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Lignin nano-particles (LNPs) exhibit properties that distinguish them from the production
of other lignin-based materials. However, little research has been performed to
investigate whether porous carbons produced from LNPs exhibit a performance
superior to those derived from untreated lignin. In this study, lignin was fabricated into
LNPs and used to prepare high-performance porous carbons with enhanced thermal
conductivities compared to that of carbons from neat lignin. Two different preparation
protocols were employed: direct pyrolysis and hydrothermal carbonization followed by
pyrolysis. Carbons obtained from 100 to 300 nm LNPs possessed more graphene-like
structures than carbons from unaltered lignin. In addition, carbons prepared using
a combination of hydrothermal carbonization and pyrolysis exhibited higher specific
surface areas (108.81–220.75 m2/g) and total pore volumes (0.098–0.166 cm3/g)
than those prepared via direct pyrolysis. In addition, LNP-derived carbons exhibited
superior thermal conductivities (0.45 W/mK) and thermal conductivity rates (0.51◦C/s).
This work provides the useful finding that superior graphene-like porous carbons can
be produced by transforming lignin into LNP and then hydrothermally carbonizing the
resulting material prior to pyrolysis.

Keywords: lignin nano-particles, porous carbon, thermal conductivity, hydrothermal carbonization, graphene

INTRODUCTION

Graphene is a type of two-dimensional material composed of sp2-structured monolayer carbon.
Graphene continues to garner significant attention and utilization due to its extraordinary
properties, such as its high theoretical surface area, exceptional thermal conductivity, and elevated
Young’s modulus (Lee et al., 2008; Yu et al., 2011). Based on these remarkable properties, graphene
has been used to prepare materials including solar cells, high-performance supercapacitors, sensors
and biosensors, polymer composite reinforcement fillers, and hydrogen storage materials (Hou
et al., 2011; Huang et al., 2011; Sun et al., 2019). Various methods can be used to prepare graphene,
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including the redox of graphene oxide, chemical vapor
deposition, and surface separation of graphite (Xu et al., 2011;
Liu et al., 2017). Although high-quality graphene can be obtained
via the aforementioned methods, urgent technical and biological
issues remain. These issues include a lack of mass production
capacity, as well as environmental and human health concerns
due to a reliance on toxic or hazardous reagents (Vlassiouk
et al., 2013). To avoid these issues while maintaining the
desired graphene properties, researchers have developed several
graphene-like materials such as carbon nitride sheets, activated
porous carbon (Ojha et al., 2017), carbon nanotubes (Araujo
et al., 2012), and MoS2 nanoplates (Hwang et al., 2011). These
materials offer performances that are comparable to that of
graphene for various applications.

Activated or porous carbons stand out among the previously
mentioned graphene-like materials. This promising carbon
material has tunable porosity, a large surface area, and intriguing
electrical conductivity properties (Vinu, 2008). Depending on the
preparation conditions and catalysts used, a variety of carbons
can be fabricated to exhibit high specific surface areas and
porosities that make them applicable as either high-performance
supercapacitors or photocatalytic additives (Lv et al., 2015; Zhu
et al., 2017; Foong et al., 2020). These carbons are generally
produced from fossil sources such as coal and petroleum, or
biomass sources such as rice husks, corn stalks, and bamboo
residues (Abioye and Ani, 2015; Chen et al., 2018, 2019; Han
et al., 2020). The material is generated from a feedstock via
carbonization or pyrolysis, which are considered to have high
techno-economic feasibilities due to their relatively low costs and
good environmental compatibilities.

Of the various precursors used to prepare porous carbons,
lignin is attractive because of its high carbon content (∼55–65%)
and abundant supply from the pulp and paper industries. Lignin
is a byproduct of wood pulp delignification (Pang et al., 2020b;
Yoo et al., 2020). Dissolved lignin (typically in a solution called
black liquor) is commonly burned to recover pulping chemicals
and provide steam for power production (Shuai et al., 2016;
Pang et al., 2020a). However, some manufacturers have begun to
develop lignin products of lignosulphonate, adhesive, and foam
as additional revenue streams for pulp and paper mills (Li and
Ragauskas, 2012; Pang et al., 2020b; Pei et al., 2020). Lignin
is also chemically well-suited to transformation into graphene-
like porous carbons, particularly because they contain functional
groups and have an abundance of benzene rings (Liu et al.,
2017; Dong et al., 2020; Wang et al., 2020). In addition, the
plentiful aromatic carbon atoms in the guaiacyl and syringyl
groups in lignin are sp2 hybridized, which is the basic unit of
graphene (Liu et al., 2017). Hence, lignin is speculated to have
great potential as a feedstock for activated carbon production.
However, investigation of this topic has been limited.

Several methods have been investigated as a means of
producing porous carbons with high specific surface areas
and pore volumes from various biomass sources. In general,
methods include physical activation (steam, CO2, and air),
chemical activation (H3PO4, ZnCl2, and KOH), and combined
physicochemical methods (Kılıç et al., 2015; Salehin et al., 2015;
Demiral et al., 2016). The chemicals used in these processes

inevitably cause environmental pollution and equipment
corrosion. Hence, physical treatments are the preferred facile,
green approaches to producing porous carbon. High pressure
homogeneous (HPH) technology is a conventional approach
that offers high efficiency, reproducibility, and ease of industrial
scale-up (Donsi et al., 2010). It has been reported that HPH
technology can be regarded as nanotechnology because of its
ability to prepare nano-scale products (e.g., nano-crystalline
cellulose and nano-lignin particles) from biomass resources
(Li et al., 2012). All of these nano-scale products exhibit
interesting properties, such as high mechanical strengths,
large specific surface areas, and low thermal properties. We
hypothesize that the use of nano-lignin particles as a feedstock
may generate porous carbons with better performance than
those derived from untreated lignin. Importantly, no work has
been done to investigate such materials as precursors for porous
carbon preparation.

The high thermal conductivity of graphene suggests that it can
be applied to microelectronics and thermal management. Since
Balandin (2011) discovered that graphene exhibited remarkably
better thermal conductivity than conventional carbon nanotubes,
graphene has been applied to heat management of high-power
electronics, including thermal dissipation systems for chips and
batteries in smartphones, tablets, smart VR systems, and wearable
devices (Wu et al., 2019; Zheng et al., 2019; Yang et al., 2020).
Many studies have shown that polymer composite thermal
conduction capabilities can be improved significantly via the
blending or grafting of graphene (Yu et al., 2007; Ji et al., 2014).
Hence, if graphene-like carbon prepared from lignin exhibits
better thermal conductivity than lignin, it may be valuable as a
thermally conductive filler for polymer composites.

In this study, porous carbons were produced from both
kraft lignin and lignin nano-particles (LNPs) in an effort
to investigate whether the differences between these raw
materials could positively affect the properties of the resulting
materials. Porous carbons were pyrolyzed via two protocols:
one-step direct pyrolysis and a two-step procedure in
which hydrothermal carbonization was performed prior to
pyrolysis. The resulting carbon samples were characterized
using various instruments. The thermal conductivities of the
prepared carbons were analyzed using an infrared thermal
imager. This work investigates processing variables that can
be applied to lignin carbonization in order promote the
valorization of lignin.

MATERIALS AND METHODS

Materials
The kraft lignin used in this study was obtained from bamboo
black liquor via acid precipitation according to the method
in our previous work (Huang et al., 2019a,b; Lin et al.,
2020). The obtained lignin was purified by diethyl ether. After
purification, a lignin suspension was prepared by adding the
lignin powder to distilled water at a solids content of 0.5%
(w/w). The suspension was then homogenized using a laboratory
high-pressure homogenizer at 30◦C and 500 bar to obtain LNP.
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All chemicals were purchased from their manufacturers and were
used without further purification.

Fabrication of Carbon From Lignin
Two protocols were used to fabricate porous carbon from LNP
and precipitated lignin. The first procedure (protocol 1) was a
one-step method in which powdered materials were placed in a
ceramic ark. This ark was then loaded into a tube furnace and
subjected to pyrolysis under nitrogen. The heating procedure
was as follows: (1) heating from 30 to 180◦C at 2◦C/min,
followed by 1 h at the final temperature; (2) heating from 180
to 450◦C at 2◦C/min, followed by 1 h at the final temperature;
and (3) heating from 450 to 1100◦C at 2◦C/min, with the
final temperature maintained for 3 h. The carbons produced
from untreated lignin and LNP were termed GN-1-LIN and
GN-1-LNP, respectively.

The second procedure (protocol 2) involved two steps.
First, a lignin solution (20 g in 100 g of water) was
hydrothermally carbonized at 250◦C and 150 MPa for 3 h.
The resulting hydrothermally carbonized solids were then
subjected to pyrolysis using the same tube furnace and heating
procedure as protocol 1. The pyrolyzed carbons produced
from untreated lignin and LNP were termed GN-2-LIN and
GN-2-LNP, respectively.

Characterization
Lignin and prepared carbon morphologies were characterized
using scanning (SEM, S4800, Hitachi, Japan) and transmission
electron microscopy (TEM, JEM 2100, JEOL Ltd., Japan) at
accelerating voltages of 200 and 15 kV, respectively. Fourier
transform infrared (FTIR) analysis was performed using a
Nicolet 6700 spectrometer (Nicolet Instrument Company,
United States). Signals were recorded over a scanning range
of 4000–400 cm−1. X-ray diffraction (XRD) patterns were
obtained using a diffractometer (Rigaku Ultima IV, Japan) and
Cu Ka radiation. The operating parameters were a 40 kV

voltage, 40 mA of current, a 5◦/min scan speed, and a 2
theta range of 5◦–80◦. Raman spectra were obtained using
a confocal Raman microscope (T64000, Horiba Scientific,
France) with an excitation wavelength of 532 nm, power of
22 mW, integration time of 30 s, and three accumulations.
X-ray photoelectron spectroscopy (XPS) was carried out by a
Thermo Escalab spectrometer with an Al-Ka (hv = 1486.6 eV).
Nitrogen adsorption and desorption were performed and the
Brunauer–Emmett–Teller (BET) method was used to analyze
the specific surface area using a Micromeritics ASAP 2020
instrument. Pore size distributions were evaluated via the
Barrett–Joyner–Halenda method.

Thermal Conductivity Analysis
Thermal conductivity analysis was performed using a hot disk
thermal constant analyzer (TPS 2500, Hot Disk AB Company,
Sweden) via the transient plane heat source method. Temperature
distribution images were captured using an infrared thermal
imager during heating.

RESULTS AND DISCUSSION

Morphologies of Lignin and
Graphene-Like Porous Carbons
Industrial kraft lignin is typically a powder with a microscopic
three-dimensional structure (Dallmeyer et al., 2014). Fabrication
of LNPs has been reported as an attractive avenue for
generating new, valuable applications for lignin (Ma et al.,
2019). In this study, a solvent-free, high-pressure homogeneous
technology was used to fabricate LNP from kraft lignin. The
purpose of this effort was to explore whether LNP could
be pyrolyzed into graphene-like porous carbons with better
properties than those made from untreated lignin. Lignin and
LNP morphologies were observed via SEM and TEM and are
shown in Figures 1a,b, 2a,b, respectively.

FIGURE 1 | SEM images of kraft lignin (a), LNP (b), and prepared carbons GN-1-LIN (c), GN-2-LIN (d), GN-1-LNP (e), GN-2-LNP (f), and commercial graphene (g).
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FIGURE 2 | TEM images of kraft lignin (a), LNP (b), and prepared carbons GN-1-LIN (c), GN-2-LIN (d), GN-1-LNP (e), GN-2-LNP (f), and commercial graphene (g).

Figure 1a shows that neat lignin has a disordered
micro-structure comprised of various shapes. Figure 1b
shows that the LNPs produced are spherical particles with
mostly uniform morphologies. Similar results are seen via
TEM (Figure 2b). Nano-particle sizes are in the 100–300 nm
range. Interestingly, this is similar to the sizes of LNPs derived
from commercial lignin using solvent (tetrahydrofuran and
dimethylsulfoxide) exchange and sonication (Ma et al., 2019;
Sipponen et al., 2019).

Both lignin and LNP were used as precursors for preparation
of four different activated carbons via two different production
protocols. The morphologies of the prepared carbons were
observed via SEM and TEM and are shown in Figures 1c–f,
2c–f, respectively. In Figures 1c,d, agglomerated architectures
of thick flakes and particles are observed from GN-1-LIN (first
protocol) and GN-2-LIN (second protocol) carbons made from
untreated lignin. This observation is in agreement with the
work of Foong et al. (2020). It can also be seen that the
formation of sheet-like surfaces is generally favored among
LNP-derived carbons. Specifically, carbons made from LNPs via
protocol 1 (GN-1-LNP) and protocol 2 (GN-2-LNP) exhibit
prominent wrinkled surface textures with curling and sharp
edges (Figures 1e,f). These properties are intrinsic graphene
features of graphene, which can be more clearly observed
in commercial graphene (Figure 1g). It is well known that
corrugation and scrolling of the lamellae and edges are intrinsic
graphene properties, which can clearly be observed in the
TEM image of commercial graphene (Figure 2g; Barone et al.,
2006; Tang et al., 2013). These properties were absent in the
TEM images of carbons made from lignin (Figures 2c,d).
Figure 2e showed that GN-1-LNP possessed some lamellae
and edges similar to graphene, which can more clearly
observed in the TEM image of GN-2-LNP (Figure 2f). The
GN-2-LNP shows the in-plane lattice spacing of 0.31 nm

corresponding to the (0 0 2) and (0 0 2) planes, and the
spacing is closer to the 0.34 nm of graphene. Meanwhile,
the GN-2-LNP shows a more similar diffraction pattern to
the graphene, indicating the GN-2-LNP has a more similar
polycrystalline structure with the graphene. According to the
aforementioned results, it can be seen that the LNP-based
carbons produced via protocol 2 contain more desirable features,
such as smooth surfaces with creases and multi-layers with
thin lamels (Figure 2f), than those produced via protocol 1.
These results indicate that the combination of hydrothermal
carbonization and pyrolysis generates porous carbons with
greater morphological similarity to graphene-like structures than
pyrolysis alone.

FIGURE 3 | FTIR spectra of the prepared carbons and commercial graphene.
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FIGURE 4 | XRD patterns of the prepared carbons and commercial graphene.

FTIR Spectra of Prepared Graphene-Like
Porous Carbons
Fourier transform infrared was used to investigate the differences
between the chemical structures of the porous carbons that we
prepared and commercial graphene. The FTIR spectra are shown
in Figure 3. The obvious peak at 1631 cm−1 is attributed to
the graphene sheet C=C skeletal vibration (Song et al., 2012).
The broad intense bands around 3432 and 1163 cm−1 correspond

to the stretching vibrations of O–H and C–O functional groups,
respectively, at the edges of graphene (Fernandes et al., 2018).
The vibration peaks at 2918 and 2853 cm−1 correspond to
the symmetric and antisymmetric stretching vibrations of CH2
groups in graphene (Spitalsky et al., 2011). Importantly, the
main graphene peaks are also visible without shifts in the FTIR
spectra of our porous carbons. This indicates that graphene-like
structures may be formed in lignin-based carbons manufactured
using our protocols.

XRD Patterns of Prepared
Graphene-Like Porous Carbons
X-ray diffraction patterns are an effective way to study the
crystalline structures and layers comprising graphene (Morgan
and Gilman, 2003; Vinodhkumar et al., 2018). The XRD spectra
of the prepared carbons were obtained and compared to that of
commercial graphene (Figure 4). It is well known that the (0 0 2)
plane of graphene can exhibit a sharp reflection at 2θ = 25.5◦

(Vinodhkumar et al., 2018). In Figure 4, both peaks at 25.6◦ are
found in the patterns of commercial graphene, GN-1-LNP, and
GN-2-LNP samples. This indicates that these carbons contain
stacked graphene layers. However, GN-1-LIN and GN-2-LIN
exhibit broad (0 0 2) graphitic plane diffraction peaks that are
slightly shifted to a lower angle of 24.5◦. In addition, GN-1-LNP
and GN-2-LNP exhibit sharper (0 0 2) plane intensities than
GN-1-LIN and GN-2-LIN. The work of Yan et al. (2018) also
found that the degree of lignin graphitization can be improved
via application of a treatment that forms nanoparticles. However,
it should be pointed out that the XRD spectra of lignin derived

FIGURE 5 | Raman spectra of the prepared carbons and commercial graphene (A), deconvoluted Raman spectra of GN-1-LIN (B), GN-2-LIN (C), GN-1-LNP (D),
GN-2-LNP (E), and commercial graphene (F).
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carbons shows broader peaks than that of commercial graphene
at around 25◦. This can be explained as the lignin-derived
carbons show small sheets and relatively low crystal structure,
which are the inherent characteristics of biomass-based carbon
materials that can show the broader (0 0 2) peaks around
25◦ (Han et al., 2017; Liu et al., 2017). Overall, from the
aforementioned results, it can be seen that LNP appears to be the
ideal starting material for the preparation of porous carbon based
on the similarity of the resulting graphene-like structures to those
in commercial graphene.

Raman Spectroscopy of Graphene-Like
Porous Carbons
The aforementioned FTIR and XRD analyses reveal that the
prepared carbons possess graphene-like structures. However,
these results do not help one to understand specific differences

between carbons that correlate with performance. Hence,
Raman spectroscopy, a technology used to investigate edge
strain and defects in graphene and graphitic materials (Vinu,
2008), was used to analyze the prepared porous carbons and
commercial graphene.

Figure 5A shows that graphene exhibits two strong peaks at
1347 and 1597 cm−1, which are attributed to the characteristic
graphene D- and G-bands, respectively (Vinodhkumar et al.,
2018; Sun et al., 2019). The G band is typically an in-plane
stretching vibration of sp2 hybrid carbon atoms in graphene. The
D band is derived from disorder or defect vibration peaks in
graphene (Dresselhaus et al., 2010; Sun et al., 2019). It can also
represent a ring adjacent to a graphene edge or defect. Figure 5
shows that the prepared carbons also exhibit G- and D-band
vibrations. These edge strain and defect commonalties indicate
that the prepared carbons exhibit structural properties analogous
to those of graphene.

TABLE 1 | The ID/IG ratios, pore structures, and thermal conductivities of lignin, LNP, and the prepared carbons.

ID1/IG Specific
surface area

(m2/g)

Total pore
volume
(cm3/g)

Thermal
conductivity

(W/mK)

Amount of
C–C in the C

1s (%)

GN-1-LIN 1.62 62.26 0.061 0.21 31.8

GN-2-LIN 1.77 108.81 0.098 0.22 31.8

GN-1-LNP 1.66 67.95 0.063 0.25 41.9

GN-2-LNP 1.36 220.75 0.166 0.45 49.5

graphene 0.93 / / / 49.6

lignin / 18.78 0.027 0.11 /

LNP / 30.35 0.045 0.18 /

FIGURE 6 | XPS spectra of the prepared carbons and commercial graphene (A), deconvoluted C 1s spectra of commercial graphene (B), GN-1-LNP (C),
GN-2-LNP (D), GN-1-LIN (E), and GN-2-LIN (F).

Frontiers in Energy Research | www.frontiersin.org 6 September 2020 | Volume 8 | Article 148

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/
https://www.frontiersin.org/journals/energy-research#articles


fenrg-08-00148 August 31, 2020 Time: 11:42 # 7

Dong et al. Lignin Nano-particles Based Graphene

In Raman spectroscopy, the intensity of the G band can be
used to determine the graphene thickness (Foong et al., 2020).
Figure 5A shows that GN-1-LNP exhibits the same intensity as
commercial graphene, which is lower than that of GN-2-LNP.
These intensities indicate that the carbon derived from LNP
via a combination of hydrothermal carbonization and pyrolysis
possesses more graphene layers. The deconvolutions of Raman
spectra are applied for all samples, and four Lorentzian functions
are used to fit the D1, G, D3, and D4 bands (Lu et al., 2020),
as shown in Figures 5B–F. In the fitted curves, D1-band and
G-band are representative of the sp2 hybridized carbon with
structural defects or at plane edges and sp2 hybridized carbon
bond stretching in an ideal graphitic lattice (Hoekstra et al.,
2016). Hence, the intensities ratio between the D1-band and
G-band (ID1/IG) is indicative of the degree of graphitization
(Dresselhaus et al., 2010; Liu et al., 2017; Lu et al., 2020). As shown
in Table 1, the ID1/IG ratio of graphene is 0.93, which is lower
than those of GN-1-LIN (1.62), GN-2-LIN (1.77), GN-1-LNP
(1.66), and GN-2-LNP (1.36). These results indicate that using
nano-particular lignin as a starting material can decrease the
extent of disorder and defects in the prepared carbons, compared
to that from the untreated lignin. Hence, it is hypothesized that
the nano-lignin subjected to a combination of hydrothermal

FIGURE 7 | Temperature distributions in the samples during heating.

carbonization and pyrolysis possesses showed the potential ability
to prepare the carbons with an enhanced degree of graphitization.

XPS Spectroscopy of Graphene-Like
Porous Carbons
To further understand the elemental composition of samples, the
XPS spectra were obtained and shown in Figure 6. The survey
XPS spectrum of the prepared porous carbons and commercial
graphene (Figure 6A) shows strong peaks of C 1s at 284.4 eV and
O 1s at 530.1 eV. The high resolution C 1s spectra (Figures 6C–F)
showed the prepared carbons have two types of carbon, graphitic
carbon (C–C) and oxygenated carbon (C–O, C=O, and O–C=O),
which are also found in the C 1s curves of commercial graphene
at the same binding energy (Figure 6B). The deconvolution of the
C 1s can provide the relative amount of C–C (sp2) in the sample
(Kang et al., 2017). As shown in Table 1, the amount of C–C in
commercial graphene was 49.6%, which was higher than those of
GN-1-LIN (31.8%), GN-2-LIN (31.8%), GN-1-LNP (41.9%), and
GN-2-LNP (49.5%). Among the prepared carbons, GN-2-LNP
possessed the highest value of the relative amount of C–C,
indicating it had the better graphitization (Mendes et al., 2020).
These results are in accordance with the results from Raman
analysis, which again indicate that using the combination of
hydrothermal carbonization and pyrolysis show more potential
to prepare the carbon with an enhanced degree of graphitization
from nano-lignin than that from untreated lignin.

Pore Structure Analysis of Prepared
Graphene-Like Porous Carbons
In this study, we sought to prepare porous carbons from LNP that
are more similar to graphene than those prepared from untreated
lignin. To further investigate the pore structures of the prepared
carbons, N2 sorption and desorption isotherms were measured.
The BET model is used to calculate the specific surface areas
shown in Table 1.

FIGURE 8 | (A) Real-time temperature and (B) rate of thermal conductivity curves.
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Table 1 shows that the BET specific surface area and pore
volume of lignin are 18.75 and 0.027 cm3/g, respectively. These
values increase to 30.35 and 0.045 cm3/g once a sample is
homogenized to form LNP. The carbons obtained via protocol
1, GN-1-LIN and GN-1-LNP, both exhibit similar BET specific
surface areas (62.26 and 67.95 m2/g, respectively) and pore
volumes (0.061 and 0.063 cm3/g, respectively). In contrast,
protocol 2 (hydrothermal carbonization followed by pyrolysis)
clearly produces porous carbons with larger surface areas
and pore volumes. The BET specific surface area and pore
volume of GN-2-LIN are 108.81 and 0.098 cm3/g, respectively.
Those of GN-2-LNP are 220.75 and 0.166 cm3/g, respectively.
These results indicate that the application of hydrothermal
carbonization prior to pyrolysis produces better pore structures
than pyrolysis alone. In addition, GN-2-LNP exhibits better
pore structure properties than GN-2-LIN, which indicates
that LNP has more potential than lignin for porous carbon
production. This phenomenon may be explained by pore
structure enlargement by flake- and sheet-like structures in
GN-2-LNP. A similar finding was reported by Ojha et al.
(2017). Although the BET specific surface area of GN-2-LNP are
lower than those reported for carbons (1100 and 3775 m2/g)
in the aforementioned work (Zhang et al., 2015; Hu and
Hsieh, 2017), our results are valuable because they reveal
that nano-scale lignin and the combination of hydrothermal
carbonization and pyrolysis show more potential for porous
carbon preparation.

Analysis of the Thermal Conduction
Capabilities of Prepared Graphene-Like
Porous Carbons
It is well known that graphene exhibits better thermal
conductivity than other thermally conductive materials (Yu
et al., 2011). This has supported its use in modern electronics
and other daily necessities. As the prepared carbons derived
from the nano-lignin possessed the graphene like structures,
it is important to also evaluate the thermal conductivity
of lignin-derived carbons if they are intended to prepare
the conductivity-based materials. The thermal conductivities
of all samples are shown in Table 1. In addition, thermal
images of samples taken during heating are shown in
Figure 7. Finally, real-time temperature curves and thermal
conductivity rate curves derived during heating are shown in
Figures 8A,B, respectively.

Table 1 shows that GN-1-LIN and GN-2-LIN exhibit
similar thermal conductivities (0.21 W/mK). This value is
slightly improved to 0.28 W/mK in a carbon prepared from
LNP using protocol 1. However, the thermal conductivity
increases significantly from 0.22 W/mK to 0.45 W/mK when
the carbon is prepared from LNP using protocol 2. This
increase is also observed via the infrared thermal images
in Figure 7, which show the temperature responses that
occur during heating of GN-2-LIN and GN-2-LNP. The
temperature of GN-2-LNP increases much more rapidly
than that of GN-2-LIN, which indicates that the former

material has a higher thermal conductivity. Overall, it can
be concluded that the LNP treated by protocol 2 showed
a higher ability to prepare the carbons with enhanced
thermal conductivity.

Thermal conductivity rate curves, which are derived from
the real-time temperature curves in Figure 8A, are shown in
Figure 8B. GN-2-LNP exhibits the highest rate of thermal
conductivity (0.51◦C/s at 15 s). This is higher than those of
the other three samples at double the time (0.38◦C/s at 30 s).
This means that GN-2-LNP has the best thermal diffusion
capabilities of the prepared carbons. This superior performance
might be due to its higher proportion of graphene-like structures
(Yu et al., 2011). Overall, the thermal conduction ability
analysis reveals that the graphene-like carbon made from
nano-scale lignin has better thermal conduction capabilities
than the carbon made from un-treated lignin. This is in line
with our initial expectations. The higher thermal conduction
rate of GN-2-LNP indicates that it has potential thermal
management applications.

CONCLUSION

Lignin nano-particles with a size range of 100–300 nm were
prepared from lignin using a high-pressure homogenizer with
the intention of fabricating them into graphene-like carbon.
LNP treated by a combination of hydrothermal carbonization
and pyrolysis showed more potential for porous carbon based
on its high proportion of graphene-like structures and degree
of graphitization. Application of hydrothermal carbonization
prior to pyrolysis made a strong contribution to the resultant
carbon’s higher specific surface areas and total pore volume.
In addition, the LNP showed a better capacity to prepare
the carbon with higher thermal conductivity (0.45 W/mK)
and rate of thermal conductivity (0.51◦C/s) compared to
un-treated lignin.
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