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Concise, Single-Step Synthesis of Sulfur-Enriched Graphene:
Immobilization of Molecular Clusters and Battery Applications
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Abstract: The concise synthesis of sulfur-enriched graphene
for battery applications is reported. The direct treatment of
graphene oxide (GO) with the commercially available Law-
esson’s reagent produced sulfur-enriched-reduced GO (S-
rGO). Various techniques, such as X-ray photoelectron
spectroscopy (XPS), confirmed the occurrence of both sulfur
functionalization and GO reduction. Also fabricated was
a nanohybrid material by using S-rGO with polyoxometalate
(POM) as a cathode-active material for a rechargeable battery.
Transmission electron microscopy (TEM) revealed that POM
clusters were individually immobilized on the S-rGO surface.
This battery, based on a POM/S-rGO complex, exhibited
greater cycling stability for the charge-discharge process than
a battery with nanohybrid materials positioned between the
POM and nonenriched rGO. These results demonstrate that
the use of sulfur-containing groups on a graphene surface can
be extended to applications such as the catalysis of electro-
chemical reactions and electrodes in other battery systems.

Introduction

Graphene, a novel two-dimensional sheet of sp>-hybrid-
ized carbon atoms, is an attractive material for a variety of
applications.'*! Given its properties, including a large surface
area, high mechanical strength, high chemical stability, and
excellent electrical conductivity, graphene is used as a con-
ductive support material for metal clusters and nanoparticles
in catalysis®™® and electrochemical applications.” ¥ As a more

applicable graphene platform, reduced graphene oxide (rGO)
has been widely used in aspects of large-scale production and
solution processability.''"'¥ Recently, we demonstrated that
nanohybrid materials comprising rGO and related nano-
carbon materials with polyoxometalate (POM) can exhibit
excellent performance as a catalyst for water oxidation™>!°!
and as a cathode-active material for molecular cluster
batteries (MCBs).l"*¥l' A cooperative enhancement of the
capacitor effects has been ascribed to the conductivity of
rGO. However, in most reports, the immobilization of metal
species on graphene has been accomplished by physical
adsorption through van der Waals or electrostatic interac-
tions.'"”?") Therefore, preventing leaching and aggregation of
metal species is difficult, which degrades the cycle perfor-
mance.

To achieve efficient immobilization of metal clusters, the
introduction of sulfur-containing groups is a promising ap-
proach.”!#! The formation of a strong metal-sulfur bond
enables long-term stability of immobilized clusters on the
support material. Despite numerous reports on the synthesis
of sulfur-doped graphene under high-temperature conditions,
including thermal annealing,”**" solvothermal synthesis,”*?’!
and chemical vapor deposition,”** only a few successful
examples of covalently sulfur-enriched graphene were re-
ported.”” Wilson and Rourke reported the functionalization
and chemical reduction of GO with S-potassium thioace-
tate.® The resulting thioethers were subsequently converted
into a thiol group, and gold nanoparticles were successfully
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immobilized on thiolated rGO. Pumera and co-workers also
reported the one-pot thiolation and reduction of GO by the
use of thiourea and HBr followed by hydrolysis treatment.*!
However, both methods for the synthesis of sulfur-enriched
graphene require deprotection steps to generate S—H groups,
which can bind different metallic clusters.*!

In the present study, we demonstrate direct and single-
step synthesis of sulfur-enriched rGO (S-rGO) using Law-
esson’s reagent. Lawesson’s reagent™” is widely used for the
conversion of both carbonyl and hydroxy groups into
thiocarbonyl™**?! and thiol® groups, respectively. However,
Zhu and co-workers reported that the reduction of GO by
treatment with Lawesson’s reagent occurs only in toluene at
110°C,™! and the percentage of sulfur atoms increased by
only 0.1 at. %. Recently, Tagmatarchis and co-workers re-
ported the synthesis of S-doped graphene sheets with the use
of Lawesson’s reagent as a photoelectrocatalyst.”! In our
procedure, we used milder reaction conditions and we
succeed in a high loading of sulfur on the final materials.
The thionated GO materials have been incorporated with
polyoxometalate clusters and were tested as battery cathode
electrodes.
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Results and Discussion

To achieve thiol functionalization of GO, the reaction
conditions were optimized. In particular, three different
methods were employed for the preparation of GO: the
classical Hummer method,"*! the improved Hummer methods
reported by Tour,””’ and the Nishina method.™! After
optimizing the reaction conditions, we succeeded in enhanc-
ing the amount of sulfur in the new graphitic material to
approximately 10% (depending on the type of GO that was
used as the starting material, see Tables S1 in the Supporting
Information). At the same time, we also observed a partial
reduction of the GO. Eventually, we found that GO obtained
by Nishina’s method, in refluxing THF, produced the desired
S-rGO, balancing the percentage of sulfur content with high
conductivity (Scheme 1). To control the sulfur content and the
degree of reduction, X-ray photoelectron spectroscopy (XPS)
measurements were conducted (Figure 1). After having the
best procedure for the preparation of high-sulfur-containing
GO with the highest conductivity at the same time (see
Table S2), we decided to focus on materials prepared with
GO obtained by Nishina’s method and the use of one

Ar

Graphene Oxide (GO)

Scheme 1. Synthesis of sulfur-enriched-reduced GO (S-rGO).
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Figure 1. Survey XPS spectrum of GO (a) and S-rGO (b). S 2p (c) and P 2p (d) XPS spectra of S-rGO. C 1 s XPS spectra of GO (e) and S-rGO (f).
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equivalent (in moles of carbon) of Lawesson’s reagent. In
addition to the distinct peaks for carbon 1s at 284 eV and
oxygen 1s at 532 eV, the 2s and 2p peaks of sulfur (163 and
227 e V)31 and phosphorus (2s: 190 eV, 2p: 133 eV)*! were
clearly present in the spectrum of the S-rGO sample. The
elemental contents of sulfur and phosphorus atoms in S-tGO
were 3.6 and 2.2 at. %, respectively (see Table S1). The sulfur
content percentage is comparable to that of previous exam-
ples reported by Wilson and Rourke (ca. 4 at.%)®! and
Pumera (2.10 at. % ).”"! The heteroatom contents were de-
creased by the reaction with H,O additive to enhance retro-
functionalization.”"”

A high-resolution (HR) spectrum of the S 2p region is
shown in Figure 1c. After performing a 2p;,-2p;, doublet
separation with 2:1 intensity, the major peaks can be assigned
to the covalent C—=S bond (162.8 and 164.0 V) and C=S
bond (161.2 and 162.3 eV),F indicating the existence of thiol
and thiocarbonyl moieties. Negligibly weak sulfoxide (S—O)
peaks, caused by the oxidization of introduced sulfur, were
also detected at about 168 eV. In contrast, the peak for
pentavalent phosphorus atoms was only observed by HR-
XPS measurements of phosphorus 2p (Figure 1d). To obtain
a detailed structure, solid-state *'P NMR measurements were
conducted (see Figure S2). The spectrum shows two major
peaks at =9 and 71 ppm, indicating the formation of
phosphonate and thiophosphonate by the condensation
reaction between thiophosphine ylides and hydroxy
groups.[>%!

The HR C 1s spectra of the original GO and the fitted
peaks are shown in Figure 1e. The primary fitted peaks with
binding energies of 285.0 and 287.1 eV can be ascribed to the
carbon(sp®)—carbon(sp®) bond and single carbon-oxygen
bond, respectively. This bonding results from the high
abundance of hydroxy and epoxy groups and the honeycomb
carbon network of GO. Although the fitted peaks originating
from the C—S and C=S bonds were positioned at 285.8 and
288.1 eV, respectively, a significant decline in the C—O bond
peak and a dominant graphitic C—C peak at 284.1 eV were
observed in the C 1s spectra for S-rGO (Figure 1¢). The peak
intensity ratio of C=C/C—O was drastically changed from 0.17
to 3.2. Moreover, the oxygen content decreased from 29.9 to
13.7 at. % (see Table S1). These findings strongly indicate that
together with the sulfur functionalization, a partial chemical
reduction of GO occurred by using Lawesson’s reagent.

The GO and S-rGO samples were also characterized by
Fourier-transform infrared (FT-IR) and Raman spectroscopy
to obtain further structural information (Figure 2). The FT-IR
spectrum of GO (blue) contains three primary bands,
assigned to O—H (3000-3670 cm™"), C=0 (1600-1750 cm™),
and C—O (9001450 cm™'; Figure 2a). In the spectrum of S-
rGO (red), these bands for oxygen-containing functional
groups were weaker, and moderate peaks attributed to C=C
bonds (~1500cm™') were observed. Figure 2b shows the
Raman spectra for GO (blue) and S-rGO (red). In both
spectra, the two primary Raman peaks at approximately 1600
and 1350 cm™! can be assigned to the G and D bands of
graphene, respectively. After the reaction with Lawesson’s
reagent, the G-band peak shifted from 1602 to 1589 cm™,
which is close to the typical value of rGO.**¥ In addition, the
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Figure 2. a) FT-IR and b) Raman spectra of GO (blue) and S-rGO
(red).

full-width half maximum of the D band decreased from 148 to
58.6 cm™!, strongly supporting the restoration of a symmetrical
graphene structure.’™*>! Close to the G-band, a shoulder D’
band (1620 cm™') was observed in the Raman spectrum of S-
rGO (Figure 2b). This peak indicates low symmetry of the
graphene network, which is caused by partial reduction
resulting from the covalent bond formation with graphitic
carbon atoms. The weak shoulder band at 1130 cm™' and the
broad peak at 468 cm™' are attributed to C=S and C-S
stretching vibrations, respectively. Furthermore, relatively
sharp peaks at approximately 1132 cm ™" in the IR spectrum of
S-rGO, shown in Figure 2a, were assigned to C=S bonds.
These FT-IR and Raman results agree well with the XPS
findings.

For a macroscopic analysis of the new materials, HR
transmission electron macroscopy (HR-TEM) was used.
From low-magnification TEM images of GO and S-rGO
(Figures 3a,b), we confirmed that the S-rGO maintained
a single- to few-layer structure with a large domain size. The
surface of the S-rGO presents a more uniform contrast than
that of GO, given the chemical reduction and the conversion
of the wavy sp’ form into a flat sp* network. High-
magnification TEM images and corresponding electron
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Figure 3. Typical low-magnification TEM images of GO (a) and S-rGO
(b). High-magnification TEM images and diffraction patterns (inset) of
GO (c) and S-rGO (d).

diffraction patterns are shown in Figures 3c and 3d. The
diffuse diffraction ring pattern shown in the inset of Figure 3d
indicates that the S-rGO exhibits a highly disordered
graphene structurel® resulting from the functionalization
with sulfur- and phosphorus-containing groups. The existence
of these heteroatoms was also confirmed by energy dispersive
X-ray spectrometry (EDS) analysis (see Figure S3).

With S-rGO in hand, nanohybrid materials with POMs
were prepared and used as cathode-active materials in lithium
batteries to investigate potential applications of S-rGO. As
mentioned above, Keggin-type POMF"* TBA,[PMo,;,0,]
molecules were adsorbed onto S-rGO at a weight ratio of
POM:S-rGO =1:2. FT-IR and XPS measurements confirmed
the successful interaction of S-rGO with POM based on the
appearance of characteristic peaks of POM clusters after
immobilization treatment (see Figures S4 and S5, and Ta-
ble S3). After the preparation of these hybrid materials, we
measured charge-discharge curves for a lithium battery
composed of POM/S-rGO, where the capacity is given per
unit weight of the POM in the nanohybrid materials, which
occupy 10 wt % of the cathodes (Figure 4a). During the first
charge process, the voltage quickly increases from the initial
value (ca. 3.0 V) to 4.2 V because the POM clusters in the as-
prepared nanohybrid materials are already in the charged
state. The first discharge curve displays a gradual voltage
decrease with a small plateau, which is similar to the finding
for the POM/rGO samples (see Figure S6), with a high
capacity of about 320 mAhg™! at 1.5 V. This value is larger
than the previously reported value of about 260 mAhg™" for
a POM cluster only, which can be explained by the reduction
of Mo®" to Mo** for the 12 molybdenum ions in the POM. As
reported for the battery performance of POM/rGO"" and
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Figure 4. a) Charge-discharge curves of an MCB comprised of POM/S-
rGO nanohybrid materials for the first 10 cycles. b) Cycle performance
of the discharge capacities and Coulombic efficiencies at 1.5 V for
MCBs comprised of POM/S-rGO (red) and POM/rGO (blue).

POM/SWCNT!® nanohybrid materials, researchers proposed
that this excess capacity over the POM reduction is caused by
the electrical double-layer capacitance formed at the inter-
face between the POM and nanocarbons in the nanohybrid
materials. However, the value is smaller than that for POM/
rGO nanohybrid materials, indicating a smaller electrical
double-layer capacitance for POM/S-rGO nanohybrid mate-
rials because of their lower conductivity (2.5x10*Sm™)
compared with that of rGO (5.1 x 10* Sm™'; see Table S2). In
the charging process after the second cycle, the capacity
gradually increased to the same level as the discharge value,
indicating good reversible charge-discharge behavior. The
cycle performance, as determined from the first 100 charge-
discharge processes, is shown in Figure 4b. There is no
significant decrease in capacity for the POM/S-rGO nano-
hybrid materials, while the discharge capacity of the POM/
rGO materials gradually decreases and finally becomes
smaller than that of the POM/S-rGO. A similar decrease in
discharge capacity was confirmed for MCB comprising the
nanohybrid materials using the low-sulfur-content S-rGO (see
Figure S7). The Coulombic efficiency remains at nearly 100 %
after cycling.

To evaluate the cycle stability of MCBs using POM/S-
rGO cathodes, HR-TEM observations of the nanohybrid
materials were conducted. A typical TEM image of the POM/

Angew. Chem. 2020, 132, 8633 —8638
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S-rGO nanohybrid materials is shown in Figure Sa. The
slightly dark contrast regions that are indicative of POM
molecules, confirmed by EDS measurements (see Figure S8),
were uniformly spread out on the S-rGO graphene sheet. In

] POM/S-rGO: 0.9+0.3 nm
207 POM/GO: 2.0+0.7 nm
15
c
p= |
3
(] 10—~
5

00 05 10 15 20 25 3.0 35 40 45 50
Diameter / nm

Figure 5. Typical HR-TEM images of POM/S-rGO (a) and POM/rGO
(b) nanohybrid materials. c) Size distributions of POM on S-rGO (red)
or rGO (blue).

contrast, POM molecules were sparsely attached to the rGO
surface (Figure 5b). The presence of strong dark contrast
regions indicates large aggregates of POMs. The size distri-
butions of the POMs on S-rGO or rGO are summarized in
Figure 5c. The average diameter of POM molecules on the S-
rGO sheet is 0.9 nm, which is consistent with the size of
PMo,,0,, clusters.”® However, most POMs have a diameter
greater than 1.5 nm in the case of the POM and rGO hybrid
materials. Researchers suggested that this electrochemical
stability of the POM and S-rGO is caused by a specific
coordination of the individual POM clusters with S-rGO,
which most likely produces Mo—S bonds that maintain the
primary molecular structure, as indicated by XPS and Raman
spectroscopy (see Figures S9 and $10).°*Y) The POM is not
dissolved into the electrolyte, and thus, the redox reaction of
POM and the electrochemical double-layer occurs in a stable
and reversible manner. These results suggest that the
increased conductivity of S-rGO may be beneficial for a much
higher capacity as well as a cycling stability.

Angew. Chem. 2020, 132, 8633 —8638
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Conclusion

In conclusion, the concise synthesis of S-rGO based on
Lawesson’s reagent was achieved. Spectroscopic analyses and
microscopic observations revealed the reduction of GO and
the effective functionalization with thiol, thiocalcarbonyl, and
thiophosphonate groups. We also demonstrated the nano-
hybridization of S-rGO and POM clusters for use as a battery
cathode material. POM clusters were individually immobi-
lized on the S-rGO surface, and a lithium battery based on the
POM and S-rGO complex exhibited high cycling stability for
the charge-discharge process. Although the capacity of this
battery was slightly lower than that for a battery including
nanohybrid materials between the POM and simple rGO, this
study demonstrated the importance of thiol groups on
graphene for stable immobilization. The potential impact of
sulfur-enriched graphene is unlimited. We believe that S-rGO
can be applied to other metal clusters and nanoparticles for
applications in the catalysis of electrochemical reactions and
as fuel cell electrodes.

Experimental Section

Experimental and analytical details are given in the Supporting
Information.
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