructs the epithelial cell migration resulting in formation
of long junctional epithelium in lieu of bone formation (Newman
et al., 2011).

The basic aim of tissue engineering is to construct a 3-D scaffold
which bears a close similitude to the structure of bone. Tissue
engineering aims to create a regenerated tissue on polymerized
decomposable scaffold as a layering for stem cell attachment,
adhesion, and proliferation. The manufacture of bio-membrane
should be biocompatible, non-toxic, biodegradable and should
resemble the extracellular matrix (ECM) containing
glycosaminoglycans, glycolipids and glycolipids for neo-
regeneration of the tissue (Baranwal et al., 2018).

Natural and synthetic biopolymers are present to provide
scaffolding. Chitosan and various subordinates meet the
fundamental requirements of tissue engineering. It has been
advocated that chitosan implantation does not provoke any
immune response and the breakdown of chitosan by lysozyme
upon the formation of new tissue does not produce any toxic
effects. In dentistry, chitosan scaffolds are extensively used for
pulpo-periodontal-bone regeneration (Li et al., 2014; Vázquez
et al., 2015; Sultankulov et al., 2019). Chitosan is amenable to the
characteristics of scaffold; however it lacks superior mechanical
property and bioactivity which are the essential basis for osseous
tissue engineering (Azevedo et al., 2014). To achieve this point,
chitosan is coupled with synthetic biopolymers, growth factors and
proteins to enhance the osseous regeneration with improved
mechanical strength. Chitosan membrane laden with bioactive
nanoparticles like hydroxyapaptite (HA), silica and tricalcium
phosphate (TCP) stimulates bone formation and improves
mechanical properties (Faqhiri et al., 2019). Additionally, nano-
ceramic particles like Bioactive glass can be applied to chitosan to
promote osteogenesis in load bearing areas (Denuziere et al., 1998).
Chitosan/chondroitin sulfate/Bioactive glass nanoparticles facilitate
osteogenesis in-vivo (Nie et al., 2019). Nanocomposite scaffolds
containing chitosan-gelatin- nanobioactive glass are proven to
create a sterile environment for cell attachment to promote
protein adsorption and mineral deposition to promote osseous
formation (Januariyasa et al., 2020). Combination of
nanomaterials with bioactive growth factors on a 3-D scaffold
directs the mesenchymal stem cells to differentiate to osseous
formation (Guo et al., 2006; Oryan and Sahvieh, 2017).

Various studies have reported that chitosan-hydroxyapaptite
combination coated scaffolds provide excellent environment for cell
differentiation and proliferation promoting osseous formation
similar to the original bone structure. The incorporation of
nanohydroxyapatite in the scaffold increases the apatite content

in the defective area which provides the basis for bone tissue
engineering which led to the development of chitosan double
faced membranes (Gümüşderelioğlu et al., 2020). These
membranes were used for periodontal regeneration. The porous
side of the membrane (in contact with bone) was loaded with
nanohydroxyapatite and BMP-6, and the opposite side was laden
with poly-caprolactone nanofibers to mitigate the epithelial cell
migration. The porous surface induced multiplication of MC3T3-
E1 preosteoblasts, while the other side of the membrane acted as a
guard against epithelial cell migration (Marrazzo et al., 2016;
Suneetha et al., 2020).

Injectable hydrogels have always been reliable and used as a part
of tissue engineering process. Chitosan membranes in the form of
injectable hydrogels do not require surgical intervention. These
hydrogels are highly used for the treatment of periodontal
pockets. It has been observed that PEC hydrogels coupled with
chitosan and sodium alginate in a polymerized network have
improved mechanical properties and biocompatibility which are
requisites for osseous tissue engineering. These hydrogels tend to
form porous ladder like interconnected mesh with fibrous structure
on which osteoblasts proliferation is enhanced (Tatullo et al., 2017).
Drug–based chitosan scaffolds have gained lot of popularity and are
extensively used for bone and periodontal healing. (Agrawal et al.,
2023; Arora et al., 2023; Nava Juárez, 2023).

Cell-based approaches are becoming a trend in regenerative
medicine to treat health related conditions. However, safety
concerns with respect to the adverse effects of the cell-based
approach is always controversial (Sukpaita et al., 2019). These
cell-based approaches are gaining attention in the field of
dentistry. The human pulp stem cells, Dental pulp Stem cells
(PDSCs), Stem cells from Apical Papilla (SCAP), Stem cells from
exfoliated deciduous teeth (SHED), and human periodontal
ligament cells (HPLCs) have high multi-differential potential and
are giving promising results in regenerative dentistry. Besides these,
another cell fraction has been identified from periapical granulation
tissues and are termed as “human periapical cyst-mesenchymal stem
cells (hPCy-MSCs)” and suffice with high proliferation and multi-
differentiation capacity (Tatullo et al., 2017; Liao et al., 2020).
Periodontal regeneration with human periodontal ligament cells
(HPLCs) has resulted in excellent clinical success. Clinical trials have
reported that HPLCs when seeded on chitosan scaffolds enhance
osteogenesis without any toxic effects. It is said that the above-
mentioned cells along with chitosan tend to increase the gene
expression of osteoblastic cells (RUNX2, ALP, OPN) resulting in
enhanced osteogenic potential (Li Y. et al., 2019). Recently in a study
by Liao et al., Mesoporous hydroxyapatite/chitosan scaffold
recombined with human amelogenenin promoted the
proliferation of HPLCs leading to formation of cementum and
bone (Liao et al., 2020). Studies have revealed that Stem cells
from human exfoliated teeth (SHED) with TGF-β1 when
inoculated on chitosan scaffolds show osteogenic potential (Li Y.
et al., 2019). Chitosan laden scaffolds and sponges are considered as
good delivery vehicles for periodontal regeneration (Su et al., 2014;
Vining and Mooney, 2017).

Understanding the mechano-biology of stem cells, a sterile
artificial environment which fulfills all the requisites of tissue
engineering including the biochemical and mechanical forces
should be designed. Stem cells respond to intracellular and
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extracellular forces. The physiological environment can be altered to
regulate the stem cell behavior to achieve their beneficial effects.
Mechanical cues like stiffness and viscoelasticity of the scaffold on
which the cells are seeded, can regulate the organogenesis and the
cell fate ex-vivo (Thomas et al., 2017). Modifying the viscoelasticity
and stiffness of the chitosan-hyaluronic acid hydrogel as connective
tissue tends to promote the proliferation of chondrocytes and the
gene expression of ECM markers (Jagodzinski et al., 2004; Brindley
et al., 2011).

Mechano-regulation of stem cells through gene expression,
proliferation, differentiation forms the basis for osseous
regeneration (Lovecchio et al., 2019). It is believed that shear and
compressive forces enhance the proliferation of human
mesenchymal cells into osteoblasts and produce extracellular
matrix. Human bone marrow stromal cells (hBMSCs) due to
cyclic loading tend to enhance collagen–I fiber, AL and OC levels
leading to osteogenesis (Choi et al., 2018). Tissue engineering
models are conducted on 3-D scaffolds to create a
physiochemical environment for stem cells. It has been evaluated
that cell proliferation, and differentiation and ECM matrix
deposition occurs when hBMSCs cultured on chitosan-graphene
3-D scaffold undergo mechano-stimulation (Choi et al., 2018).

2.3.11 Chitosan in medical imaging
Targeted tumor therapy using chitosan nanoparticles permit

exceptional prospects beyond standard cancer therapies. Combining
such nanoparticles with diagnostic test such as computed tomography,
magnetic resonance imaging, and ultrasound imaging, or multi-modal
imaging compounds aids easy cancer detection (Sun et al., 2014).
Chitosan nanoparticles with multiple contrast agents have been
tested for multimodal imaging procedures to counteract
disadvantages of single imaging modality. A multimodal approach
provides both in-vitro and in-vivo results effectively. Sun et al.
reported that solubility of glycol chitosan when treated with
hydrophilic ethylene glycol or PEGylation made it suitable for
tumor imaging (Zhang et al., 2013). Besides, chitosan nanoparticles
show passive targeting due to higher permeability and retention in
cancerous lesions for prolonged duration (Min et al., 2015). This
property is also known as enhanced permeability and retention effect.

The traditional method for synthesizing gold nanoparticles lacks
stability due to presence of sodium citrate salt. Hence, Sun et al.,
modified the surface of the gold nanoparticles by eliminating the salt
and including a reducing agent, glycol chitosan, which acts as a
stabilizer biologically. Also, glycol chitosan is already known as an
effective tumor targeting agent in animal models. Coating success
was established after observing the change in the refractive index
around the coated nanoparticles, using a UV-visible spectrometer,
transmission electron microscopy, and Fourier transform infrared
spectroscopy. The targeted accumulation in the tumor and its bio-
distribution was assessed in-vivo using computed tomography (CT)
in mice induced with colon cancer. The study results showed
enhanced stability of the nanoparticles biologically due to a
stabilizing surface coat of chitosan. Moreover, high contrast
images of tumor were acquired from the mice by using the
coated nanoparticles as a CT contrast agent. The images matched
the results of cellular uptake and were highly sensitive to metastatic
zones. A selective uptake of the coated nanoparticles was observed in
the colon cancer cells compared to macrophages. Thus, the

characteristics accumulation of the glycol chitosan coated
nanoparticles in cancerous cells demonstrates its efficient tumor
targeting capacity which promotes imaging. The authors observed
that the ample amine groups of glycol chitosan coated gold
nanoparticles serves as zones for chemical conjugation for
chemotherapeutic agents and enhances stability to support cancer
imaging (Sun et al., 2014).

Zhang et al., studied the efficacy of gadolinium loaded chitosan
nanoparticles as magnetic resonance imaging (MRI) contrast agents
to target cancerous tissues by enhanced permeability and retention
effect. To counteract the shortcomings of gadolinium based chelates
such as easy renal filtration and poor contrast, gadolinium was
chemically conjugated using ionic gelation with chitosan to prevent
its early release and achieve improved retention for extended
imaging time. In-vitro MRI revealed comparatively high
relaxation time of gadolinium loaded chitosan nanoparticles
because of surface modification demonstrating its capability as an
effective contrast agent. Compared to another commercial contrast
agent Magnevist® (same amount of gadonilium without chitosan
coating), gadolinium loaded chitosan nanoparticles presented
advanced imaging capacity and a high sensitivity aiding early
diagnosis. During in-vivo MRI, gadolinium loaded chitosan
nanoparticles showed higher brightness and retention time
compared to Magnevist®, prolonging the imaging time
considerably. This improvement was attributed to chitosan
conjugation with gadolinium. The authors concluded that
chemically conjugated gadolinium loaded chitosan nanoparticles
holds vast possibility as MRI contrast agent (Zhang et al., 2013).

Min et al., developed an echogenic glycol chitosan-based
nanoparticles for ultrasound-based imaging of malignant lesions.
The authors used a chemotherapeutic bio-inert agent named
perfluoropentane (PFP) which served as an ultrasound gas
precursor. The components were turned into glycol chitosan
nanoparticles using an oil-water emulsion approach, bearing an
anti-cancer drug (docetaxel or doxorubicin)/PFP inner core coated
with hydrophilic glycol chitosan. The authors demonstrated that the
hydrophobic inner core was essential to stabilize the glycol chitosan
coating. The ultrasound imaging capacity of echogenic particles
were confirmed by injecting them intravenously in cancer induced
mice. Within a minute of injection strong bright images were
detected via ultrasound imaging due to effective accumulation of
the particles in the cancerous cells. PFP gas production within the
nanoparticles helped in retaining the ultrasound signals for an hour.
The accumulation was noticed until 2 days after the injection
because of due to the enhanced permeability and retention effect
produced by promising size of the coated nanoparticles. The
ultrasound treated samples displayed 4–7 times increased
accumulation and wider distribution of chitosan coated
nanoparticles in excised growths. This represents the thorough
penetration of chitosan coated nanoparticles into the major
vessels and its effective spread to the cancerous tissues. Based on
their experimental observations the authors concluded that the
echogenic glycol chitosan coated nanoparticles may be tried as
ultrasound contrast enhancers in cancer imaging (Min et al., 2015).

Choi et al., developed iodine based echogenic diatrizoic acid-
conjugated glycol chitosan nanoparticles as multimodal contrast
agents for computed tomography-ultrasound dual imaging. Glycol
chitosan-diatrizoic acid compound was formulated chemical
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conjugating with the amine groups on chitosan. Oil-water emulsion
technique was used to introduced iodinated nanoparticles. The
resultant contrast agents were directly inserted into cancerous
tissues. Notably, the iodide-based echogenic glycol chitosan
nanoparticles showed significant accumulation in cancerous
tissues. Clear signals were obtained on injecting the contrast
agents into tumor sites using both computed tomography and
ultrasound imaging modalities. The authors considered the
developed agent to perform effectively during a multi-modal
imaging approach (Choi et al., 2018).

With all the clinical trial data challenge remains to replicate the
same responses in human subjects with tumors and other cancer
drug interactions. It is necessary to observe the immune responses
and related toxicities. Genetic mutations and varied vascularity of
cancerous tissues may generate dissimilar response compared to lab
animals. If all such limitations are taken care of then chitosan would
have a promising future in targeted cancer imaging and
drug therapy.

2.3.12 Chitosan in oral pathology and oncology
Chitosan modified nanocarrier systems can be used as a

potential vehicle to target anti-cancer drugs to the various
tumors and cause tumor apoptosis as per the individual efficacy
of loaded drugs (Figure 8). Surface modifications of chitosan
nanoparticles have been postulated which aim to enhance the
tumor targeting ability via different mechanisms like receptor or
carrier mediated transcytosis. Chitosan presents significant
biocompatibility and promotes wound healing at molecular and
cell level. Chitosan also acts as a bio-adhesive or mucoadhesive and
hydrates the underlying tissues to effectively heal ulcers and relieve
pain. It repairs tissues, contracts wound by acting as hemostat,

secretes inflammatory mediators, and induces macrophage actions
by providing a non-proteinaceous matrix for 3D-tissue growth.
Chitosan serves as collagen depositor by releasing N-acetyl-D-
glucosamine on depolymerization to promote fibroblast
formation. Chitosan modifies bacterial surface morphology,
improves cell permeability, causes intracellular constituents’
seepage, and prevents nutrient transport. Hence prevents
erythema and secondary infections related to cancer therapy.
Chitosan also presents fungistatic property by improving
permeability of yeast cells (Mahima et al., 2015).

Min et al., developed an echogenic glycol chitosan-based
nanoparticles for ultrasound-based drug delivery to areas of
induced squamous cell carcinoma (SCC7 cell lines). An echogenic
approach is known to enhance the drug release because of external
ultrasound and result in a targeted burst release of the therapeutic
agents to tumor sites. In the study the inner core behaved as an
efficient reservoir for both the anti-cancer agents and PFPs. The gas
precursor successfully retarded gas expansion and maintained
stability. The authors demonstrated that the chitosan coated
nanosized echogenic particles persisted in the bloodstream for
longer periods promoting targeted delivery. Moreover, the outer
glycol chitosan coating improved the overall physiochemical
characteristics and targeted delivery (Min et al., 2015).

Wimardhani et al., studied the influence of low-molecular-
weight chitosan on Ca9-22 cells derived from gingival carcinoma.
The study was based on the premise that the low-molecular-weight
chitosan showed anticancer effects and were relatively less toxic to
non-cancerous cells. Cytotoxic effects were observed with low-
molecular-weight chitosan on Ca9-22 cells leading to cell cycle
arrest, upsurge in apoptotic DNA fragmentation, and subtle
elevation in caspase expressions. The author concluded that the

FIGURE 8
Nanoparticles as a drug-carriers in targeted therapy for treatment of cancers.
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short-term exposure to low-molecular-weight chitosan has
encouraging application as an anti-cancer agent (Wimardhani
et al., 2014b).

Muthukrishnan et al., studied the effect of chitosan with zinc
sulphate for treating and preventing oral mucositis as a side effect of
radiotherapy. A WHO mucositis scale was used to grade oral
mucositis three times a week. Although during early treatment
days no significant changes were observed, around the sixth week
a reduced severity was noticed. Pain levels and dysphagia were also
reduced. The authors concluded that chitosan-zinc sulphate
combination lowered the mucositis severity and aids healing
(Muthukrishnan and Shanmughapriya, 2017).

Mahima V.G., examined the influence of 1% chitosan
mouthwash on oral mucositis on 20 patients developed after
radio-chemotherapy. The study showed significant results in
lowering symptoms of oral mucositis such as pain, erythema,
ulcerations, and other associated side effects. Chitosan not only
demonstrated enhanced healing but also acted as a promising
occlusive dressing to alleviate pain and ulcer discomfort due to
bio-adhesive properties. No secondary infections and adverse
biocompatibility issues were reported during the tests reinforcing
chitosan’s ability to work effectively as solution to side effects of
radio-chemotherapy. The authors concluded that chitosan is far
more efficient than chlorhexidine in alleviating symptoms of oral
mucositis (Mahima et al., 2015).

Pornpitchanarong et al., investigated a muco-adhesive based
on catechol-modified chitosan/hyaluronic acid nanoparticles as a
carrier of doxorubicin for oral cancer. Chitosan and catechol
functionalized drug delivery were already reported to boost
muco-adhesion individually. Muco-adhesion provides
prolonged retention with sustained release of the agents. The
authors demonstrated that a significant portion of drug could be
loaded into the nanoparticles and sustained release was
attainable. A better muco-adhesive property was observed. The
combination also induced effective apoptosis of HN22 human
oral cancer cells. The authors concluded the said combination as
a potential drug carrier for doxorubicin to prevent localized oral
cancers (Pornpitchanarong et al., 2020). Figure 7 depicts the
usage of nanoparticles as drug carriers in targeted therapy for
treatment of various cancers (Sharifi-Rad et al., 2021).

Zhu et al. also reported that a fluorinated chitosan-chlorin e6
(FC-Ce6) nanocarrier for intracellular delivery catalase enhanced
photodynamic therapy of oral cancer. They established that
fluorine conjugated chitosan nanoparticles exhibited superior
anti-cancer activity in contrast to free Ce6 and non-
fluorinated CS-Ce6/catalase nanoparticles. Chen et al., tested
chitosan nanoparticles encapsulated with 5-aminolevulinic
acid (a photo-sensitizer), and IR780 (a near-infrared
fluorescence dye used as a photo-thermal agent). However, a
single approach using 5-aminolevulinic acid and IR780 had many
drawbacks such as tumor recurrence, hydrophilicity of 5-
aminolevulinic acid, and low specificity. Chitosan served as a
nano-carrier with high biocompatibility and cell membrane
permeability. Hence, a combination of photo-thermal and
photodynamic agents for a non-invasive oral cancer treatment
was developed in the study. The author demonstrated that the
said combination displayed improved accumulation in cancerous
tissues and showed fluorescence during imaging. Improved

photo-thermally augmented photodynamic result for tumor
excision was reported with no apparent toxicity. The authors
concluded that the combination was safe for use as non-invasive
oral cancer therapy (Zhu et al., 2021). Chen et al. formulated a
new photothermally enhanced photodynamic therapy platform
based on orally administered Chitosan Nanoparticles. Improved
photodynamic cytotoxicity to cancer cells was seen with a
combination of PTT (photothermal therapy) and PDT
(photodyanamic therapy) when compared with photodynamic
therapy alone. Additionally, 5-ALA (5-aminolevulinic acid)
&IR780 coated Chitosan Nanoparticles exhibited high tumor
accumulation and greater ability to fluorescently image tumor
tissue (Chen et al., 2020).

Takeuchi et al., designed a sustained release film loaded with
rebamipide and chitosan for treating side effects of oral mucositis
after chemotherapy. Rebamipide was enforced as a gargle to counter
side effects of oral mucositis but its effects were short lived. Chitosan
was reinforced into rebamipide for its muco-adhesive and
antibacterial characteristics. Along with chitosan, pluronic was
added as adhesion enhancer and hydroxyl-propyl methylcellulose
served as film former. The release behavior was studied. The authors
reported that chitosan caused suppression in the release of
rebamipide for nearly half an hour. Whereas, hydroxyl-propyl
methylcellulose helped in sustained release and maintained the
films shape. The authors concluded that the combination can be
effectively used as base for sustained drug delivery. However,
additional clinical trials are warranted (Takeuchi et al., 2019).

3 Conclusion

Chitosan shows a notable range of properties which makes it
valuable for sustainable development due to it being plentiful,
decomposable, eco-friendly, and adaptable. Chitosan production
has improved in terms of green chemistry due to the harmful chemicals
being replaced by solvents with minimum melting points (Eutectic).
This has also lead to an overall decrease in energy consumption. An
important reason for using chitosan is the presence of a large number of
organic groups (hydroxyl and amino groups) in its structure which
makes it amenable to chemical modifications (Maliki et al., 2022). This
versatility of chitosanmakes it especially remarkable for the preparation
of suspensions, composites, functionalized materials, or (nano)hybrids
for diverse environment-friendly usage and in industrial and health
related applications. Chitosan-based nanocomposites, hydrogels, and
membranes are being used in regenerative medicine and dentistry. In
field of dentistry, it has gained enormous popularity due to its natural
existence and biocompatibility and decreased cytotoxicity. However, it
still presents certain limitations with regard to its structure and
molecular weight. Nonetheless, this natural nanomaterial is being
extensively used and has an excellent potential to stretch out its
biotic properties in the near future. There is hardly any clinical
evidence of chitosan-based derivatives in the field of dentistry and
more clinical data should be added on. Being the second abundant
biopolymer in nature after cellulose, the potential of chitosan as
sustainable future material in dentistry and medical needs further
exploration. Continuous investigation into nanobiotechnology related
to computer science ought to be carried out to enhance the present state
of medicine and create pharmaceuticals with strong therapeutic efficacy
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to reduce patients’ discomfort while optimizing the effectiveness of
therapeutic agents.
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Efficient In/SSZ-39 catalysts for
the selective catalytic reduction
of NO with CH4
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Baozhong Li1 and Xinwen Guo2*
1SINOPEC (Dalian) Research Institute of Petroleum and Petrochemicals, Dalian, China, 2Dalian University
of Technology, Chemical Engineering Institute, Dalian, China

TheM/SSZ-39 catalysts (M = In, Co, Cu, Fe) with differentmetal species andmetal
loadings were synthesized using the wet impregnation method on a small-pore
SSZ-39 molecular sieve. X-ray diffraction (XRD), transmission electron
microscopy (TEM), nitrogen adsorption-dehydrogenation and hydrogen
temperature program reduction (H2-TPR) were employed to characterize the
effects of various metal components and metal loadings on the performance of
CH4 selective catalytic reduction of NO reaction (CH4-SCR). The characterization
results showed that the In/SSZ-39 catalyst exhibited significantly higher catalytic
activity compared to the Cu-, Co-, and Fe/SSZ-39 catalysts, suggesting that
indium (In) is a more suitable active ingredient for the CH4-SCR reaction. The xIn/
SSZ-39 (x = 1, 2, 3, x represents the In loadings of 1.0 wt%, 2.0 wt% and 3.0 wt%)
catalysts, with different In loadings, all present excellent CH4-SCR performance.
By varying the In loadings, the type of In species present in the catalyst can be
regulated, thus enhancing DeNOx activity and CH4 selectivity in the CH4-SCR
reaction. At a low temperature of 400 °C and a lowCH4/NO feed ratio (CH4/NO=
1), the 3In/SSZ-39 catalyst, featuring highly active InOx clusters, achieves the best
low-temperature CH4-SCR performance, with a highNO conversion rate of up to
90% and a CH4 selectivity of up to 74.2%.

KEYWORDS

CH4-SCR, In/SSZ-39, highly dispersed InOx species, low temperature activation of CH4,
high CH4 selectivity

1 Introduction

Nitrogen oxides (NOx) are major pollutants that not only directly jeopardize human
health but also trigger a series of environmental issues such as acid rain, photochemical
smog, ozone hole, etc (Wang et al., 2017). Thus, addressing the pressing requirements for
NOx emission reduction (DeNOx) is crucial for the sustainable development of human
society. One of the primary sources of NOx emissions is industrial flue gas from thermal
power plants, cement plants, and petrochemical facilities. The main method for reducing
NO emissions is ammonia selective catalytic reduction (NH3-SCR), which uses V2O5-WO3

(MoO3)/TiO2 as the catalyst (Han et al., 2019; Wang et al., 2021). However, vanadium
catalysts are biological toxicity, and using NH3 as a reducing agent can lead to pipeline
corrosion, obstructions, ammonia leaks and other secondary pollution issues (Martin et al.,
2006; Mrad et al., 2015). Selective catalytic reduction of NO with methane (CH4-SCR) is a
promising new DeNOx technique. This method uses CH4 as a reductant instead of NH3,
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enabling the synergistic purification of NOx and greenhouse gas
CH4, thus avoiding many issues associated with NH3 (Campa et al.,
2021; Wen et al., 2021).

As the primary component of natural gas, CH4 is abundant and
readily available. However, CH4 is the most stable hydrocarbon
molecule, whichmakes it less effective for selective reduction of NOx
at low temperatures and more prone to undergo a non-selective
catalytic combustion at high temperatures. Therefore, the CH4-SCR
technology is still meeting many challenges. Among them,
developing effective CH4-SCR catalysts is critically important.
Currently, the two most developed catalytic systems are metal
oxides and molecular sieves. Compared to metal oxide catalysts,
molecular sieve catalysts have gained more attention due to their
rich pore structure, adjustable acidity, and metal-ion exchange
ability (Jin et al., 2009).

Catalysts containing Pd, Ag, Ni, In and Co supported by
molecular sieve have been investigated in CH4-SCR reaction (Lee
et al., 2003; Shi et al., 2004; Chupin et al., 2006; Kubacka et al., 2006;
Campa et al., 2015; Sazama et al., 2016). Noble metal-based
molecular sieve catalysts can activate CH4 at lower temperatures
and display a broad reaction temperature window (350°C–500° C),
but they are expensive and the CH4 selectivity decreases rapidly as
the temperature rises. Thus, high CH4/NO feed ratios are generally
required to achieve high NO conversion in CH4-SCR reaction
catalyzed by the noble metal-based molecular sieve catalysts
(Chen et al., 2011; Costilla et al., 2011). Non-precious metal-
based molecular sieve catalysts typically require higher reaction
temperatures (>500 °C) for good CH4-SCR performance.
However, they also face issues of CH4 susceptibility to non-
selective catalytic combustion at high temperatures (Chen et al.,
2011; Huang et al., 2018). Therefore, the key challenge is to design
metal-based molecular sieve catalysts that can moderately activate
CH4 at low temperatures, promoting CH4-SCR reactions and
achieving high NOx conversion rates.

To develop effective CH4-SCR catalysts with good low-
temperature activity and high CH4 selectivity. In this study, a
series of M/SSZ-39 catalysts with different metal loadings (M =
In, Co, Cu, Fe) were prepared using a simple wet impregnation
method on a SSZ-39 molecular sieves. The physicochemical
properties of the catalysts were systematically investigated, and
their CH4-SCR performance was evaluated to assess the impact of
various metal and metal loadings. The catalytic evaluation results
showed that In/SSZ-39 catalysts performed significantly better
performance than Co-, Cu-, and Fe/SSZ-39 catalysts, with
enhanced low-temperature DeNOx activity as In loading
increased. Characterization results demonstrated that In
species were highly dispersed without nanoparticle formation
on the xIn/SSZ-39 catalysts prepared with different loadings (x =
1, 2, 3, x represents the In loadings of 1.0 wt%, 2.0 wt% and
3.0 wt%).

2 Experimental section

2.1 Materials and instruments

SSZ-39 molecular sieve with a Si/Al ratio of 11 was purchased
from Dalian Zhongcaptor Molecular Sieve Factory; Indium nitrate

tetrahydrate (In(NO3)3 4H2O), analytically pure, was obtained from
Aladdin Reagent; Analytically pure Cobalt nitrate hexahydrate
(Co(NO3)2 6H2O), Copper nitrate trihydrate (Cu(NO3)2 3H2O)
and Iron nitrate hydrate nine (Fe(NO3)3 9H2O) were purchased
from Tianjin Damao Reagent Factory.

Powder X-ray diffraction (XRD) patterns were recorded on a
X′Pert PRO-type diffractometer (Panacor) with a nickel-filtered
Cu Kα X-ray source at a scanning rate of 5°/min over the range of
5°–50°. N2 adsorption-desorption isotherms were recorded at
-196° C on a ASAP-2020-type physical adsorptive instrument.
The sample (0.05–0.1 g) was degassed in a vacuum at 150 °C
for 4 h prior to measurement. The Brunauer-Emmauer-Teller
(BET) method was used to calculate the specific surface area of
catalyst. The scanning electron microscopy (SEM) images were
taken on a FEI-Verios 460L. Transmission electron microscopic
(TEM) images were taken on a Tecnai G220 S-twin instrument
(FEI Company) with an acceleration voltage of 200 kV. High-angle
annular dark field-scanning transmission electron microscopy
(HAADF-STEM) was carried out using a JEM-ARM200F
instrument. Energy-dispersive X-ray spectroscopic (EDS) images
were collected using a JED-2300T instrument. The H2

temperature-programmed reduction (H2-TPR) test was
conducted on a AutoChem 2920-type chemisorptive
instrument. The feeding gas of 10% H2 + 90% Ar was fed into
the reactor with 60 mL/min, and the H2 intensity profiles were
record from 50°C to 800° C at a heating rate of 10° C/min.

2.2 Preparation of catalysts

The In/SSZ-39 catalysts were prepared using the wet
impregnation method with SSZ-39 molecular sieves as the carrier
and In(NO3)3 4H2O as the indium source. Firstly, a suitable amount
of In(NO3)3· 4H2O was fully dissolved in deionized water. Then the
SSZ-39 molecular sieve was added, and the mixture was agitated for
4 h at room temperature until the mixture slowly evaporated at
80° C. The obtained viscous sample was put into a blast drying oven
at 120° C for 12 h. Subsequently, the sample was calcined at 550° C
for 4 h with an increase rate of 5° C/min in a muffle furnace. The
obtained catalysts were labeled as xIn/SSZ-39, where x represents the
theoretical In loadings of 1.0 wt%, 2.0 wt%, and 3.0 wt%,
respectively.

The xCo/SSZ-39, xCu/SSZ-39 and xFe/SSZ-39 catalysts were
prepared using the same method as that of the xIn/SSZ-39 catalysts,
except that In(NO3)3 4H2O was replaced by Co(NO3)2 6H2O,
Cu(NO3)2 3H2O, and Fe(NO3)3 9H2O, respectively, and x
represents the theoretical metal loading 3.0 wt%.

2.3 Evaluation of the catalyst activities

Catalytic activity tests were conducted in a fixed-bed reactor at
atmosphere pressure. A total of 0.75 mL catalyst with a particle size
of 40–60 mesh was filled in a fixed-bed reactor with an inner
diameter of 8 mm. The feed gas consisted of 0.1 vol% NO,
0.1 vol% CH4, 6 vol% O2 and balance N2, with a GHSV of
8,000 h−1. Before the measurement, the catalyst was pretreated at
400° C for 30 min under N2 atmosphere to remove any adsorbed
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impurity gases andmoisture on the catalyst. During tests, the steady-state
outlet compositions (NO, NO2, N2O and CH4 concentrations) at
different reaction temperature (400, 450, 500°C and 550°C) were
measured by an on-line infrared flue gas analyzer (MKS Instruments,
Inc., 6030). The NO conversion rate, CH4 conversion rate and CH4

selectivity were calculated using Eqs 1–3, respectively, as shown below:

CNO � ∅ NO( )in −∅ NO( )out−∅ NO2( )out
∅ NO( )in × 100% (1)

CCH4 �
∅ CH4( )in −∅ CH4( )out

∅ CH4( )in × 100% (2)

SCH4 �
∅ NO( )in −∅ NO( )out−∅ NO2( )out

2 ∅ CH4( )in −∅ CH4( )out[ ]
× 100% (3)

where CNO and CCH4 are the NO and CH4 conversion rates,
respectively. ∅(NO)in, ∅(NO)out, ∅(CH4)in and ∅(CH4)out are
the concentrations of NO and CH4 at the reactor inlet and outlet,
respectively. ∅(NO2)out is the NO2 concentration at the reactor
outlet. SCH4 is the CH4 selectivity.

3 Results and discussion

3.1 Characterization results of catalysts

Figure 1 presents the XRD spectra of M/SSZ-39 catalysts. A series
of distinctive diffraction peaks at 2θ = 9°–11° and 2θ = 15°–18° are
present in all samples, which are attributed to the typical AEI topology
of SSZ-39 molecular sieves (Li et al., 2019; Du et al., 2023). The XRD
spectra ofM/SSZ-39 catalysts with differentmetals and differentmetal
loadings do not change significantly, indicating that the loading of
metals through the wet impregnation procedure does not affect the
AEI topology of SSZ-39 molecular sieve. Figure 1B shows a localized
enlarged XRD spectrum of Figure 1A, where no diffraction peaks of
metal oxides are observed in all catalysts. This indicates that metal
species exist as highly dispersed metal oxide clusters or ionic metal
sites on SSZ-39 molecular sieve at higher metal loading. This
phenomenon is attributed to the large specific surface area and
regular cage structure of the small-pore SSZ-39 molecular sieve,
which provides a lot of space and specific surface for dispersing
metal species (Ren et al., 2011; Lim et al., 2020; Xu et al., 2022).

The textual properties of xIn/SSZ-39 catalysts were
characterized by N2 adsorption-desorption isotherms, as shown
in Figure 2. All samples display type I adsorption isotherm

FIGURE 1
XRD patterns (A) and corresponding partial enlarged patterns (B) of different catalysts.

FIGURE 2
N2 adsorption-desorption isotherms of different catalysts.

TABLE 1 Textual properties of differen catalysts.

Samples SBET (m2/g) Pore volume
(cm3/g)

Stotal
a Smicro

b Sext
c Vtotal Vmicro

d

1In/SSZ-39 519.76 518.92 0.84 0.27 0.26

2In/SSZ-39 518.99 517.76 1.23 0.27 0.26

3In/SSZ-39 507.49 500.85 6.64 0.27 0.25

3Co/SSZ-39 523.15 518.16 4.99 0.27 0.26

3Cu/SSZ-39 502.72 495.54 7.18 0.27 0.25

3Fe/SSZ-39 506.35 500.18 6.17 0.27 0.25

aBET, surface area.
bt-plot micropore surface area.
ct-plot external surface area.
dt-plot micropore volume.
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features, typical adsorption isotherm characteristics of microporous
materials (Kruk et al., 2001). This is consistent with the uniform
microporous nature of small-pore SSZ-39 molecular sieve. Table 1
shows the calculated textual properties of xIn/SSZ-39.With increasing
In loading, all catalystsʹ specific surface areas only slightly decreased.
Notably, the 1In/SSZ-39 and 2In/SSZ-39 catalysts exhibit nearly
identical microporous specific surface area, exterior specific surface
area, and microporous pore volume. This demonstrates that the In
species are able to maintain a high degree of dispersion and do not
obstruct the microporous pores of SSZ-39 when the loading of In is
controlled to be nomore than 2wt%.When the In loading is increased
to 3 wt%, the microporous specific surface area of 3In/SSZ-39 catalyst
begins to decrease slightly, while its external specific surface area

became significantly larger. This may be attributed to the formation of
highly dispersed InOx clusters on the external surface of SSZ-39,
which increases the external specific surface area of 3In/SSZ-
39 catalyst (no InOx nanoparticles were observed in the TEM
images). The specific surface area of 3Co/SSZ-39, 3Cu/SSZ-39, and
3Fe/SSZ-39 catalysts are similar to that of In/SSZ-39 catalyst. It
indicates that these metal species (Co, Cu and Fe) are also highly
dispersed on SSZ-39.

The redox properties of catalyst are crucial for CH4-SCR activity,
therefore, H2-TPR characterization was carried out to investigate the
reducibility of metal oxide species in catalysts, as shown in Figure 3.
In Figure 3A, it can be observed that the H2-TPR spectra of all In/
SSZ-39 catalysts display broad reduction signals between 260° C and

FIGURE 3
H2-TPR profiles of (A) xIn/SSZ-39 catalysts and (B) 3Co/SSZ-39, 3Cu/SSZ-39 and 3Fe/SSZ-39 catalysts.

FIGURE 4
SEM (A, B), TEM (C) and HRTEM (D) images of 3In/SSZ-39.
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480° C, which are attributed to the reduction of InOx species to In+ sites
(Yoo et al., 2015; Zhao et al., 2023). Moreover, the primary reduction
peaks of three catalysts are almost located in the same positions,
centered at 260°C–480° C, without shifting to lower or higher
temperature regions. This demonstrates that the forms of the major
InOx species in catalysts are essentially the same. The H2 consumption
gradually increased as In loading increased, corresponding to the
increased area of the major reduction peaks in xIn/SSZ-39 catalysts.
Remarkably, a notable reduction peak centered at a lower temperature
of only ~232 °C appeared in the H2-TPR profile of 3In/SSZ-39 catalyst,
suggesting the better reducibility of highly dispersed InOx species. This
phenomenon can be attributed to the formation of highly dispersed
InOx clusters on the external surface of SSZ-39 resulting from the
increased In loading, as corroborated by the N2 physical adsorption-
desorption test. This fraction of the InOx species exhibits better
reducibility as it is not constrained by the pores or cavities of SSZ-
39, which is essential for the moderate activation of CH4 and
contributes significantly to the enhancement of low-temperature
CH4-SCR performance (Yoo et al., 2015; Zhao et al., 2023).

In Figure 3B, the 3Co/SSZ-39, 3Cu/SSZ-39 and 3Fe/SSZ-
39 catalysts display a significantly different H2-TPR spectrum
compared to the 3In/SSZ-39 catalyst. A primary reduction peak
is located at a lower temperature of 288° C in 3Cu/SSZ-39 catalyst
which is much lower than that of 3Co/SSZ-39, 3Fe/SSZ-39 and 3In/
SSZ-39 catalysts, suggesting the good reducibility of major CuOx

species. This is conducive to activating CH4 at low-temperatures.
However, the major CuOx species, with good reducibility, also
facilitates the non-selective catalytic combustion reaction, may
leading to very low N2 selectivity of 3Cu/SSZ-39 catalyst. In the
H2-TPR spectrum of 3Fe/SSZ-39 catalyst, there are not any
reduction peaks located at lower temperatures can be observed,
and the major reduction peaks are almost located at higher
temperatures between 375°C and 700° C. The results suggest that
FeOx species are not conducive to the activation of CH4 at low
temperatures. For 3Co/SSZ-39 catalysts, a small reduction peak
centered at 234 °C appeared in the H2-TPR profile similar to that
of 3In/SSZ-39. But, the major reduction peak located at higher
temperatures between 450°C and 700° C which are much higher than
that (260°C–480° C) of 3In/SSZ-39 catalysts. In the H2-TPR
spectrum of 3In/SSZ-39 catalyst, a small reduction peak located
at lower temperature of 232° C and a major reduction peak located at
medium temperature of 342° C are observed, indicating the
moderate reducibility of highly dispersed InOx species.
Compared to the 3Co/SSZ-39, 3Cu/SSZ-39 and 3Fe/SSZ-
39 catalysts, the InOx species in 3In/SSZ-39 catalyst, with
moderate reducibility, may promote the moderate activation of
CH4 and enhance the CH4-SCR activity at low temperatures.

Figures 4A,B depict the SEM images of 3In/SSZ-39 catalyst,
revealing typical zeolite particles with a regular and smooth
hexahedral structure, and no nanoparticles are observed on the

FIGURE 5
HAADF-STEM image and corresponding element mappings of 3In/SSZ-39.
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surface of the smooth hexahedral structure. Further, TEM and EDS
characterizations were conducted to examine the dispersion form of
InOx species on SSZ-39 molecular sieve, as shown in Figure 4C,
4days and Figure 5. The basic hexahedral structure of SSZ-39
remains intact, consistent with the SEM results. Figure 4D
presents the high-resolution TEM image of 3In/SSZ-39 catalyst,
where no distinct InOx nanoparticles were observed, aligning with
the XRD results. The combination of N2 physical adsorption-
desorption tests and H2-TPR characterizations strongly indicates
that the InOx species are highly dispersed on the SSZ-39 molecular
sieve, possibly existing in the form of InOx clusters or In+ sites, and
do not aggregate to form nanoparticles. This hypothesis is further
supported by the EDS characterization, which shows that no InOx
nanoparticles are generated since the In elements are extremely
uniformly dispersed in SSZ-39 molecular sieves (Figure 5).

3.2 CH4-SCR performance of catalysts

The CH4-SCR performance of M/SSZ-39 catalysts (40–60 mesh)
was tested in a fixed-bed reactor at 400°C–550° C, using a feed gas
composed of 0.1 vol% NO, 0.1 vol% CH4, 6 vol% O2 and the balance
N2 with a GHSV of 8,000 h−1. Initially, the effects of different metal
components on the performance of catalysts for CH4-SCR were
investigated. Figure 6A displays the temperature-dependent NO
conversion curves of 3In/SSZ-39, 3Co/SSZ-39, 3Cu/SSZ-39, and
3Fe/SSZ-39 catalysts. It is evident that the activities of catalysts
follow the order: In >Co > Fe >Cu when the reaction temperature is
below 530° C. Notably, the 3In/SSZ-39 catalyst exhibits significant
performance compared to the 3Co, 3Cu, and 3Fe/SSZ-39 catalysts,

underscoring the significance of In as an active component in
catalyzing the selective catalytic reduction of NOx by CH4 (Zhao
et al., 2023). As indicated by the H2-TPR results, compared to the
3Co/SSZ-39, 3Cu/SSZ-39 and 3Fe/SSZ-39 catalysts, the highly
dispersed InOx species in 3In/SSZ-39 catalyst, with moderate
reducibility, can promote the moderate activation of CH4 and
enhance the SCR process at low temperatures. Therefore, the
3In/SSZ-39 catalyst exhibits excellent CH4-SCR activity and good
CH4 selectivity, achieving a high NO conversion rate over 90% at
lower temperatures (400°C–450° C) and a lower CH4/NO feed ratios
(CH4/NO = 1/1).

The NO conversion rate of 3In/SSZ-39 catalyst remains almost
unchanged at 90% (Figure 6A) as the reaction temperature is
increased from 400°C to 450 °C. However, as shown in
Figure 6B, the CH4 conversion rate increased from 60% to 86%.
This suggests that 26% of the converted CH4 undergoes non-
selective catalytic combustion rather than a selective reduction of
NOx, demonstrating that the 3In/SSZ-39 catalyst achieves the
highest CH4 selectivity and NO conversion rate at 400 °C, as
depicted in Figure 6C. In contrast, compared to NO conversion
rates, the CH4 conversion rates of the 3Co/SSZ-39 and 3Cu/SSZ-
39 catalysts are significantly higher, suggesting that the Co and Cu
components are more prone to catalyzing the CH4 combustion
reaction, leading to lower CH4 selectivity, as illustrated in Figure 6C.
As for the 3Fe/SSZ-39 catalyst, both lower NO and CH4 conversion
rates are achieved, indicating that the Fe component is less effective
in catalyzing CH4 catalytic combustion and CH4-SCR reaction. In
conclusion, the types of metal components can be tuned to control
the competition between CH4 non-selective catalytic combustion
and CH4-SCR reactions.

FIGURE 6
NO conversion rates (A), CH4 conversion rates (B) and CH4 selectivities (C) as a function of temperatures in CH4-SCR over 3In/SSZ-39, 3Co/SSZ-39,
3Cu/SSZ-39 and 3Fe/SSZ-39 catalysts (NO/CH4 = 1).
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For the xIn/SSZ-39 catalysts with superior CH4-SCR
performance, the impact of various In loadings on the
catalytic performance was further investigated, as shown in
Figure 7. It is evident that both the NO and CH4 conversion
rates of catalysts increase with temperature when the in loading is
less than 2 wt%, corresponding to their high CH4 selectivity, as
illustrated in Figure 7C. Among these, the 2In/SSZ-39 catalyst
exhibits a 60% NO conversion rate and a 34% CH4 conversion
rate at 400° C, indicating that the ratio of converted NO to CH4

molecules is close to 2, which is the theoretical NO/CH4 ratio when a
reaction proceeds in accordance with the stoichiometric ratio. This
demonstrates that the 2In/SSZ-39 catalyst can achieve a very high CH4

selectivity (up to 88.5%) at 400° C, as shown in Figure 7C. For the 3In/
SSZ-39 catalyst, it is NO conversion rate decreases rapidly as the
temperature raised from 450°C to 550° C, indicating a rapid decrease
in CH4 selectivity as well. This can be attributed to the presence of
highly dispersed InOx clusters on the external surface of SSZ-39 (as
indicated by H2-TPR results). These clusters exhibit the best
reducibility (low-temperature reduction peak of only ~232° C),
which promote the moderate activation of CH4 and enhance the
CH4-SCR activity at low temperatures. However, at higher
temperatures, these highly active InOx clusters can lead to over-
activation of CH4, which increases the likelihood of converted CH4

undergoing a non-selective catalytic combustion reaction and thus
reducing the CH4 selectivity.

4 Conclusion

In this paper, a series of M/SSZ-39 catalysts (M = In, Co, Cu,
Fe) were prepared using the wet impregnation method on a

small-pore SSZ-39 molecular sieve. The effects of different metal
loadings and metal loadings on the performance of CH4-SCR
were investigated. The characterization results revealed that the
performance of In/SSZ-39 catalysts are significantly higher than
that of the Cu-, Co-, and Fe/SSZ-39 catalysts, indicating that
indium (In) is a more suitable active ingredient for the CH4-SCR
reaction. The low-temperature CH4-SCR activity of catalysts is
notably enhanced with increasing In loadings. Among them, the
3In/SSZ-39 catalyst exhibits a high NO conversion rate of up to
90% and a CH4 selectivity of up to 74.2% at a reaction
temperature of 400 °C and a low CH4/NO feed ratio (CH4/
NO = 1). TEM and EDS characterization results showed that
the In species were highly dispersed on the SSZ-39 molecular
sieves, greatly promoting the moderate activation of CH4 and
enhancing the CH4-SCR activity at low temperatures. These
findings demonstrate a potentially generalizable approach
toward the design and synthesis of high-efficiency CH4-
SCR catalyst.
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