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Abstract: Heteroatom-doped carbon materials have been
extensively investigated as metal-free electrocatalysts to replace
commercial Pt/C catalysts in oxygen reduction reactions in fuel
cells and Li-air batteries. However, the synthesis of such
materials usually involves high temperature or complicated
equipment. Graphene-based sulfur composites have been
recently developed to prolong the cycling life of Li—S batteries,
one of the most attractive energy-storage devices. Given the
high cost of graphene, there is significant demand to recycle
and reuse graphene from Li-S batteries. Herein, we report
a green and cost-effective method to prepare sulfur-doped
graphene, achieved by the continuous charge/discharge cycling
of graphene—sulfur composites in Li—S batteries. This material
was used as a metal-free electrocatalyst for the oxygen
reduction reaction and shows better electrocatalytic activity
than pristine graphene and better methanol tolerance durability
than Pt/C.

The exploration of highly efficient and durable low-cost
electrocatalysts for the oxygen reduction reaction (ORR) in
fuel cells or in metal-air batteries to replace precious metal
electrocatalysts, such as platinum (and its alloy), has triggered
extensive research interest.'! Electrocatalysts for ORR are
key for the development of renewable energy technologies.
Although Pt and its alloy remain the most efficient catalysts,
its scarcity in nature leads to a high cost in practical
applications. Additionally, the Pt catalyst often suffers from
decreasing activity and a low tolerance to methanol which
hinder the further development of fuel-cell technologies.
Until now, alternatives based on non-precious metals or
metal-free materials, such as heteroatom-doped/surface-
modified carbon,? have been intensively investigated.
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Among all the metal-free electrocatalysts, heteroatom-
doped carbon materials (e.g. carbon nanotubes, graphene,
mesoporous carbon) are promising candidates for replacing
Pt for the ORR in fuel cells.”!

Recent progress has demonstrated that heteroatom
doping of carbon-based materials showed promising metal-
free electrocatalytic activities as a result of the charge
polarization, which stems from the difference in electro-
negativity between carbon atoms and heteroatoms. For
example, we successfully prepared vertically aligned nitrogen-
doped carbon nanotubes, showing higher electrocatalytic
activity and better long-term stability compared to the
commercial Pt/C electrocatalysts.'? Subsequently we devel-
oped graphene co-doped with boron and nitrogen (BCN
graphene) and graphene co-doped with nitrogen and sulfur
(NSG) to be used as ORR electrocatalysts.’! Additionally, we
have also developed the molecular-doping strategy using
nitrobenzene with a strong electron-withdrawing ability to
dope graphene as an efficient metal-free electrocatalyst for
ORR.% According to quantum-mechanical calculations, the
origin of the improved activity for ORR using heteroatom-
doped graphene could be attributed to the charge polar-
ization induced by the heteroatom doping.') More interest-
ingly, although sulfur has a similar electronegativity value to
carbon, sulfur-doped graphene also demonstrated enhanced
electrocatalytic activity compared to pristine undoped gra-
phene ") Baek et al. attributed the enhanced ORR activity of
S-doped graphene to the “electron spin density” and
concluded that the doped sulfur atoms and sulfur oxides
(0O=S=0) could strongly promote ORR activity.l*! Although
doped graphene or other carbon materials (including sulfur-
doped graphene) showed enhanced ORR activity, the meth-
ods used to prepare doped graphene often involve tedious
chemical vapor deposition (CVD), plasma treatment, or high-
temperature annealing methods.”) These methods usually
involve high energy consumption and require harsh exper-
imental conditions. Therefore, the development of a simple
and eco-friendly method for the production of heteroatom-
doped carbon-based materials with enhanced ORR electro-
catalytic activity is highly desired.

Herein, we obtained S-doped graphene from a cycled
lithium-sulfur battery in which graphene—sulfur composites
were used as cathode materials (Scheme 1). The Li-S battery
has garnered significant attention in recent years because of
the large theoretical capacity of sulfur and the low environ-
mental impact of the battery, aided by the high availability of
resource materials for the cathode.® Despite these consid-
erable advantages, there are still a number of challenges to be
addressed in the optimization of Li-S batteries. First,
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Scheme 1. Representation of the electrochemical doping of graphene
by sulfur in Li—S batteries and its use in the oxygen reduction reaction.
Sulfur atoms are represented by light-gray spheres in the battery and
as dopant within the graphene.

elemental sulfur has a high electrical resistivity. Second, the
polysulfide ions that are formed during the discharge/charge
processes are highly soluble in organic solvent electrolytes.
The soluble intermediate Li polysulfides can diffuse through
the electrolyte to the Li anode where they are reduced to the
final discharge products (solid precipitates Li,S or Li,S,)."!
These issues can lead to a low utilization of active materials,
a low columbic efficiency, and a short cycle life of the Li-S
batteries. The most serious problem for Li-S batteries is its
short cycle life. To address these challenges, various carbon
materials such as graphene have been used to accommodate
insulated sulfur so that its insulation properties may be
overcome and the dissolution of Li polysulfides may be
decreased, as reported by Nazar et al.l'”! Although S—gra-
phene composites have been developed to improve the cycle
life of Li-S batteries, the current development is still far from
commercialization.""! Another critical issue is the high cost of
graphene used in Li-S batteries based on graphene—sulfur
composites. It will be very interesting to discover the potential
applications of cycled graphene-based Li-S batteries. Herein,
we successfully recycled graphene from a cycled Li-S battery
and found that sulfur doping into graphene was achieved by
the continuous charge/discharge cycling of the Li-S battery.
The S-doped graphene, derived by this green and cost-
efficient method, was used as a metal-free electrocatalyst
for the oxygen reduction reaction, showing enhanced
electrocatalytic activity.

In a typical sulfur—graphene-based Li-S battery, the
sulfur-graphene composite (denoted as S-G) was prepared
by the classical vapor infiltration method with sulfur powder
and thermally exfoliated graphite oxide.'” The mass percent-
age of sulfur in the S—G composite is determined to be
79.5wt% (see Experimental Section in the Supporting
Information). The three-dimensional structure of graphene
was maintained after the sulfur loading/infiltration, as shown
by the scanning electron microscopy (SEM) image in Fig-
ure Sla and b in the Supporting Information. Additionally,
Figure S1b shows that no obvious bulk sulfur particles are
formed. Transmission electron microscopy (TEM) images
shown in Figure S2 confirm the uniform distribution of sulfur
on the graphene surface. The as-prepared S—G composite was
used as the cathode within the Li-S batteries. The electro-
chemical performance of the Li-S battery is shown in
Figure 1. Typical cyclic voltammetry curves collected within
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Figure 1. a) Cyclic voltammogram of the cathode (composed of

a sulfur—graphene composite) in a Li—S battery at a scan rate of

0.1 mVs~'. b) Cycle durability of S-G-based Li-S battery at a current
rate of 0.2 C.

a voltage window from 1.7 to 2.8 V at a scan rate of 0.1 mVs™
are given in Figure 1a. The two cathodic peaks detected at
2.22 and 1.96 V correspond to a two-stage reduction process.
The first stage is the transition from elemental sulfur to
lithium polysulfides (Li,S,, 4 <n <8) and the second stage
can be attributed to the further reduction of these polysulfides
to form Li,S,/Li,S. The cycling performance of the S-G
composite at a current density of 0.2 C (1C=1675 mAhg')is
shown in Figure 1b, which is similar to that measured for
typical Li-S batteries based on sulfur-graphene composites.

The S-G-based Li-S batteries were cycled for 100 cycles.
The batteries were subsequently disassembled in order to
recycle the graphene materials by removing elemental sulfur,
polysulfides, and binder (the as-recycled graphene was
denoted as SG). Thermally exfoliated graphene was
employed to load sulfur under vacuum conditions and the
sulfur—graphene composite was obtained with a homogeneous
distribution of sulfur, as shown in Figure S2. After 100 cycles,
the recycled graphene has a clean surface, as shown by the
TEM image of SG in Figure S3, confirming that the elemental
sulfur and other impurities were removed by the thorough
rinsing. X-ray photoelectron spectroscopy (XPS) analysis was
performed to identify the composition and the chemical state
of the recycled S-G material. Figure S4a shows the high-
resolution C1s spectrum for the recycled SG from Li-S
batteries, which was deconvoluted into four peaks. It is clear
that the carbon peak at 284.6 eV becomes more asymmetric
and broadens as a result of Sincorporation into the
sp’ network of graphene upon Li-S battery cycling. The
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peak located at 285.8 eV corresponds to the C—O or C-S
bond.l%131 Additionally, the fine-scanned high-resolution S 2p
spectrum shown in Figure S4b has a S 2p,, and S 2p;, doublet
detected at 164.5 eV and 163.5 eV spin-orbit levels with an
energy separation of 1.0 eV and an intensity ratio of about 1:2.
These signals can be attributed to the formation of C=S and
C—S bonds, respectively, further confirming the doping of the
graphene network by sulfur. The peaks at 166-172 eV
corresponding to -C-SOx-C- possibly originate from the
oxidic sulfur species. It should be pointed out that S*~ species
were detected on the SG sample as shown in Figure S4b,
probably because of the residual polysulfides. Cheng and co-
workers"®! have demonstrated that the polysulfide-like
S* species can induce charge transfer from S*~ to graphene.
This charge-transfer behavior from S*~ to graphene might
alter the electronic and oxygen-adsorption properties, which
may cause an enhancement of the electrocatalytic activity for
ORR as we reported previously.!'!

Raman spectroscopy is a useful tool to investigate the
electronic properties of carbon-based materials. The Raman
spectra (Figure 2) show that the D band and the G band were
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Figure 2. Raman spectra of graphene (black plot) and the as-recycled
graphene SG (gray plot).

located around 1330 cm ™! and 1580 cm !, respectively. It has
been found that the G band arises from the bond stretching of
all sp>bonded pairs, including C—C and S—C, while the
D band is associated with the sp*-hybridized defect site.!"! In
the Raman spectra of carbon-based materials, the parameter
Ip/l; is an interesting indicator of the level of defects within
the material. From Figure 2, SG shows a higher I,/ value
than pristine graphene (1.25 for SG vs. 1.09 for graphene),
confirming the atomic doping of sulfur into the graphene
network.™ Therefore, characterization both by XPS and
Raman spectroscopy confirmed that by cycling Li-S batteries,
graphene had been successfully doped with sulfur. Although
the mechanism behind the doping is not clear, electrochem-
ical doping has been previously proposed to dope graphene
with heteroatoms.'®! Qu et al. prepared N-doped graphene
through the electrochemical doping strategy in the presence
of ammonia ions as the N source." Sulfur-doped graphene
has been previously prepared by the thermal annealing of
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graphene oxide in the presence of H,S or CS,, in which S*~
acted as the active site for the doping process.!"”! Correspond-
ingly, polysulfide species (S*) generated during the charge/
discharge process of Li—S batteries might act as the active sites
to promote sulfur doping. It is believed that the repeated
charge/discharge process could promote doping of the
graphene network with sulfur.

Previously, it has been demonstrated that sulfur-doped
carbon materials could find potential application as metal-
free electrocatalysts for the oxygen reduction reaction.® To
demonstrate the electrochemical performance of the as-
recycled sulfur-doped graphene (SG), the electrocatalytic
activity of SG was evaluated in the ORR in alkaline medium
and was compared to undoped pristine graphene and the
commercial Pt/C electrocatalysts. The cyclic voltammograms
(CVs) for oxygen reduction on undoped graphene (Fig-
ure 3b) and doped SG electrodes (Figure 3a) at a constant
active mass loading (0.01 mg) in an aqueous O,-saturated
KOH solution (0.1M). Both SG and graphene show a sub-
stantial reduction process in O,-saturated 0.1m KOH solution,
whereas no obvious response was detected in N,-saturated
solution. The onset potential of oxygen reduction for the pure
graphene electrode is at —0.21 V versus SCE (saturated
calomel electrode) with the cathodic reduction peak detected
at approximately —0.40 V. Upon doping of the graphene with
sulfur by cycling the Li-S batteries, both the onset potential
and the ORR reduction peak potential shifted positively to
around —0.15V and —0.34V, respectively. These results
clearly demonstrated a significant enhancement in the ORR
electrocatalytic activity for the doped SG with respect to the
pure graphene electrode.’

Linear-sweep voltammetry (LSV) measurements were
performed to further investigate the ORR performance of SG
and graphene on a rotating-disk electrode (RDE) in an
O,-saturated KOH solution (0.1m; Figure 3¢). The half-wave
potential derived from the LSV curve is a useful indicator to
evaluate the catalytic activity of electrocatalysts. The half-
wave potential of ORR at the undoped pristine graphene
electrode is —0.43 V, whereas the ORR half-wave potential at
the SG electrode shifted positively to —0.37 V with the
limiting diffusion current higher than that of the graphene
electrode. However, the electrocatalytic activity of the
SG electrode toward ORR in terms of the onset potential
and current density is still not as good as that of the
commercial Pt/C electrocatalyst. RDE voltammetry meas-
urements were undertaken to gain insight into the ORR per-
formance of the graphene electrode before and after doping
with sulfur. Figure S5 shows the LSV voltammograms at
different rotation rates for the graphene and SG electrodes.
Sulfur doping of graphene (SG) by cycling Li-S batteries led
to better diffusion-controlled regions, as shown in Figure S5.
The limiting current density increases with increasing rotation
rate. The number of electrons transferred per O, molecule
involved in the oxygen reduction reaction at both the
graphene and SG electrodes was determined by the
Koutecky-Levich (K-L) equation [Eq. (1)]:0¥

1 1 1
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a result of the typical methanol
oxidation behavior. This result dem-
onstrates that the SG electrocatalyst
has excellent fuel selectivity for ORR
activity compared to the commercial
Pt/C electrocatalyst. The durability
of the SG electrocatalyst is measured
by comparison with the commercial
Pt/C electrocatalyst in an O,-satu-
rated KOH solution (0.1m), as

—o—SG
—eo— Graphene

T T T T T T
-0.8 -0.6 -0.4 -0.2 0.0 0.025  0.030

Potential / V (vs. SCE)

T
-1.2 -1.0

Figure 3. Cyclic voltammetry curves for oxygen reduction reactions on a)
N,- and O,-saturated KOH solution (0.1 M) at a scan rate of 50 mVs ™. c

curves of the ORR on SG and graphene in an O,-saturated KOH solution (0.1m) at 10 mVs™' and

a rotation rate of 1600 rpm. d) Koutecky-Levich plots for SG and graphe

where j is the kinetic current and o is the rotating rate of the
electrode. The parameter B could be determined from the
slope of the K-L plots (Figure 3d) based on the Levich
equation [Eq. (2)]:!

B =02nF(Do,) v 1°C, )

where n is the number of electrons transferred per oxygen
molecule, Fis the Faraday constant (F= 96485 C mol™"), Do,
is the diffusion coefficient of O, in 0.1m KOH (Do, =1.9x
107% cm®s ™), v is the kinetic viscosity (0.01 cm*s™'), and C, is
the bulk concentration of O, (Co, =1.2x10° molem ™). The
value 0.2 is employed when the rotation speed is expressed in
rpm (revolutions per minute). K-L plots (Figure 3d) of SG
and graphene can be calculated from the LSV voltammo-
grams at —0.8 V in Figure S5. The plots of both SG and
graphene show good linearity whereas SG shows a higher
ORR current. These results further demonstrate that an
electrode composed of SG with sulfur doping has a better
ORR catalytic performance than an undoped graphene
electrode. As calculated from the K-L plots, the number of
electrons transferred (n) for SG is 3.13, higher than that
calculated for graphene (2.90) at a potential of —0.8V,
indicating an efficient electron-transfer process for the
oxygen reduction reaction on the SG electrode.

Angew. Chem. Int. Ed. 2015, 54, 1888 -1892

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

0035 0040 0045 0.050

05 05
/

rpm

shown in Figure4c. The linear
sweep voltammogram (LSV) of
ORR on SG and graphene at
1600 rpm are collected before and
after 2000 cycles of cyclic voltamme-
try cycled within the potential range
of —0.8-0V and at a scan rate of
100 mVs™' (Figure 4c). The onset
potentials of ORR on the SG elec-
trocatalyst remains the same, whereas the onset potential of
ORR on the commercial Pt/C electrocatalyst undergoes
a noticeable shift in the negative (cathodic) direction after
2000 continuous cycles. This result further demonstrates that
the SG electrocatalyst exhibits more stable electrocatalytic
activity than the commercial Pt/C electrocatalyst.

In summary, using a green and cost-efficient strategy, we
have successfully recycled S-doped graphene from cycled
Li-S batteries and employed it as a metal-free electrocatalyst
for the oxygen reduction reaction. The sulfur doping of
graphene was realized by the continuous cycling of graphene—
sulfur composites in the Li-S batteries, as confirmed by
Raman and XPS analysis. The doping mechanism is believed
to be similar to other electrochemical doping methods and
requires further investigation to fully understand it. The
SG electrocatalyst exhibits better electrocatalytic activity
than pristine undoped graphene with a better fuel selectivity
and more stable durability for oxygen reduction reactions.
This recycled SG electrocatalyst could provide an efficient
method to reuse graphene-based electrodes in Li-S batteries.
These findings indicate that recycling S-doped graphene from
graphene-based Li-S batteries could serve as a general
approach to the cost-effective development of various
carbon-based metal-free efficient ORR catalysts.
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