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Solvents and binders are typical requirements in conventional lithium ion battery electrode
fabrication to enable intimate material mixing, mechanical robustness, and reproducibility.
However, for high energy density conversion chemistry cathodes such as sulfur (S) and
selenium (Se), the time-consuming solvent-based methods are proven unreliable to
achieve high mass loading cathodes with sufficient quality. Here, we report a facile
solvent-free and binder-free method to prepare high mass loading composite Se
cathodes that is enabled by the use of holey graphene (hG) as a lightweight
conductive scaffold. Holey graphene is a derivative of graphene and can be dry-
pressed into robust discs by itself. It can also serve as a matrix to host materials such
as Se for composite disc preparation in a mix-and-press process free of solvent and
binder. The method allows the preparation of ultrahigh Se content cathodes (up to 90 wt%
Se) and ultrahigh Se mass loading (up to 15.6 mg cm−2 in this work). These cathodes
exhibit excellent Se utilization, high areal capacity (up to 9mAh cm−2), and good rate
performance. The dry-press approach also allows for the preparation of a layered
composite cathode architecture, where a thin hG layer is inserted between the
composite and the current collector to improve the electrical contact. A solvent-free
approach is also used to prepare hG-based hybrids with metal sulfides to be incorporated
into a composite cathode to help entrap soluble polyselenide intermediates. The hybrid
material is compatible with the solvent-free mix-and-press electrode fabrication approach
and shows promise in improving the Se retention. While further improvements are still
required, this work demonstrates the outstanding potential of using this facile, solvent-free
approach enabled by hG for fabrication of high-performance, high mass loading
conversion chemistry cathodes.
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INTRODUCTION

The need for higher energy density batteries in demanding
applications such as electric vehicles and aircrafts has
stimulated research in conversion-type battery chemistries
such as lithium–sulfur (Li-S) and lithium–selenium (Li-Se)
pairs (Eftekhari, 2017; Kumar et al., 2018; Gu and Lai, 2019;
Gu et al., 2019; Bhargav et al., 2020; Huang et al., 2020; Zhao,
et al., 2020; Sun, et al., 2021). The two types of batteries share very
similar reaction mechanisms during discharge and charge
cycling, in which they both go through intermediates that are
soluble in traditional liquid electrolytes. Selenium has lower
theoretical specific energy than S (675 vs. 1,672 mAh g−1), but
is much more electrically conductive (10–5 vs. 10–30 S/cm). In
these batteries, higher current often results in lower material
utilization, thus resulting in lower available energy. Because of the
higher conductivity, Se-based cathodes may even outperform S
cathodes in energy at sufficiently high current densities. Due to
their chemical similarity, it has also been proposed that a hybrid
compound of these two elements may provide active conversion-
type materials with more balanced energy and power
performance (Abouimrane et al., 2012; Xu, et al., 2017). In
this context, dedicated studies on Li-Se batteries, although
comparably much less than those on Li-S batteries, would be
helpful in providing more insight into the Li/S-Se battery
chemistry and their potential toward a balanced energy and
power performance. For Li-Se batteries, significant challenges
remain in almost all aspects of the electrochemical cell system,
including cathode design and fabrication, Li metal anode stability
and utilization, electrolyte selection, approaches to attenuate
polyselenide shuttling, and strategies to improve overall energy
density by, for example, increasing Se loading and reducing the
electrolyte-to-Se ratio (Eftekhari, 2017; Gu and Lai, 2019; Gu
et al., 2019; Sun et al., 2021).

Battery electrodes typically consist of the requisite active
material, conductive additives to improve electrical
conductivity, and polymer binders to keep the electrode
integral. Polymer binders added to the electrode mixture do
not directly contribute to battery energy storage; instead, it
may experience parasitic reactions. Thus, its content should
always be minimized in the formulation. During the
conventional multistep fabrication process, these materials are
mixed in a solvent to form a slurry, which is then coated on a
current collector and allowed to dry to form an electrode sheet.
To ensure homogenous mixing and slow solvent evaporation for
high-quality electrodes, high boiling point organic solvents,
usually toxic, are often used. High-quality Li ion battery
electrodes have been fabricated using the above conventional
approach in research laboratories and commercially (Wenzel
et al., 2015; Kraytsberg and Ein-Eli, 2016; Hawley and Li, 2019).

Most Li ion battery electrodes undergo an intercalation
process, where only Li ions move in and out of the electrode
structure (Manthiram, 2020). Most of these electrodes
experience little volume change during charge and
discharge. In comparison, the conversion-type electrodes
such as Se experience much more severe volume changes
because of the significant density difference of the electrode

active material in the charge state (Se: 4.8 g cm−3) vs. discharge
state (Li2Se: 2 g cm

−3). While the final discharge product, that
is, Li2Se, is a solid, the reaction intermediates generated
around a third of discharge are in a polymeric form, that is,
polyselenides, which are soluble in common liquid electrolytes.
These drastic physical changes of the active material during the
battery reaction, especially at a practical mass loading level
(∼5 mg cm−2 and above), make it extremely challenging to
fabricate electrodes with acceptable performance.
Conventional slurry-based electrode fabrication methods are
mostly optimized for intercalation-type electrodes. When
applied to conversion-type active materials, it often yields
inferior coating quality with crack formation as the mass
loading is increased, not to mention the poor performance
during cycling that is likely related to the severe physical stress
caused by the volume change of the cathode material (Pope
and Aksay, 2015; Chung et al., 2018; Huang et al., 2020).

Recently, our group discovered that holey graphene (hG),
a derivative of graphene, can be compressed from its dry
powder form into robust solid architectures of various shapes
either by itself or as a host for other materials (Han et al.,
2017; Lin et al., 2019). The dry compressibility is uniquely
attributed to the nanometer-sized holes through the
nanosheet surface, which originate from the intrinsic
defects of the parent graphene, and therefore do not
significantly affect the typical characteristics of graphene
as an electrode material. With high electrical conductivity,
high surface area, and mechanical robustness, hG has been
shown to be an excellent and versatile scaffold material
applicable for various forms of energy storage. The dry-
pressed neat hG electrodes were directly used for energy
storage devices such as supercapacitors (Walsh et al., 2016)
and air cathodes for lithium–oxygen (Li-O2) batteries (Lin
et al., 2017). It can also serve as an effective host for dry-
pressed composite electrodes with active materials from both
intercalation [e.g., lithium iron phosphate (LFP) (Kirsch
et al., 2019) and lithium nickel cobalt manganese (NCM)
(Walker et al., 2020)] and conversion (e.g., S) chemistries
(Lin et al., 2019). The dry-press electrode fabrication
procedure is facile and does not require the use of any
solvent or binder. All the resultant electrodes exhibited
excellent performance with high active material utilization
due to the effectiveness of the conductive hG scaffold. With
the unique dry compression electrode fabrication approach,
the use of hG is particularly beneficial for high-quality, high
mass loading electrodes that are required in practical
applications.

Here, we demonstrate the use of hG as an effective host for the
dry-press fabrication of high mass loading Se cathodes with the Se
content up to 90%. The dry-press approach also allows the
fabrication of a neat hG layer between the cathode and the
current collector to reduce the contact resistance. We further
demonstrate that molybdenum disulfide (MoS2), a transition
metal sulfide that may help retain soluble polyselenides, can be
grown onto hG in a solvent-free approach. The MoS2@hG hybrid
is shown to be compatible with the dry-press approach for Se
cathodes with improved cycling performance.
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EXPERIMENTAL SECTION

Materials
Holey graphene (hG) was prepared from graphene (Vorbeck
Materials) using the established one-step air oxidation procedure
previously reported (Lin et al., 2015). Bis(trifluoro-methane)
sulfonimide lithium salt (LiTFSI; 99.95%), lithium nitrate (LiNO3;
99.99%), 1,2-dimethoxyethane (DME; anhydrous, 99.5%), 1,3-
dioxolane (DOL; anhydrous, 99.8%), selenium (Se; powder, ∼100
mesh, 99.99%), and ammonium tetrathiomolybdate [(NH4)2MoS4;
99.97%] were purchased from Sigma-Aldrich. Lithium chips
(15.6 mm diameter, 0.45 mm thickness), Celgard membrane
(0.025 mm thickness), and aluminum (Al) foil (0.015mm
thickness) were purchased from MTI Corporation. All chemicals
for battery assembly were handled inside an Ar-filled glove box with
O2 and H2O concentrations < 1 ppm. The solvents were dried over
freshly regeneratedmolecular sieves before using them for electrolyte
preparation. All othermaterials and chemicals were used as received.

MoS2@hG Hybrid
In a typical experiment, (NH4)2MoS4 (0.85 mmol; ∼220 mg)
powder was mixed with hG powder (8.5 mmol; ∼100 mg) via
a ball mill (SPEX CertiPrep 8000D High-Energy Shaker Mill) for
30 s. The resultant solid mixture was heated up in a N2

atmosphere from room temperature to 400°C in 1 h (ramp
rate ∼6.3°C min−1) and held for 3 h. After cooling to room
temperature, the MoS2@hG hybrid product was obtained.

hG/Se Composite Mixture and Cathodes
Desirable amounts of hG powder and Se powder were added
into a 20-ml zirconia vial (SPEX CertiPrep) with two zirconia
balls (SPEX CertiPrep, d � 1.3 cm). The powders were milled
for just 10 s on a high-energy ball mill (SPEX CertiPrep
8000D) to yield the hG/Se composite mixture. For cathode
disc preparation, a desirable amount of the composite mixture
was placed into a stainless steel pressing die (MTI
Corporation; Model EQ-Die-15D; the manufacturer
identified the inner diameter as 14.85 mm). Two pieces of
precisely cut (15 mm in diameter) Al foil discs were used as
separation layers to prevent unwanted material adhesion to
the top and bottom inner die surfaces. The composite mixture
was then pressed at 200 MPa (Carver Hydraulic Unit Model
#3925) and held for ∼10 min, generating a 1.73 cm2 cathode
disc (after peeling of both Al foil discs), which was denoted as
hG/Se-x%, with x% being the weight percentage of Se in the
mixture.

For each layered composite cathode disc with a thin layer of
neat hG (hG|hG/Se-x%, where “hG|” is used to denote the added
interlayer), a desirable amount of hG powder (typically
2.9 mg cm−2) was added to the die before or after the
composite powder. The entire powdery ensemble was then
pressed together in a single step to form the final disc.

For the cathode discs with MoS2@hG, the MoS2@hG powder
was first mixed with neat hG powder in a weight ratio of 1:1 using
the ball mill for 10 s to form a mixture (MoS2-hG). The ball-
milling time was intentionally kept brief to prevent unwanted
self-condensation of hG sheets while still rendering adequate

overall powder mixing. This mixture was then used as the
compressible host for Se for subsequent mix-and-press process
to form electrodes with MoS2-hG/Se-x% or hG|MoS2-hG/Se-x%
configurations.

Li-Se Battery Coin Cells
Li-Se batteries were assembled using typical CR2032 coin cell
parts (MTI Corporation) with a hydraulic crimper (MTI
Corporation, Model MSK-110) inside an Ar-filled glove box
(MBraun Labmaster 130), with O2 and H2O concentrations <
1 ppm. One of the various hG/Se composite discs and a piece of
the Li chip were used as the cathode and the anode, respectively,
with a 19-mm diameter Celgard membrane as the separator. The
electrolytes were 1 M LiTFSI and 0.2 M LiNO3 in DME:DOL (1:1,
v/v). The E/Se ratio (ml/g) used throughout this work was kept at
approximately 6.5.

Measurements
Scanning and transmission electron microscopy (SEM and TEM)
images were acquired using a Hitachi S-5200 field emission SEM
(FE-SEM) system. Lower magnification SEM images were also
acquired on a TESCAN VEGA3 tungsten thermionic emission
SEM system, both operated at an acceleration voltage of 20 kV.
The Hitachi S-5200 SEM is equipped with a Thermo Scientific
UltraDry energy dispersive spectroscopy (EDS) detector, while
the TESCAN system is also equipped with an EDAXOctane Elect
EDS system. A Rigaku SmartLab X-ray Diffractometer with a Cu
Kα radiation source was employed for XRD analyses. Surface DC
conductivity was measured with a four-point probe system
(Signatone, QuadPro Resistivity Wafer Mapping System) at
room temperature. Conductivity values of each sample were
calculated and averaged with resistivity measured at five
different locations. Battery discharge/charge measurements
were conducted on a BST8-MA or a BST8-300-CST 8-
Channel Battery Analyzer (MTI Corp.). Areal current densities
(JA) used were calculated according to the area of cathode
(1.73 cm2) and ranged from 0.5 to 5 mA/cm2 in this work.
Electrochemical impedance spectroscopy (EIS) and cyclic
voltammetry (CV) were conducted on a BioLogic VMP-3
electrochemical station. EIS was measured at the open circuit
potential in the frequency range of 1 MHz to 0.01 Hz, with an
amplitude of 10 mV and 10 points measured per decade. CV was
scanned in the voltage range of 1.4–2.8 V at a scan rate of
0.05 mV s−1.

RESULTS AND DISCUSSION

By taking advantage of the unique property of hG as a dry
compressible matrix, ultrahigh mass loading hG/Se cathodes
were conveniently fabricated without any solvents or binders
in a facile two-step mix-and-press process (Figure 1). This mix-
and-press technique enabled by hG allows for extremely facile
preparation of composite disc cathodes with precise and tunable
active material loadings. With practical loading in mind, this
work focuses on cathodes with Se contents (Se%) ≥ 50 wt% and
areal Se mass loadings (mSe) ≥ 8.7 mg/cm2.
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The as-prepared hG/Se cathode discs were dense and
conductive, with encapsulated Se retaining their physical
properties. Higher Se contents led to an increase of disc
density and a decrease in conductivity, both in a nonlinear
fashion (Figure 2A). For example, a hG/Se disc with 50% Se
(hG/Se-50%) exhibited a density of 1.4 g cm−3, with surface
conductivity as high as 563 S cm−1. At 90% Se (hG/Se-90%),
the disc density increased to 2.5 g cm−3 while still retaining a high
surface conductivity of 163 S cm−1. In comparison, a hG/S-90%
disc using the same fabrication method exhibited a density of
1.8 g cm−3 and a surface conductivity of 10 S cm−1 (Lin et al.,
2019), which is consistent with the lower density (density:
2.1 g cm−3) and much lower electrical conductivity (on the
order of 10–30 S cm−1) of S than Se.

XRD patterns of the composite discs (Figure 2B) matched well
with that of the neat Se powder and the JCPDS database (PDF#
06-0362). The broad feature at ∼ 26° is attributed to the (002) peak
of graphitic carbon from the hGmatrix. The internal morphology
of the hG/Se composite discs was further visualized and analyzed
using cross-sectional SEM and elemental mapping with EDS. A
low-magnification SEM image (Figure 2C) shows the long-range,
even thickness across the hG/Se composite disc. At a higher
magnification with the corresponding C-map (Figure 2D and
Supplementary Figure S1), the hG sheets can be seen to be
horizontally aligned normal to the pressing direction.
Micrometer-sized Se particles, with the same morphology as
those in the neat powder (Plaza-Rivera et al., 2020), were well
distributed throughout the cross section in between the hG sheets
from the SEM image and the Se map (Figure 2D), suggesting
excellent electrical contacts between the active material particles
and the conductive scaffold. These observations strongly suggest
that the mix-and-press process, despite its short duration in each
step, was exceptionally effective. The process provided an
intimate and uniform mixture of the active material Se with
the conductive scaffold hG without altering the properties of
either material at all these ratios investigated in this study.

The high mass loading hG/Se cathodes were assembled into
coin cells each with a Li chip as the anode for electrochemical
evaluations. In Li-Se battery chemistry, Se is converted into

soluble polyselenides of various chain lengths in Li-Se
batteries, similar to Li-S battery chemistry (Eftekhari, 2017).
This is supported by the cyclic voltammetry (CV) data
(Figure 3A, hG/Se-50% as an example), which show two
reduction peaks at 2.10 and 1.86 V corresponding to long- and
short-chain polyselenides, respectively. When reversing the
current, the oxidation peak at 2.32 V with a shoulder at 2.37 V
can be readily attributed to the completion of the Se regeneration
cycle. At a high mass loading of 8.7 mg cm−2, both reduction and
oxidation peaks remained well defined, suggesting fast
electrochemical kinetics, which is an indication of the
effectiveness of the conductive hG scaffold.

Galvanostatic charge–discharge curves of the Li-Se
battery cells at various current densities are shown in
Figure 3B. The voltage behavior is in close agreement
with the CV data (Figure 3A). For example, at an areal
current density (ЈA) of 0.5 mA cm−2, there are two voltage
plateaus at ∼ 2.16 and ∼2 V during discharge, corresponding
to long- and short-chain polyselenides, respectively. The
dual discharge voltage plateaus were also observed at
higher current densities. At the same JA, the charge
reaction exhibited a single plateau at ∼2.2 V, suggesting
that the intermediate steps in the reverse battery reaction
were much less distinct, commonly observed in the charge
reactions of Li-S and Li-Se batteries in general (Eftekhari,
2017; Lin et al., 2019; Plaza-Rivera et al., 2020).

The initial discharge capacity for the battery cell with a hG/Se-
50% cathode was as high as ∼ 820 mAh gSe

−1 (7.1 mAh cm−2) at
0.5 mA cm−2. This value is even higher than the theoretical
capacity of Se (675 mAh gSe

−1), which is not unusual especially
when the initial Se utilization is nearly complete. For example, a
similar phenomenon was previously observed (Sun et al., 2021),
where the excess capacity could be related to the partial
decomposition of the electrolyte and the formation of the solid
electrolyte interphase (SEI).

Notably, with a stepwise test protocol, where the battery cell
was cycled 4 times each at ЈA of 0.5, 1, 2, and 5 mA cm−2, the
capacity transitions between the adjacent ЈA steps were not
drastically evident (e.g., 410 mAh gSe

−1at cycle 8 at 1 mA cm−2

FIGURE 1 | Schematic illustration of the solvent-free mix-and-press process: (left)mix hG and Se powder into the hG/Se composite mixture; (right top) directly
press the hG/Se composite mixture onto the current collector to form a composite cathode disc; (right bottom) press sequentially loaded hG powder and the
composite mixture powder to form a layered cathode disc, with a hG layer between the composite and the current collector.
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vs. 396 mAh gSe
−1at cycle 9 at 2 mA cm−2) (Figure 3C; different

ЈA are color-coded). This is in stark contrast to the Li-S batteries
with hG/S cathodes prepared under similar conditions, where
there were distinct capacity drops where ЈA was increased to the
next step (Lin et al., 2019). This observation implies that the
change in ЈA did not result in any significant effect on the kinetics
of the battery reaction. Therefore, these hG/Se cathodes are of
much higher rate performance than similarly prepared hG/S
cathodes, consistent with the fact that Se is a much more
conductive active material than S (Eftekhari, 2017).

As mentioned previously, the mix-and-press approach for hG/
Se cathode fabrication allowed the convenient increase of the Se
content in the cathode simply by applying a higher Se:hG ratio
during mixing. As an example, a hG/Se-90% disc (Se:hG � 9:1)
was also prepared and assembled into Li-Se battery cells. With the
total cathode loading remaining the same (hG + Se totaled
17.3 mg cm−2), the Se mass loading improved from
8.7 mg cm−2 to 15.6 mg cm−2. As shown in Figure 3C, the cell
with an ultrahigh Se mass loading exhibited somewhat less but

still high Se utilization, with the first discharge capacity around
574 mAh gSe

−1 (∼85% utilization). With a higher Se mass loading,
the areal capacity was much improved, despite the lower
gravimetric capacity (Figure 3D). For example, at the fourth
cycle (ЈA � 0.5 mA cm−2), the areal capacity improved from 4.1
(hG/Se-50%) to 5.6 mAh cm−2 (hG/Se-90%), a 36%
improvement. In addition, even at such an ultrahigh Se
content, there was still a lack of clear capacity transition
during abrupt ЈA changes in between the adjacent cycle steps,
suggesting the battery reactions remained insensitive and
kinetically viable at these ЈA values. These high initial areal
capacity values of these hG/Se cathodes, along with the
ultrahigh Se mass loadings, are among the highest reported in
the current literature (Supplementary Table S1).

The moderate adhesion of the Al current collector and the
composite hG/Se cathode, especially at ultrahigh Se contents,
resulted in higher interfacial resistance, as reflected in the
broad CV peaks (Figure 4A) and high impedance revealed by
EIS (Figure 4B). We observed that neat hG exhibited better

FIGURE 2 | Characterizations of hG/Se cathode discs: (A) dependence of surface conductivity (black color; left axis) and apparent density (red color; right axis) on
the Se content (%) of various hG/Se discs; (B) XRD patterns of hG/Se-50% discs in comparison to the neat Se powder; (C) the low magnification SEM image of a cross-
sectional view of hG/Se-50% discs; (D) a higher magnification view of the same disc and the corresponding EDS maps of C and Se elements.
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adhesion to the Al surface than the composite hG/Se cathode.
In order to improve the electrical interface, a thin neat hG layer
was inserted between the Al current collector and the main
composite layer. Such layered composite electrodes were
conveniently fabricated by simply placing the desirable
amount of hG powder before (or after) adding the
composite powder into the pressing die. The compression
was still completed in a single step (Figure 1). As shown in
the SEM/EDS images in Figure 4C, the Se elements are
confined in the composite layer, while hG sheets are
distributed throughout the composite layer in addition to
the neat layer. With a thin hG layer (2.9 mg cm−2) adding
to a hG/Se-90% cathode, the CV peaks of the resultant layered
cathode (denoted as hG|hG/Se-90%; overall Se% � 77%)
became much better defined (Figure 4A). In addition, the
Nyquist plot from EIS measurement showed that both the bulk
resistance (Rb, the intercept of x-axis) and the charge transfer
resistance (Rcf, the size of semicircle) were much reduced
(Figure 4B). Therefore, the lightweight, neat hG layer may
thus be considered as a concept of an effective three-
dimensional current collector that improved the electrical
interface to the cathode composite (Lin et al., 2019).

Interestingly, the improvement of the electrical interface at
the cathode current collector did not have a significant effect
on the initial capacity, with the first discharge areal capacities
at 9.0 and 8.7 mAh cm−2 for the hG/Se-90% and the hG|hG/Se-
90% electrodes (both Se mass loadings � 15.6 mg cm−2),
respectively. This may be due to the rather rate-insensitive
nature of the moderately conductive Se active material. Over
cycling, however, the electrode with the additional hG layer did
exhibit higher capacity (e.g., 1.7 vs. 1.2 mAh cm−2 at cycle 40)
(Figure 4D). Unfortunately, all Li-Se battery cells with the hG/
Se electrodes, with or without the additional hG interlayer,
suffered extensive capacity loss over cycling due to the
shuttling of polyselenide intermediates toward the Li metal
anode as a result of their solubility and high mobility. The
observed slight difference in the initial Coulombic efficiency
shown in the inset of Figure 4D is rather insignificant
considering the massive shuttling effect with or without the
added hG layer. The detrimental shuttling effect was further
amplified by the ultrahigh Se mass loading in these cells.
Compared to Li-S batteries with similarly prepared hG/S
cathodes (Lin et al., 2019), the observed capacity loss for Li-
Se batteries was much more severe with much lower

FIGURE 3 | Electrochemical performance of Li-Se battery cells with hG/Se cathodes: (A)CV of a cell with a hG/Se-50% cathode at 0.05 mV s−1; (B) discharge and
charge curves of a cell sequentially cycled at 0.5, 1, 2, and 5 mA cm−2 (each for 4 cycles); curves shown are the first cycle of each JA segment, and comparisons of cells
with a hG/Se-50% cathode and a hG/Se-90% cathode in terms of (C) specific capacity and (D) areal capacity.
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percentages of capacity retention. Similar capacity loss was
also previously observed for ultrahigh Se mass loading
electrodes with a layered architectural configuration (Plaza-
Rivera et al., 2020). Nevertheless, data of subsequent cycles
51–100 from the same cells of Figure 4D are shown in
Supplementary Figure S2.

The extensive capacity loss over cycling prompted us to
evaluate means of incorporating materials within the cathode
that may entrap the soluble polyselenides to reduce their
shuttling effect. Many transition metal oxides and sulfides,
such as MnO2, MoS2, and TiO2, have been shown in the
literature to be useful for this purpose (Liu et al., 2017a;
Rana et al., 2020; Ye and Lee, 2020; Sun et al., 2021). In
order to be compatible with our unique solvent-free mix-
and-press electrode fabrication approach, a MoS2@hG hybrid

was prepared using a convenient method previously developed
in our laboratory that is also solvent free (Lin, et al., 2009). In
this approach, (NH4)2MoS4, a precursor for MoS2, was mixed
with hG powder at a desirable ratio (1:10 mol/mol in this work)
via brief ball milling. The mixture was then heated to 400°C to
allow thermal decomposition of (NH4)2MoS4 into MoS2
nanoparticles, which were well distributed and decorated on
the hG surface (Figure 5A). The formation of MoS2
nanoparticles was confirmed via XRD (Supplementary
Figure S3), where peaks at 14.3, 33.5, 39.4, 49.4, and 58.2°

correspond to MoS2 (002), (100), (103), (105), and (110) phases,
respectively (PDF# 37-1492). The broad peaks in XRD suggest
ultrafine grain sizes for these nanoparticles. Under TEM, the
MoS2 nanoparticles of tens of nanometers in sizes with
undefined shapes appeared highly conformed to the hG

FIGURE 4 | hG/Se cathodes with a layered architecture, where a hG layer is inserted between the composite electrode and the current collector: (A) CV curve
comparison and (B) Nyquist plot comparison from EIS measurements for battery cells with a hG/Se-90% cathode and a hG|hG/Se-90% cathode; (C) a schematic
illustration of the layered electrode architecture and a SEM image with the corresponding Se and Cmaps from EDS; (D) cycling performance comparison of the two cells;
inset shows the discharge–charge curves of the first cycle. Batteries were sequentially cycled at 0.5, 1, 2, and 5 mA cm−2, each for 4 cycles, then at 2 mA cm−2. In
(A, B, D), curves for the hG/Se-90% electrode and the hG|hG/Se-90% are black and orange colored, respectively.
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surface, likely due to their two-dimensional crystalline nature
(Figure 5B).

With the entire process being solvent free, the resultant MoS2@
hG hybrid powder was mixed with neat hG in a 1:1 weight ratio to
serve as a compressible host matrix for the Se active material.
Robust composite MoS2-hG/Se cathode discs were conveniently
fabricated via the same mix-and-press approach. In a proof-of-
concept experiment, Li-Se battery cells with a hG|hG/Se-50%
cathode and a hG|MoS2-hG/Se-50% [i.e., (MoS2@hG:hG):Se �
(1:1):2, w/w] cathode were fabricated. The total cathode mass
loadings were both 32.9 mg cm−2, which include the
2.9 mg cm−2 hG interlayer. The Se mass loadings in both cells
were 8.6 mg cm−2. As shown in Figure 5C, the incorporation of
MoS2 into the cathode improved the capacity retention at various
current densities, with the step-like cycling protocol in the early
cycles. For example, the capacities were 421 vs. 362 mAh gSe

−1 at
cycle 11 (JA � 2 mA cm−2) and 316 vs. 227 mAh gSe

−1 at cycle 15 (JA
� 5 mA cm−2), respectively. However, the improvement effect
diminished after about 20 cycles, with the overall capacity loss
remaining significant (>80% after 40 cycles). A likely scenario is
that the available MoS2 became saturated with the adsorbed
polyselenides and gradually deactivated due to ultrahigh Se
mass loading. Such a phenomenon has not been much
discussed in the literature because most of the reported work in
this area used low cathode mass loadings, and, therefore, the
adsorbent capacity was likely not reached (Liu et al., 2017; Rana
et al., 2020; Ye and Lee, 2020).

Nevertheless, these preliminary results still suggest that such a
hybrid incorporation strategy can be viable for more effectively

entrapping soluble polyselenides, and further optimization of the
composition and content of the entrapment species is required.
These methods, along with other polyselenide mitigation
strategies such as separator coatings, electrolytes with low
intermediate solubility and solid-state electrolytes, will be
explored in future studies.

CONCLUSION

A facile mix-and-press electrode fabrication technique is
demonstrated to prepare dense and ultrahigh Se mass
loading cathodes without the need of solvents or a binder.
The technique is enabled by using hG as a conductive and
architectural scaffold. Up to 90 wt% Se content and
15.6 mg cm−2 Se mass loading in the cathodes are
demonstrated, with high Se utilizations (>85%) and a
remarkable initial areal capacity of 9 mAh cm−2. The unique
dry-press electrode fabrication also allows for the preparation of
a layered electrode architecture, where a lightweight, neat hG
layer is inserted between the current collector and the active
material composite layer to improve the electrical contact. It is
also demonstrated that polyselenide entrapment species, such as
MoS2, may be incorporated with the hG scaffold and
subsequently into the ultrahigh Se mass loading cathodes to
improve capacity retention and compatibility with the solvent-
free mix-and-press approach. There was still significant
shuttling of polyselenides despite the performance
improvements in initial cycles. Further studies are underway

FIGURE 5 | Toward entrapping soluble polyselenides: (A) solvent-free synthesis of the MoS2@hG hybrid; (B) a typical TEM image and the corresponding C, Mo,
and S EDSmaps of theMoS2@hG hybrid; (C) Li-Se battery performance with a hG|hG/Se-50% cathode vs. a hG|MoS2-hG/Se-50% cathode in a protocol, where JA was
sequentially held at 0.5, 1, 2, 5, 0.5 mA cm−2 (each for 4 cycles).
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to incorporate more effective polyselenide mitigation strategies
to improve the long-term cycling performance of these
ultrahigh Se mass loading Li-Se batteries.
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