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ABSTRACT: The low capacities of commercial Li ion batteries and
cycle instabilities of amorphous metal sulfide based batteries impose
constraints on their utilization for large-scale energy storage. We report
here the acid-free, room-temperature (RT), and solution-based
synthesis of a chalcogenide−carbonaceous hybrid aerogel, termed as
“chalcocarbogel”, comprising molybdenum sulfide (MoSx) and gra-
phene oxide (GO). The chalcocarbogel is a nanoparticle-aggregated,
porous, amorphous gel consisting of Mo3S13 and Mo2S12-like structures
as determined by synchrotron X-ray PDF, XANES, and EXAFS. The
MoSx-GO chalcocarbogel demonstrates high specific capacities of
∼1215 and ∼807 mAh g−1 for Li/MoSx-GO and Na/MoSx-GO cells,
respectively, for a 50 mAg−1 discharge rate during the first cycle. After
the activation cycles, the MoSx-GO chalcocarbogel stabilizes, maintain-
ing high specific capacities of approximately ∼700 mAh g−1 for Li/
MoSx-GO and ∼473 mAh g−1 for Na/MoSx-GO cells, while continuously cycling. The MoSx-GO aerogel reported here serves
as a promising platform to develop chalcocarbogels for applications spanning both Li and Na ion batteries.

A erogels are ultralow-density, high-surface-area, meso-
to microporous materials,1−3 composed of colloidal
nanoparticles physically interlocked in three-dimen-

sional (3D) space.2,4,5 Apart from the traditional oxide-based
gels,6−12 the first chalcogenide-based gel, CdS, was reported by
Gacoin et al.13 Later, Brock and co-workers synthesized binary
metal sulfide aerogels of CdS, PdS, CdSe, and ZnS using a
thiolysis route.4 In 2007, using the metathesis synthesis route,
Kanatzidis and co-workers synthesized a large number of gels
from metal sulfide or polysulfide anionic clusters and named
them “chalcogels”.14−16 Chalcogels are highly disordered
materials and show a wide range of applications, such as
hydrodesulfurization,17 environmental remediation,18−20 gas
separation,14 catalysis,21−24 and energy storage.25

Chalcogels, in many cases, contain high densities of
polysulfides, and their −S−S− bonds can undergo chemical
conversion reactions during battery charge−discharge pro-
cesses, making them of interest for energy storage.19,25

Commercial Li ion batteries (LIBs) use lithium metal oxide
as the cathode and graphite as the anode, both of which make

use of intercalation/deintercalation mechanisms. Unfortu-
nately, achieving high-energy-density storage is limited due
to low theoretical specific capacities.26,27 The conversion
mechanism, on the other hand, for example with the complete
conversion of S8 to Li2S, involves 16e

− (16Li+ + S8 + 16e− →

8Li2S) during the charge−discharge processes and can deliver
large specific capacities in sulfur-based batteries.27−29 Chalco-
gels characterized with high surface areas and high porosity
densities among their interconnected polysulfide-rich nano-
particles hold considerable promise as electrode materials for
conversion-based rechargeable batteries.4,25,30

Due to high gravimetric capacity and energy density, Li
sulfide batteries continue to draw substantial interest.31 The
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charge−discharge process in the cell leads to the formation of
polysulfide species, A2Sn (A= metal; n = 2−8).27 Polysulfides
tend to dissolve into the electrolyte, resulting in the loss of the
active mass,25,27,28 leading to the deterioration of specific
capacity and cycle e>ciencies.32,33 Further, issues such as low
electrical conductivity of S, large volumetric change during the
charge−discharge process, polysulfide shuttling, formation of a
nonuniform solid electrolyte interface (SEI), and dendrite
growth constrain the practical application of Li sulfide
batteries.27,32 Recently Na ion batteries (SIBs) have gained
attention as a promising alternative because of the high natural
abundance of Na, low cost, and environmental friendliness,34,35

and sodium sulfide batteries hold potential for large-scale
energy storage applications, such as renewable energy
integration and grid-level stabilization.36,37 These materials
also face several issues, however, including polysulfide
dissolution and cycle instability; hence, there is a need for
further development and characterization.35,38

Amorphous transition metal sulfides have been identified as
promising electrode materials because of their high gravimetric
and cycle capacities.39−41 The gravimetric capacities for this
class of materials are as high as 900−1300 mAh g−1 during the
first discharge, though they drop precipitously in successive
cycles.39,42 Recently, we introduced chalcogels, (MoS4)n (n ≈

∞) as MoSx, as an S-equivalent high-capacity electrode for Li-
sulfide batteries that show higher cyclic stability than using S
alone as an electrode material.25 This result is due to the higher
a>nity of the metal cation for S, which reduces the dissolution
of sulfides in the electrolyte. Recent reports show that
composites of carbonaceous species, such as micro-/
mesoporous carbon, graphene oxide (GO), graphite, and
carbon nanotubes with metal sulfides enhance the gravimetric
capacity and cycle stability of Li sulfide batteries.42−44 Based
on these reports, we hypothesized that a homogeneous
composite matrix of GO and metal chalcogenides in the
form of a nanoparticle aggregated gel could lead to high-
capacity and cycle-stable electrode materials for Li/Na ion
batteries.
Here, we introduce an aerogel consisting of cross-linking

between Mo−S (from MoS4
2−) and GO that we have named

“chalcocarbogel”. The solution-processable, acid-free synthesis
of the MoSx-GO chalcocarbogels was obtained at RT and
ambient pressure. We show that the integration of
molybdenum sulfide anions and GO enables the homogeneity
of metal sulfides and carbonaceous species across the MoSx-
GO gel particles. Moreover, the MoSx-GO chalcocarbogels are
used in Li ion and Na ion batteries that have high specific
capacities and good cycle e>ciencies.

The MoSx-GO gel was synthesized from a solution of
(NH4)2MoS4, I2, and highly dispersed GO nanosheets in
formamide (FM) at RT and pressure in ∼24 h (see Figure 1
and the Supporting Information). Iodine turns into iodide and
counterbalances the NH4

+ ion, as described previously for
MoSx gel synthesis.

20 Figure 2A shows a photograph of the wet
gel in an inverted vial, demonstrating the resilience of the
monolith wet gel, which is typical for chalcogels.17,20,45−47

Scanning electron microscopy (SEM) images of the aerogel
show the homogeneity of the aggregated particles (Figure 2B),
while high-resolution transmission electron microscopy
(HRTEM) imaging of the MoSx-GO aerogel reveals the
porosity of the gel (Figure 2C). Energy dispersive X-ray
spectroscopy (EDS) in STEM confirmed the presence of C, O,
Mo, and S within the aerogel (Figure 2D−I). The EDS
spectrum from STEM (Figure S1) shows the overlap of S and
Mo peaks at around 2.30 keV. The EDS from SEM gives the
average atomic percentage (Table S1), where S is almost 4
times more abundant than Mo. Transmission electron
microscopy (TEM) imaging of the MoSx-GO aerogel shows
an amorphous material with darker regions in the images
indicating inclusions (Figure 2J−L). Fast Fourier transform
(FFT) analysis (insets in Figure 2J−L) confirms the
amorphous nature of the porous gel. The presence of pores
was further evidenced by surface area measurements. The
MoSx-GO gel exhibits a type II isotherm with an H1 hysteresis
loop, suggesting a porous nature;48 the H1 hysteresis suggests
mesoporosity with a very limited range of pore diameters as
well as adsorption branch condensation being slowed down,
and the flattened region indicates the formation of a monolayer
(Figure S2).48,49 The material has a single-point surface area of
197.82 m2/g (at P/P0 = 0.3) and a BET surface area of 56.64
m2/g (Figure S2), with average adsorption and desorption
pore diameters of 29.27 and 35.50 nm, respectively. The BET
surface area of the MoSx-GO aerogel is relatively low, although
it can be improved through optimization of solvent exchange,
degassing, and supercritical drying conditions. The thermal
stability of the MoSx-GO xerogel was analyzed by thermog-
ravimetric analysis under a N2 atmosphere from 25 to 580 °C
(Figure S3). It showed an initial weight loss of around 5.87%
up to ∼215 °C due to residual solvent evaporation from the gel
preparation. From 215 to 426 °C the weight loss was about
25% because of the loss of sulfur species.50

XRD of MoSx-GO demonstrates a generally featureless
diKractogram, with the exception of a broad hump at ∼25°

(Figure 3A). This pattern indicates the absence of long-range
translational order in MoSx-GO, confirming its amorphous
nature. The Raman spectrum of MoSx-GO reveals two peaks at

Figure 1. Schematic representation of the steps toward the synthesis of MoSx-GO chalcocarbogel.
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∼1325.1 and ∼1605.6 cm−1 that correspond to the graphene D
and G modes of amorphous carbon, respectively (Figure 3B).
The G band corresponds to in-plane vibrations of sp2-bonded
carbon atoms, while the D band is the result of out-of-plane
vibrations attributed to the presence of structural defects.39,51

Moreover, the peak at 430.5 cm−1 is characteristic of S−Mo3
for the cluster anion Mo3S13

2− as related to (NH4)2Mo3S13.
52

The peak at 501.4 cm−1 originates from the energy of the S−S
bonding vibrations.53 The peak around 622.8 cm−1 can be
assigned to a C−S vibration.50,54

The local atomic arrangements of Mo−S in the
chalcocarbogel were analyzed by synchrotron X-ray pair
distribution function analysis (PDF).55−57 The PDF result
reveals the presence of atomic correlations up to ∼7 Å,
suggesting atomic ordering in the local structure. The absence
of well-defined peaks beyond 7 Å demonstrates the lack of
long-range translational symmetry, typically associated with
amorphous structures (Figure 3C). This finding is consistent
with the FFT and XRD results. The peak at 2.77 Å is very close
to Mo−Mo distances found within crystalline (NH4)2Mo3S13

Figure 2. Photograph of an inverted vial containing MoSx-GO wet gel, showcasing its resilience against falling apart (A). SEM image showing
the aggregation of the aerogel (B). HRTEM image (C), STEM image (D), and EDS maps of the MoSx-GO chalcocarbogel showing the
distribution of each element (E−I) and elemental overlay showing the presence of Mo and S in the chalcocarbogel (E). TEM images of the
same sample (J−L) with fast Fourier transforms shown as insets.
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and (NH4)2Mo2S12.
58,59 This suggests the presence of the

Mo−Mo clusters in the random network of the MoSx-GO gel,
which were absent in the precursor Mo−S material, clearly
indicating the densification of MoS4

2− units (Figure S4).
Moreover, the PDF of the precursor (NH4)2MoS4 exhibits
Mo−S bond lengths of 2.19 Å and does not show close Mo−

Mo interactions (Figure S4). In contrast, the PDF of MoSx-
GO also shows a strong peak at ∼2.41 Å that is associated with
Mo−S bond distances and a small feature around ∼2.0 Å
consistent with S−S interactions within crystalline
(NH4)2Mo3S13 and (NH4)2Mo2S12 structures.58,59 The pres-
ence of the peak at about 2.0 Å confirms the presence of di-/
polysulfide species. The elongation of d(Mo−S) to ∼2.41 Å in
MoSx-GO can be attributed to the Mo6+ reduction, resulting
from redox-reaction-driven polymerization of MoS4

2− clusters
during gelation. Hence, the reduction of Mo is attributed to
the subsequent oxidations of S2− → Sn− (n ≤ 1). This kind of
reductive polymeric condensation of MoS4

2− has been
observed for MoSx chalcogels.

20 Analysis of the PDF revealed
that the size of the cluster is ∼7 Å. The additional peaks below
2.0 Å can be attributed to C−C, C�C, −C�O, and −C−S
distances, but their assignment is ambiguous because of the
complex chemical compositions of the amorphous MoSx-GO
chalcocarbogels, as well as the surface oxidation of the
chalcogels’ nanoparticles, where the latter is typical for
chalcogels.55

Quantum-chemical modeling via density functional theory
(DFT) at the ωB97XD/LANL2DZ level of theory of isolated
MoS4

2− and Mo3S13
2− clusters confirms the structural insights

observed in the PDF (Figure S5a,c).60−62 The DFT-
determined Mo−Mo bond distance in Mo3S13

2− is 2.71 Å,
while the terminal and bridging Mo−S bond distance is 2.53 Å
and the axial Mo−S bond distance is 2.46 Å (Figure S5c). For
Mo2S12

2−, the DFT-derived Mo−Mo bond distance is 2.83 Å,
while the terminal Mo−S bond distance is 2.51 Å and the
bridging Mo−S distance varies between 2.48 and 2.59 Å
(Figure S5b). The Mo−S bond distance in the MoS4

2−

structure is about 2.24 Å (Figure S5a). In addition, the
HOMO of Mo2S12

2− (Figure S6b) shows the presence of a d-
orbital characteristic that is absent in MoS4

2− and Mo3S13
2−

(Figure S6a,c). These DFT-derived bond parameters support
the findings of the PDF that the lengthening of the Mo−Mo
and Mo−S bond distances likely results from the reduction of
Mo that is related to an increase in the coordination number of
Mo.
XPS peaks at 232.4 and 229.3 eV originate from Mo 3d3/2

and Mo 3d5/2 of Mo4+ and the peaks at 233.8 and 229.6 eV
represent the 3d3/2 and 3d5/2 of Mo5+, respectively (Figure
4A), indicating the presence of both Mo4+ and Mo5+ ions in

the MoSx-GO chalcocarbogels.63,64 The peaks at 226.6, 169.3,
and 163.4 eV represent the S 2s and 2p orbitals, respectively
(Figure 4A,B).65,66 The strong band centered at 163.4 eV is
attributed to the S2

2− species.66 Moreover, the weak peak at
about 169.3 eV is related to the surface oxidation of sulfide to
sulfite or sulfates, which is typical for chalcogels (Figure 4B).67

The XPS of C 1s and O 1s reveals the C−OH, C�O, and O−

C�O bonds originating from the GO present in the matrix
(Figure S7A,B).68 Further, the peak at 286.67 eV (Figure S7A)
represents the C−S bond states, suggesting the linkage of the
sulfide of the MoSx species with the GO nanosheets. This
observation aligns with the finding obtained by Raman
spectroscopy.50 Detailed assignments of the XPS peaks are
given in Table S2.
To better understand the local coordination of Mo, we

analyzed MoSx-GO by X-ray absorption spectroscopy (XAS)
(Figure 4C,D). X-ray absorption near-edge structure (XANES)
(Figure 4C) shows a change in the slope of the rising edge,
which may demonstrate the presence of a mixed-valence state
of Mo, analogous to XPS that we discussed above.69,70 Mo K-
edge data of the extended X-ray absorption fine structure
(EXAFS) for MoSx-GO were modeled with (NH4)2Mo2S12,

58

(NH4)2Mo3S13,
63,71 and MoO2 (Figure 4D).72 The fitting

parameters are given in Table S3. The Mo−S and Mo−Mo
bonds from the Mo2S12

2− species fitted R values of 2.62 and

Figure 3. XRD showing the amorphous feature of the MoSx-GO chalcocarbogel (A). Raman spectrum representing S−S and C−C symmetric
and asymmetric vibrations alongside a C−S vibration (B). Pair distribution function (PDF) of the MoSx-GO gel (blue) indicating short-
range atomic ordering of the amorphous gel with the calculated PDF (red) using Mo3S13

2− and Mo2S12
2− clusters (C).

Figure 4. XPS showing di?erent oxidation states of Mo (A) and S
(B). XANES of the MoSx-GO chalcocarbogel indicating the
presence of Mo4+ and Mo5+ oxidation states (C). EXAFS fitting
of MoSx-GO by building a model spectrum with Mo2S12

2− and
Mo3S13

2− units including a Mo−O path (D) (black line, data; blue
circles, fit/model).
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2.87 Å, respectively, indicate the presence of Mo5+ in the gel.
The deviation of the fitted bond distances from the pristine
system is due to the phase shift and uncertainty in reference
energy.73 Further, the Mo−S and Mo−Mo bonds from
Mo3S13

2− species were observed where Mo is in a 4+ oxidation
state. This result is consistent with the XPS for MoSx-GO. The
coordination numbers for the Mo−Mo bonds from both
Mo2S12

2− and Mo3S13
2− were estimated as 2 and 3,

respectively.
Overall, detailed analyses of the Raman, XPS, synchrotron

X-ray PDF, XANES, and EXAFS data reveal a very complex
local structure of the MoSx-GO chalcocarbogel, which
plausibly consists of both MoV2S12

2− and MoIV3S13
2− like

species. Hence, the reduction of the Mo6+ ion of the precursor
of MoVIS4

2− into Mo4+ and Mo5+ is attributed to the oxidation
of the monosulfide (S2−) ions to disulfide (S2

2−) groups during
the gelation process. Also, the presence of Mo−O bonding, as
indicated by EXAFS, likely implies the linkage of molybdenum
sulfide clusters with the graphene oxide moiety through S−

Mo−O−C interactions. Besides, the presence of C−S, as
determined by Raman spectroscopy, can be attributed to the
covalent interactions of the terminal sulfides of the
molybdenum sulfide cluster with C of the graphene oxide
entity. In contrast to the highly intricate local structure of
MoSx-GO, the MoSx chalcogel synthesized from the MoS4

2−

anion exclusively adopts the local structure featuring the
Mo3S13

2− cluster.25 However, the structures of the MoSx and
MoSx-GO gels are distinctly diKerent from that of the
proposed amorphous MoS3, which is believed to have a
chain-like structure consisting of Mo4+ ions bridged by sulfide
(S2−) and disulfide (S2

2−) ligands.39,74

Galvanostatic charge−discharge experiments at constant and
variable current densities were carried out using MoSx-GO as
an electrode in Li and Na ion battery half cells (Figure 5). The
initial discharge capacities are ∼1215 mAh g−1 for a Li/MoSx-

GO cell and ∼807 mAh g−1 for a Na/MoSx-GO cell. Specific
capacities were determined based on the total mass of the
MoSx-GO composite. In the first few cycles, a gradual capacity
loss is observed, but the largest capacity loss happens between
the first and second cycles. Notably, the redox reactions of the
MoSx-GO composite include both conversion and intercala-
tion reactions. In the initial discharge process, MoSx/GO
converted into MoSx−n/GO and nLi2S/nNa2S ∼1.9 V for LIBs
and ∼1.38 V for SIBs. Intercalation of Li+/Na+ could happen
within the MoSx-GO composite, and then it formed LiyMoSx/
NazMoSx, which ultimately convert into Mo and lithium/
sodium sulfides. The initial irreversibility of the MoSx-GO
electrode (Figure S8) might be attributed to the trapping of Li+

and Na+ in the MoSx-GO matrix and incomplete conversion of
lithium sulfide species. However, the redox reactions become
reversible after the first cycle (Figure 5A,D). As evidenced by
the electrochemical analysis of MoSx-GO and also other Mo−S
systems studied so far, the plausible mechanism of Li and Na
storage in the MoSx-GO composite proceeds by both
conversion of MoSx to Li/Na sulfides and Mo and
intercalation of Li+/Na+ ions in the MoSx-GO chalcocarbogel
matrix.75−78

Apparently, cell polarization increases gradually upon cell
cycling (Figure 5A,D and Figure S9). This increase could arise
from electrolyte decomposition, which would lead to the
formation of a resistive solid electrolyte interface (SEI) layer.
Nonetheless, the Li/MoSx-GO and Na/MoSx-GO cells both
exhibit a stable capacity after the activation cycles (Figure
5B,E). Li/MoSx-GO retains a reversible discharge capacity of
∼700 mAh g−1, and Na/MoSx-GO exhibits a reversible
discharge capacity of ∼473 mAh g−1 after 50 cycles. It is
noteworthy that both the Li/MoSx-GO and Na/MoSx-GO
cells display remarkable cyclic stability. The Na/MoSx-GO cell
shows a slightly gradual decrease in cyclic stability after the first

Figure 5. Galvanostatic charge/discharge profiles of MoSx-GO electrodes in (A) LIBs and (D) SIBs half cells. (B) Cycling performance of
Li/MoSx-GO between 0.005 and 3 V @50 mAg−1 vs Li/Li+. (E) Cycling performance of Na/MoSx-GO between 0.005 and 3 V @50 mAg−1 vs
Na/Na+. Performance at di?erent current rates for (C) Li/MoSx-GO and (F) Na/MoSx-GO.
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cycle, while the Li/MoSx-GO cell delivers consistent perform-
ance after the initial cycles.
Previously reported hybrid Mo−S systems used as electrodes

in LIB half cells resulted in 600−700 mAh g−1 specific capacity
at the first discharge cycle.75,76 The MoSx-GO chalcocarbogel
reported here exhibits a significantly higher specific capacity
and a much longer cyclic stability in Li/MoSx-GO batteries.
These results underscore the crucial role played by the
synergistic combination of the Mo−S and GO components in
shaping distinct local structures and enhancing electrical/ionic
conductivity. These factors collectively contribute to the
outstanding performance achieved by these batteries. SEM
post-mortem analyses were performed on cycled electrodes
and compared with pristine electrodes. Although an SEI can be
seen on the surface of the spent MoSx-GO electrodes from
cycled LIBs, the morphology of the MoSx-GO is maintained
after long-term cycling with no obvious cracks or disintegration
(Figure S10).
Electrochemical impedance spectroscopy (EIS) measure-

ments were performed on Li/MoSx-GO and Na/MoSx-GO
after the 1st and 20th cycles (Figure S11B,C). Similar
impedance patterns were obtained from both Li/MoSx-GO
and Na/MoSx-GO. A comparison of individual resistance
components for Li/MoSx-GO and Na/MoSx-GO is shown in
Table S4. The distribution of relaxation time (DRT) obtained
from the EIS data shows three distinguishable relaxation
processes (Figure S11A). The high-frequency process is the
result of charge transfer at the metal (Li or Na)/electrolyte
interface (R2), while the medium-frequency process is related
to charge transfer at the MoSx-GO/electrolyte interface (R3),
as the capacitance value is higher at the MoSx-GO/electrolyte
interface than at the metal (Li or Na)/electrolyte interface.
The lower-frequency process originates from ionic diKusion
(W0). The resistance (R1) of ionic conductivity of the
electrolyte does not appear in the relaxation process, since
there is no capacitance formation. Based on the DRT
information and from the Nyquist plot (Figure S11A−C), an
equivalent circuit was designed (Figure S11D); the data are
provided in Table S4. Both the series resistance (R1) and
interfacial resistance (R2 and R3) increase in the 20th cycle
compared to the 1st cycle, a result that might arise from the
formation of an SEI layer. The impact of the cell resistance
enhancement reflects the polarization of the charge−discharge
profile where the cell polarization increases gradually. The
impedance measurement substantiates the observed charge−
discharge cell voltage profile.
In summary, we present the solution-processable, room-

temperature, acid-free, and scalable synthesis of a MoSx-GO
chalcocarbogel. The amorphous structure of the MoSx-GO gel
was identified and analyzed by the XRD, SEM, STEM, FFT,
synchrotron X-ray PDF, and XAS measurements. The local
structure of the chalcocarbogel is a mixture of MoV2S12

2− and
MoIV3S13

2. Li/MoSx-GO and Na/MoSx-GO cells demonstrate
a remarkably high specific capacity and cycle stability. In
comparison to pure metal sulfide materials, the MoSx-GO
chalcocarbogel exhibits an increase in specific capacity and
cycle performance.25,79−83 This discovery underscores the
significance of the interactions between Mo−S and carbon-
based (e.g., GO) materials to form distinct local structures in
the gel matrix, enabling promising electrode candidates for Li
ion and Na ion batteries with high specific capacities and good
cycle performance. MoSx-GO can be applied as either a
cathode or anode material for LIBs/SIBs depending on the

selection of counter electrode materials. While the current
study primarily focuses on MoSx-GO being employed as an
anode material, future work will aim to optimize the material
to be paired with a high-voltage cathode to achieve stable
electrochemical performance.
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