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Development and Simulation of Sulfur-doped Graphene
Supported Platinum with Exemplary Stability and Activity

Towards Oxygen Reduction

Drew Higgins, Md Ariful Hoque, Min Ho Seo, Rongyue Wang, Fathy Hassan,
Ja-Yeon Choi, Mark Pritzker, Aiping Yu, Jiujun Zhang, and Zhongwei Chen*

Sulfur-doped graphene (SG) is prepared by a thermal shock/quench anneal
process and investigated as a unique Pt nanoparticle support (Pt/SG) for the
oxygen reduction reaction (ORR). Particularly, SG is found to induce highly
favorable catalyst-support interactions, resulting in excellent half-cell based
ORR activity of 139 mA mgp, ' at 0.9 V vs RHE, significant improvements over
commercial Pt/C (121 mA mgp, ") and Pt-graphene (Pt/G, 101 mA mgp, ).
Pt/SG also demonstrates unprecedented stability, maintaining 87% of its
electrochemically active surface area following accelerated degradation
testing. Furthermore, a majority of ORR activity is maintained, providing

108 mA mgp, ', a remarkable 171% improvement over Pt/C (39.8 mA mgp, )
and an 89% improvement over Pt/G (57.0 mA mgp, ). Computational simula-
tions highlight that the interactions between Pt and graphene are enhanced
significantly by sulfur doping, leading to a tethering effect that can explain the
outstanding electrochemical stability. Furthermore, sulfur dopants result in a
downshift of the platinum d-band center, explaining the excellent ORR activity
and rendering SG as a new and highly promising class of catalyst supports for

reaction (ORR) occurring at the cathode.
Conventional PEMFC systems employ
platinum (Pt) based catalysts, which to
date have been the only materials capable
of facilitating the ORR at rates practical,
although still insufficient for PEMFC
operation. The widespread commerciali-
zation and deployment of PEMFCs into
advanced sustainable energy infrastruc-
tures including the automotive sector is
still limited by three primary factors: i)
high cost, ii) insufficient performance,
and iii) low durability.'?l At the root of
these limitations lies the aforementioned
expensive Pt catalyst materials employed;
generally consisting of Pt nanoparticles
(=2-3 nm) uniformly distributed on high
surface area carbon black supports (Pt/C).

Although significant improvements
to state-of-the-art Pt/C catalysts and elec-

electrochemical energy technologies such as fuel cells.

1. Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) offer the
unanimous appeal of high energy conversion efficiencies,
excellent energy densities and environmentally benign opera-
tion; however require highly active and operationally stable
catalysts to facilitate the inherently sluggish oxygen reduction
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trode designs for automobile PEMFCs has

been realized in recent years, an immense

challenge in achieving the 2017 technical
targets set by the United States Department of Energy still
remains at the current state of catalyst technology. The targets
state that by 2017, the total Pt loading (anode and cathode)
must be reduced to below 0.125 mg cm™ coupled with 5000 h
of operational stability under simulated drive cycles.®! Specifi-
cally, Pt/C is known to degrade under the harsh oxidizing con-
ditions encountered at the PEMFC cathode due to corrosion
of the carbon support materials, or by agglomeration and/or
dissolution of the platinum nanoparticles resulting from weak
interactions with the catalyst supports.! This in turn leads to
a sharp loss in available electrochemically active surface areas
(ECSA) and by extension fuel cell performance.

A common approach to improve catalyst stability and activity
has involved the design of non-conventional catalyst supports,
including transition metal oxides and nitrides;>®! or alternative
carbon supports doped with heteroatoms such as nitrogen to
enhance the interaction and synergy between the catalyst par-
ticle and its support.1% It is well understood that the struc-
ture and properties of the support materials will directly govern
the performance and stability of the catalyst materials. There
still however remains a lack of fundamental understanding
regarding the exact nature of these particular catalyst-support
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interactions;!'!! a phenomena that has widespread application

in many fields of heterogeneous catalysis."”l Recent advances
in density functional theory and computational chemistry have
now provided us the tools to adequately model catalyst behavior
and provide advanced understanding towards electro-catalysis;
including the specific catalyst-support interactions occurring at
the cathode of fuel cells. It is thereby a worthwhile approach
to couple fundamental computational simulations with experi-
mental investigations for uniquely designed novel nanostruc-
tured support materials. This will allow scientists to predict,
understand and explain support dependent improvements in
catalytic activity and durability, thereby providing valuable guid-
ance for future catalyst design endeavors.

Graphene has recently emerged as a highly promising
catalyst support material for PEMFC applications owing to
its immense surface areas, along with excellent conductivity
and electron transfer capabilities that are important criteria
pertaining to electro-catalysis.'*'5] Graphene is theoretically
composed of only graphitic carbon atoms which can provide
added resilience against carbon corrosion during PEMFC
operation,l'® although the relatively inert and hydrophobic
nature of its surface does not culminate in facile Pt deposi-
tion, requiring functionalization procedures to obtain well dis-
persed nanoparticles and overcome stability limitations.l'”] To
this end, nitrogen doped graphene and other graphitic carbons
have been extensively developed and investigated for fuel cell
catalyst applications, either as stand-alone ORR electrocatalysts
in alkaline medial'®2% or as Pt nanoparticle supports under
acidic (i.e., PEMFC) conditions.l?’3%l The presence of nitrogen
dopants has been reported to exert a “tethering” effect on Pt
nanoparticles,”* providing both beneficial catalyst activity and
stability enhancements. While density functional theory simu-
lations exist in the literature investigating the adsorption and
binding interactions between Pt and either nitrogen and boron
doped graphene or CNTs,?*37] there exists an overall lack of
fundamental understanding regarding the Pt-heteroatom
doped graphene catalyst-support interactions and their asso-
ciated impact on ORR performance and operational stability.
Furthermore, the impact of graphene doped with various other
heteroatoms (i.e., sulfur) remains largely unexplored despite
their high potential for applications as ORR catalysts*®%l or
catalyst support materials."!l Elucidation of these important
considerations can be provided by effectively linking funda-
mental computational simulations with detailed experimental
investigations.

In the present work, we report the development of sulfur-
doped graphene (SG) by thermal shock/quench annealing a
mixture of graphene oxide (GO) and phenyl disulfide (PDS).
These materials were used as Pt nanoparticle support materials,
whereby after Pt deposition onto SG (Pt/SG) by a modified eth-
ylene glycol (EG) method, uniformly sized nanoparticles well
dispersed across the entirety of the SG surface were success-
fully obtained. Improved ORR activity was found for Pt/SG
in comparison to Pt supported on un-doped graphene (Pt/G)
along with commercial state of the art Pt/C. Furthermore and
most notably, we also observed significantly enhanced stability
of Pt/SG; including excellent ORR activity and ECSA retention
after exposing the catalysts to repetitive potential cycles in 0.1 m
HCIO, electrolyte.
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On the basis of these observations, we performed ab initio
density functional theory calculations to investigate the inter-
actions occurring between SG and Pt and elucidate the root
causes of ORR performance and stability enhancements. We
found that the strengthened interaction and binding energies
between Pt and SG arose, and could exclusively be linked to
sulfur incorporation based on comparative investigations with
un-doped G. Specifically, sulfur doping led to stronger adsorp-
tive and cohesive binding energies with Pt, leading to the afore-
mentioned catalyst-support tethering effect, along with nega-
tively shifting the d-band center of the Pt atoms. These findings
were used to explain the dramatically enhanced stability and
improved activity of Pt/SG, respectively, in comparison to both
Pt/G and Pt/C. This work represents the first comprehensive
report of fundamental ab initio simulations linked to rigorous
experimental investigations for sulfur doped graphene, and fur-
thermore Pt/SG is presented for the first time as a highly active
ORR catalyst material with exemplary stability capabilities for
PEMFC applications.

2. Results and Discussion

2.1. Physicochemical Characterization

After preparation, both SG and G demonstrated a wrinkled
voile-like structure consisting of thin single or multi-layer gra-
phene sheets (Figure S1, Supporting Information) and indica-
tive that the presence of PDS during high temperature thermal
annealing had negligible impact on the resultant physical
structures. With the whole preparation processes schemati-
cally depicted in Figure S2 (Supporting Information), Pt nan-
oparticle deposition by the well-established ethylene glycol
techniquel?®#243 was capable of achieving excellent nanopar-
ticle dispersion and a narrow size distribution for both Pt/
SG (Figure 1a,b) and Pt/G (Figure 1c,d). The X-ray diffraction
(XRD) profile displayed the typical Pt fcc peaks with the diffrac-
tion pattern of the commercial state of the art Pt/C (TKK) used
throughout the present investigation included for comparison
(Figure 1le). By applying the Scherrer equation to the Pt(220)
peak, average Pt nanoparticle sizes were calculated to be 2.16,
2.42, 2.25 for Pt/SG, Pt/G, and Pt/C, respectively. These values
are in close agreement, albeit slightly larger than the calcu-
lated average nanoparticle sizes based on transmission elec-
tron microscopy (TEM) image measurements of 2.10, 2.25, and
2.15 nm, respectively.

The Raman spectra for SG and G (Figure 1f) displays a
strong D-band peak, typically attributed to disorder or defects
in the crystalline graphitic structure of carbon based materials.
The ratio of the D-band to G-band (Ip:Ig), with the latter attrib-
uted to the E,, vibrations from sp® bonded carbon is commonly
used as a gauge for structural disorder in graphitic materials.
Ip:I¢ values for SG and G were calculated to be 1.33 and 0.96,
respectively. Although both materials had higher Ip:Ig ratios
than those of pristine graphene where the D-band is theoreti-
cally non-existent.*! Typically, good Pt nanoparticle distribu-
tion and uniform sizing are difficult to achieve on relatively
inert graphitic surfaces such as CNTs or graphenel'’l and
requires the use of specific pre-treatment or functionalization
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procedures.*>#’] Clearly the high temperature shock anneal/
quench of GO and PDS in the present study is capable of pro-
ducing graphene-based materials with interruptions in the
planar crystal lattice as highlighted by Raman spectroscopy;
and furthermore offers reasonable explanation for the facile
deposition of well dispersed Pt nanoparticles. This notion is
supported by the reduced Ip:I ratio of 1.21 for Pt/SG (Figure
1f), suggesting that the Pt nanoparticles deposit favourably on
the defect sites of SG, thereby suppressing the vibrations from
the underlying functionalities.

To gain understanding of the identity and concentrations of
the surface species most likely responsible for the anchorage
of Pt catalyst nanoparticles, X-ray photoelectron spectroscopy
(XPS) was conducted with the full range spectra displayed in
Figure 2a, along with the determined surface atomic concentra-
tions for SG and G provided in Table S1 (Supporting Informa-
tion) and detailed Cls scan spectra in Figure S3 (Supporting
Information). Most noticeably is the appearance of an S2p
sulfur signal centered at 161.1 eV for SG, representing a surface
concentration of 2.32 at%, a value consistent with results from
energy dispersive X-ray (EDX) analysis (2.41 at%, Figure S4,
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Figure 1. TEM images of a,b) Pt/SG and c,d) Pt/G. e) XRD pattern of Pt/SG, Pt/G, and commercial Pt/C. f) Raman spectra of Pt/SG, SG, and G.

1200

Supporting Information) that also indicated the sulfur atoms
are well distributed throughout the entirety of the materials
(Figure S5, Supporting Information). Interestingly, this sulfur
content is superior to that of SG materials reported previ-
ouslyl*®4% and approaching that of a sulfur-doped microporous
carbon obtained by heat treating sulfur-rich thienyl-based poly-
mers at the same temperature.*®! This indicates the effective-
ness of applying the thermal shock/quench technique on a
mixture of GO and DPS for successfully incorporating sulfur
dopants into the final graphene structure.

Figure 2b provides a high resolution XPS scan of the S2p
signal deconvoluted into two minor peaks located at 166.69
(peak 1) and 165.51 (peak 2) and two major peaks located at
165.10 (peak 3) and 163.92 eV (peak 4). While the minor peaks
can be attributed to carbon bonded SO, species,?** the two
major peaks appear to result from the S2p spin-orbit doublet
(S2py, and S2ps,, respectively) with a separation of 1.18 eV,
which is in close agreement with the theoretical spin doublet
separation of 1.13 eV.P% These peaks can be attributed to sulfur
bonded directly to the carbon atoms in a heterocyclic configu-
ration®*? as no elemental sulfur was observed by XRD or
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Figure 2. XPS spectra including a) full range spectra for Pt/SG, Pt/G, SG
spectra of SG and Pt/SG.

TEM, and (if present) would have been removed by the rig-
orous washing procedure employed after SG synthesis. We
also speculate that these C-S-C species exist in the thiophene
form, a notion consistent with previously reported investiga-
tions840:33 and supported by our formation energy calcula-
tions discussed later on. Furthermore, thiophene species exist
in a pentagonal arrangement, thereby residing on the edge
plane and defect sites of SG and most likely giving rise to the
strong emergence of the D-band observed through Raman
spectroscopy. It is expected that these sulfur based species
could serve as anchoring sites for Pt-ion nucleation and sub-
sequent nanoparticle growth.!l In terms of Pt deposition on
G, well distributed nanoparticles were also obtained most likely
anchored on the edge plane or defect sites.” The presence of
these moieties in G is indicated through XPS demonstrating a
surface oxygen concentration of 7.49 at%, and supported by the
collected Raman spectra.

XPS also serves as an important tool for probing the elec-
tronic states of catalyst materials, which in the case of Pt plays
a governing role in terms of catalyst activity and stability.'4
Detailed Pt4f spectra are provided in Figure 2c for Pt/G and Pt/
SG, whereby both materials display the characteristic doublet
of zero-valence PtP** with the Pt4f;, and Pt4fs), peaks located
at 71.60 and 74.93 eV for Pt/G, and 71.83 and 75.16 eV for Pt/
SG, respectively. Small doublet contributions are observed for
Pt(II) species at higher binding energies, although the differ-
ences between the two samples and contributions to the overall

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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and G, b) S2p spectra of SG, c) Pt4f spectra of Pt/G and Pt/SG, and d) S2p

spectra are difficult to resolve. It is important to notice the posi-
tive peak shifts of 0.23 eV for Pt/SG in comparison to Pt/G. This
provides indication of an enhanced interaction between the Pt
and the support materials, whereby for Pt/SG, the increase in
electron binding energy indicates a transfer of electrons from
Pt to the SG supports. This notion is further supported by a ca.
0.11 eV negative shift in the S2p doublet peak locations for Pt/
SG in comparison to SG, asserting that the sulfur atoms in SG
and Pt might exist in a Pt§*-SG&™ arrangement.®!

2.2. Electrochemical Activity and Stability

To investigate catalyst stability, accelerated durability testing
(ADT) protocols are commonly employed to simulate the harsh,
potentiodynamic and corrosive conditions encountered at the
cathode of PEMFCs during operation. Pt/SG, Pt/G and Pt/C
catalysts were subjected to 1500 cycles under nitrogen saturated
electrolyte with cyclic voltammograms (CVs) collected before
and after ADT, as shown in Figure 3a,b and c, respectively. Pt/
SG and Pt/G clearly provide higher double layer current densi-
ties, attributed to the high surface areas and capacitance capa-
bilities of graphene materials. ECSA values were determined
based on the calculated charge for hydrogen adsorption/des-
orption initially and after each 500 subsequent cycles. It can be
seen that the ECSA retention of Pt/SG is clearly superior to that
of both Pt/G and commercial Pt/C, retaining 87, 54, and 48%

Adv. Funct. Mater. 2014, 24, 4325-4336
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Figure 3. CV curves initially and after ADT for a) Pt/SG, b) Pt/G, c) Pt/C, and d) normalized ECSA remaining throughout ADT.

of their initial surface area after 1500 cycles, respectively. The
improved stability of Pt/G in comparison to Pt/C is an observa-
tion consistent with previous investigations®’~° and primarily
attributed to the relatively higher graphitic content of graphene-
based supports, enhanced Pt-m orbital bonding strength and
the presence of functional anchoring groups. However, the dra-
matically enhanced stability of Pt/SG in comparison to Pt/C,
and more importantly in comparison to Pt/G can be exclusively
linked to sulfur incorporation into the graphene structure of
the support materials. This strongly suggests that improved cat-
alyst-support interactions between SG and Pt comprise the root
cause of these stability enhancements. Interestingly the emer-
gence of quinone/hydroquinone redox peaks (around =0.6 V vs
RHE) were observed after ADT especially in the case of Pt/G.
This could be due to the formation of these species, most likely
on the planar edges of graphene induced by the high potentials
encountered during ADT. In the case of Pt/SG, no suppression
of the hydrogen adsorption/desorption peaks or large oxida-
tive currents at potentials above =1.0 V vs RHE were observed
during ADT, indicating that the emission of sulfur-oxide spe-
cies from SG is not of concern for these developed materials.!!

ORR activity polarization curves for Pt/SG, Pt/G and Pt/C
were obtained both before and after ADT with results demon-
strated in Figure 4a, b and ¢, respectively. All three materials
demonstrate typical ORR polarization curves after correction
for electrolyte resistance, with well-defined diffusion limited
currents below =0.7 V vs RHE. Polarization curves at various
rotation rates and corresponding Koutecky-Levich plots for Pt/
SG are provided in Figure S6 (Supporting Information). It can
specifically be seen that Pt/SG initially demonstrates excellent

Adv. Funct. Mater. 2014, 24, 4325-4336 © 2014 WILEY-VCH Verlag G

ORR activity, with a kinetically corrected Pt- mass based
activity of 139 mA mgp, ! at an electrode potential of 0.9 V
vs RHE (Figure 4d,f) and rotation speed of 1600 rpm. This is
superior to that of Pt/G (101 mA mgp,"!) and commercial Pt/C
(121 mA mgp ') measured under the same conditions at iden-
tical Pt electrode loadings. The order of decreasing mass-based
activity (Pt/SG > Pt/C > Pt/G) could commensurate with the
differences in average Pt nanoparticle size; although as the
specific activity of Pt/SG (279 pA cm™2p,) is superior to that of
Pt/G (235 pA cm?p) and Pt/C (230 pA cm2p,) despite smaller
average nanoparticle sizes, it appears that particular catalyst-sup-
port interaction effects are also at play but to an unknown extent.
Pt/SG furthermore possessed excellent ORR activity reten-
tion through ADT. After 1,500 potential cycles, Pt/SG demon-
strated only an 11.2 mV loss in half-wave potential (E; ;) and
retained almost 78% of the Pt-mass based activity at 0.9 V vs
RHE (Figure 4e,f). Meanwhile Pt/G exhibited a 23.0 mV loss
in E;j; and retained 56% of its Pt-mass based activity at 0.9 V
vs RHE; whereas Pt/C demonstrated a significant E; ), loss of
43.0 mV and retained only 33% of the initial Pt-mass based
activity. This consolidates in Pt/SG boasting a 171% higher Pt-
mass based activity after ADT in comparison to commercial
Pt/C catalyst (108.0 and 39.8 mA mgp, ! at 0.9 V vs RHE, respec-
tively). Once again, and consistent with ECSA loss measure-
ments determined through ADT, Pt/SG displayed the highest
stability among the materials investigated, followed by Pt/G and
with commercial Pt/C displaying comparatively poor stability.
As Pt particle agglomeration and dissolution are among
the primary mechanistic pathways of catalyst degradation and
performance loss during PEMFC operation, TEM operates as

mbH & Co. KGaA, Weinheim
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Figure 4. ORR polarization curves initially and after ADT for a) Pt/SG, b) Pt/G, and c) Pt/C. Kinetically controlled Pt mass based activity at low over-
potentials d) initially and e) following ADT. f) Kinetically corrected Pt mass based activities of each catalyst before and after ADT.

a powerful tool for investigating the morphological changes
occurring in catalyst materials following ADT.'®2 Figure 5
provides TEM images and corresponding particle size distri-
butions after ADT for Pt/SG (Figure 5a,b), Pt/G (Figure 5c,d)
and Pt/C (Figure 4e,f, with TEM images of as-purchased Pt/C
provided in Figure S7, Supporting Information), respectively.
Interestingly, Pt/SG still possessed small Pt nanoparticles uni-
formly distributed across the entirety of the SG support sur-
face (Figure 5a). Notably, based on measurement of over 200
individual nanoparticles (Figure S8, Supporting Information),
the average Pt nanoparticle size increased from 2.10 nm to
only 2.30 nm. On the other hand, Pt/G (Figure 5c) and Pt/C
(Figure 5e) demonstrated more significant nanoparticle growth,
with Pt/C demonstrating significantly more noticeable particle
agglomeration. Specifically, Pt/G displayed an average Pt nan-
oparticle size increase from 2.25 to 3.80 nm (Figure 5d), and
Pt/C more-so displayed an average size increase from 2.15 to
5.25 nm (Figure 5f). This provides further verification of the
beneficial impact of using SG support materials that can sup-
press the agglomeration and growth of Pt nanoparticles during
electrochemical cycling. To further experimentally investigate
the interactions occurring between sulfur dopant species in
SG and Pt nanoparticles, a select area of Pt/SG following ADT
(Figure 5g) was subjected to high-angle annular dark field
(HAADF) imaging and EDX colour mapping. ADT on this
sample was conducted in the absence of binder in the catalyst
ink solution in order to avoid interference from the sulfonate
species present in Nafion on sulfur mapping. Figure 5h dis-
plays the HAADF image of Pt/SG, with the Pt nanoparticles
clearly visible as bright spots distributed the surface of SG.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

This image is overlapped with the EDX colour map of Pt/SG
in Figure 5i; whereby sulfur species are displayed as green and
Pt as red. Clearly the Pt species tend to reside in areas rich in
sulfur content, providing indication of the favourable interac-
tions and binding occurring between these species. With exper-
imental results indicating the presence of improved interac-
tions between Pt and SG leading to enhanced ORR activity and
electrochemical stability; we turn to computational simulations
from a first-principles perspective in order to gain insight into
the exact nature of these enhancements.

2.3. Computational Investigations of Sulfur Doping

To investigate and understand the support effects of SG, a 4 X
4 supercell of graphene (Figure 6a) was selected for the calcula-
tions. We assumed that a single carbon atom is replaced by a
sulfur atom as shown in Figure 6¢ and described as “graphitic
S”. In addition, thiophene-like sulfur (thiophene S) existing
in a pentagonal arrangement was considered by eliminating
the carbon atom adjacent to sulfur from the model supercell
as illustrated in Figure 6e. The formation energy (Eg) of each
structure was calculated by Equation S1, Supporting Infor-
mation. Ep can be regarded as the additional stability of each
structure, indicative of the energetic stability relative to that of a
homogeneous local environment at the same concentrations. %!
Er values were calculated to be 0.21 and 0.19 eV atom™ for gra-
phitic S and thiophene S, respectively. This provides indication
that thiophene S formation is more favourable during SG syn-
thesis, a notion that is supported by the results of XPS analysis

Adv. Funct. Mater. 2014, 24, 4325-4336
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Figure 5. TEM images after ADT and particle size distributions initially and after ADT for a,b) Pt/SG, ¢,d) Pt/G, and e,f) Pt/C. g) TEM, h) HAADF, and

i) overlapped EDX and HAADF image for Pt/SG after ADT.

after high temperature thermal annealing. In the case of pris-
tine graphene, the C-C bond distance is 1.42 A, which is very
close to experimentally measured value of 1.42 A% On the
other hand, the C-S distance in the model complex was found
to change from 1.42 to 1.70 A for graphitic S doped graphene
after relaxation, due to the different atomic radius of sulfur
(1.04 A) in comparison to carbon (0.77 A). For thiophene S
doped graphene, the C-S bond distance was further increased
to 1.87 A.

Previous investigations have linked enhanced catalytic
activity and improved metallic nanoparticle dispersion to
the modulated electronic structures and chemical properties
of graphitic materials induced by heteroatomic doping.[®*7%
Density of states (DOS) and projected density of states
(PDOS) analysis can provide insight into these modifications
and furthermore allow further understanding regarding the
interactions occurring between the surface of graphene and
any adsorbed species or reactants.[0+68.697273] DOS and PDOS
were analyzed for the valence electrons of the pristine gra-
phene and sulfur incorporated graphene materials with the
results shown in Figure 6. Specifically, Figure 6b displays the
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DOS for pristine graphene, demonstrating the conical shape
near the Fermi level as consistent with previous reports.’+7¢
Thus, graphene is considered a semi-metal because there is
no band gap in addition to no density of electronic states at
the Fermi level,’4 with the electrical conductivity of these
materials governed by Dirac's equation.’®! The substitution
of graphitic S into graphene results in a shift of the Fermi
level towards higher energies as shown in the PDOS of the
carbon atoms and the DOS of these materials as displayed in
Figure 6d. Furthermore, for graphitic S doped graphene, the
electrons occupy the energy states at the Fermi level, implying
excellent electrical conductivity which is an important con-
sideration when dealing with electrode materials.””] Interest-
ingly, the position of the Fermi level for thiophene S doped
graphene (Figure 6f) is not significantly from that of graphene
doped with graphitic S; however there is a band gap generated
at the Fermi level which implies that excellent electrical con-
ductivity cannot be expected. Nevertheless, this is not a lim-
iting factor as a support for ORR electrocatalysis because the
band gap could be filled after the deposition of Pt atoms onto
these materials.
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Figure 6. Schematic top views of the model systems and PDOS of a,b) graphene, c,d) graphitic S doped graphene, and e,f) thiophene S doped gra-
phene. Charge density changes of g) graphene and h) thiophene S doped graphene.
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The atomic partial charges and changes to the charge density
of individual atoms were using Bader charge analysis.’®! The
total number of valence electrons calculated from the Bader
charge method are 128, 130 and 126 for a (4 x 4) supercell of
pristine graphene, graphitic S and thiophene S doped graphene,
respectively. The charge of the graphitic S atom in graphene is
depleted to 0.28 e (Figure 6g) whereas the thiophene S atom
has accumulated a slight charge of —0.01 e (Figure 6h). Gen-
erally electron charge accumulation or depletion is attributed
to charge transfer occurring from the atoms with lower elec-
tronegativity to atoms with higher electronegativity.”>-*! How-
ever, in the present case the electronegativity of sulfur (2.58) is
similar to that of carbon (2.55) on the Pauling scale.?! Interest-
ingly, for the graphitic S doped graphene (Figure 6g), the elec-
tronic charge of the sulfur atom is depleted towards the neigh-
bouring carbon atoms which possess charge densities varying
from —0.24 to —0.26 e. Conversely, the sulfur atom is thiophene
S doped graphene has a slight charge accumulation (Figure 6h).
Clearly these results indicate that the exact charge transfer phe-
nomena and electronic properties of the SG materials depend
on the specific arrangement of the dopant atoms. Regardless,
the disruptions of the sp? carbon hybridization caused by het-
eroatomic sulfur dopants results in a change of the Fermi level
and DOS of the materials; modifications that can provide ben-
eficial enhancements to the Pt catalyst-support interactions.

2.4. Electronic Structure Analysis of Pt Atoms on SG

Prior to the investigation of SG supported Pt nanoparticles, the
adsorption of a single Pt atom on a (4 X 4) unit cell of pristine

www.afm-journal.de

graphene, graphitic S doped graphene and thiophene S doped
graphene were investigated to determine how support materials
interact with Pt and to obtain and visualize their stable configu-
rations. Each Pt atom was placed on the top, hollow and bridge
sites of the three different unit cells to elucidate the most ener-
getically favoured nucleation site, an important determination
in order to ensure the reliability of subsequent DFT simula-
tions. After relaxation, it was determined that pristine graphene
(Figure 7a) and thiophene S doped graphene (Figure 7c) prefer-
entially adsorb a single Pt atom on the C-C and C-S bridge site,
respectively; whereas graphitic S doped graphene (Figure 7D)
adsorbs Pt favourably on the top site. In addition, the bond
length between the Pt atom and nearest adjacent carbon atom
on graphitic S (2.05 A) and thiophene S (2.06 A) doped gra-
phene is shorter than that of pristine graphene (2.08 A); an
observation that can likely be related to the adsorption energy
between Pt and carbon (E,4) on the support materials that can
be calculated by Equation S2, Supporting Information. It has
been well established that the interactions occurring between a
catalyst material (i.e., Pt) and support play a significant role in
the final composite structure in terms of nanoparticle size and
distribution because the properties of the support directly affect
the nucleation and growth processes during preparation.8384
The E,4, of Pt on graphitic S and thiophene S doped graphene
are —3.27 and -2.68 eV, respectively. These are more negative
than that of Pt on pristine graphene (-2.01 eV), highlighting
the fact that Pt adsorbs significantly stronger on SG materials
as a result of sulfur incorporation. Not only will this enhanced
interaction between the Pt and support aid in Pt nanopar-
ticle dispersion and size uniformity as consistent with TEM
analysis; the strengthened interactions will provide a tethering

Figure 7. Schematic top and side view of Pt atom adsorption on a) graphene, b) graphitic S doped graphene, and c) thiophene S doped graphene.
Schematic top and bottom (inset) views of Pt nanoparticles on d) graphene, e) graphitic S doped graphene, and f) thiophene S doped graphene.
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effect between the SG and Pt nanoparticles that can prohibit
their self-agglomeration or dissolution under conditions such
as those encountered during fuel cell operation.

2.5. Ab-Initio Simulations of Pt Nanoparticles on SG

Prior to the relaxation of graphene supported Pt, free standing
icosahedron Pt;; nanoparticles were fully relaxed to find their
optimized form under vacuum conditions. Then, the icosa-
hedron Pt nanoparticle is deposited onto pristine graphene
(Figure 7d), along with graphitic S (Figure 7e) and thiophene
S (Figure 7f) doped graphene for subsequent calculations
that will allow us to gain a comprehensive understanding
of the previously reported electrocatalyst activity and excel-
lent stability under acidic operating conditions. The d-band
center model proposed by Nerskov et al.®>=! has turned out
to be very useful for describing the underlying mechanisms
of experimentally observed, albeit complicated surface cata-
Iytic reactions. Using the d-band center model, the electronic
structure of the surface exposed metal layer and its inherent
catalytic activity can be correlated.®¥ This model relies on
the assumption that the weighted average of the d-band elec-
tron energies (d-band center) of a catalyst is strongly cor-
related to the binding energy of the catalyst atoms with the
chemical species adsorbed (e.g., oxygen).[”:889092 Utilizing
these underlying fundamentals, Pt alloys with weaker oxygen
binding energies than conventional Pt materials have been
predicted to possess superior ORR activities by DFT calcula-
tions;85-87.9091 an assertion that has further been translated
into experimental observations by a variety of researchers
employing extended surface and bulk catalysts.”>% In the
case of nanoparticles however, intrinsic ORR activity enhance-
ments cannot be exclusively linked to the d-band center
theory owing to complications due to the coordination envi-
ronment and particle size effect of Pt that significantly affects
the chemical ability to adsorb oxygen containing species.l*’]
Nevertheless, for the present calculations, it is reasonable to
quantitatively evaluate the adsorptive strengths of oxygen due
to the fact these materials consist of pure Pt with minimal
differences in nanoparticle size.’®l Therefore, the icosahedron
Pt;3 nanoparticle deposited on G and SG materials was used
to calculate the d-band center value and predict variations
in ORR activity. From the PDOS of Pt atom, d band center
values are evaluated on the graphene based support materials
using:®?

[ Epa(E)dE

Ep 1
| pa(E)dE "

4=

Here, pq is the density of states projected onto the d orbitals of a
Pt atom. The Pt atoms were selected at vertex site near support,
and the d-band center values were calculated to be —2.33, -2.50,
and —2.72 for graphene, graphitic S, and thiophene S doped gra-
phene, respectively. Independent of the arrangement of sulfur
dopants within the SG, the d-band center of the Pt nanopar-
ticle is shifted downward. This observation is even consistent
with a previous investigation that indicated a negative d-band
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shift for Pt nanoparticle supported on CNTs functionalized
with thiol groups; present not necessarily incorporated into the
planar graphitic lattice of CN'T5, but rather as functional species
extending from the basal plane of these supports.'% Regard-
less, the negative shift in the d-band center for the Pt nanoparti-
cles supported on SG is reflected in the improved ORR kinetics
of Pt/SG in comparison to Pt/G observed through half-cell
experimental investigations.

The Pt nanoparticles are stabilized by a subtle interplay
occurring between the size-dependent cohesive energy per
atom and the propensity for nanoparticle surface energy mini-
mization.l'%!l Tt has been proposed that lower cohesive energies
results in a lowering of the electrochemical dissolution poten-
tial of Pt into acidic solutions.*®191-193] The cohesive energies
of Pt nanoparticles on different support materials (E.y) can be
calculated using:

E _ EPt/support - Esupport - n’EPt,g
coh — n (2)

Here, Epg is the total energy of an individual Pt atom, n is the
number of Pt atoms, Epysupport iS the total energy of the sup-
port with the Pt cluster adsorbed on it, and Egyypor is the total
energy of the support. The cohesive energy of the unsupported
Pt;; icosahedron is —3.62 eV taking into consideration spin
polarized calculations, a value that is consistent with our pre-
vious reports.®®10 Supported on graphene based materials,
the values of the Pt;; nanoparticles were calculated to be —3.67,
-3.77, and -3.95 eV for the case of pristine graphene, graphitic
S and thiophene S doped graphene, respectively. Clearly the
cohesive energy of Ptj3; can be increased by employing gra-
phene based support materials. Moreover and most notably, the
cohesive energy of the Pt nanoparticles can be increased when
using graphene doped with either graphitic or thiophene like
sulfur species. This, by extension implies that the electrochem-
ical dissolution potential of Pt nanoparticles supported on SG
could be increased. Once again, the result of this computational
analysis supports our findings that indicate Pt/SG provides
excellent electrochemical stability investigated through ADT
protocols in acidic electrolyte.

3. Conclusions

SG materials (2.32 at% S) were prepared by thermally shock/
quench annealing a mixture of GO and PBS. The SG mate-
rials were used to support well dispersed uniformly sized
(=2.10 nm) Pt nanoparticles for ORR catalysis. Pt/SG dem-
onstrated excellent ORR activity based on half-cell investiga-
tions, providing a Pt-mass based current of 139 mA mgp, !
at an electrode potential of 0.9 V vs RHE. This performance
was superior to that of commercial Pt/C (121 mA mgp, ') and
Pt/G (101 mA mgp,!); exclusively illustrating the beneficial
impact of sulfur dopants in graphene supports. Notably, Pt/SG
demonstrated outstanding electrochemical stability through
ADT, displaying only an 11.2 mV decrease in ORR half-wave
potential and maintaining 87% of its initial ECSA after 1500
potential cycles. This was a dramatic improvement over Pt/G
and Pt/C, which demonstrated 23.0 and 43.0 mV losses in
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half-wave potential, while retaining only 54 and 48% of their
initial ECSA, respectively. Finally, in order to fundamentally
investigate the role of catalyst-support interactions for these
new materials, computational simulations highlighted that
sulfur doping of graphene could provide stronger interactions
with Pt and enhanced nanoparticle cohesive energies which
was used to explain the outstanding electrochemical stability
of Pt/SG. Furthemore, the sulfur dopants modulated the elec-
tronic properties of Pt, resulting in a negative shift in the
d-band that translated to the enhanced ORR kinetics observed.
By effectively coupling experimental and computational inves-
tigations, we have exclusively demonstrated that SG materials
can be considered an extremely promising new class of cata-
lyst support materials both from an ORR activity and stability
standpoint that can significantly advance the current state of
PEMEFC catalyst technology.

4. Experimental Section

Material Preparation: Detailed experimental procedures are provided
in the Supporting Information. Briefly, GO was prepared by a method
reported previously by Marcano et al.,'%l and was doped with sulfur by
mixing with PDS (2:1 w/w) and heat treating at 1000 °C by a thermal
shock/quench annealing process under argon protection. Pure G was
prepared by the same technique in the absence of PDS. Pt was deposited
onto SG and G by a modified ethylene glycol technique.*

Electrochemical Activity and Durability Measurements: Glassy carbon
electrodes were coated with catalysts at a loading of 20 pgp, cm™
and tested in 0.1 m HCIO,4 at 30 °C. Commercial state of the art Pt/C
(TKK, 28.2 wt.% Pt) was also tested for comparison. ORR activity
was measured at 10 mV s™' under oxygen saturation and background
currents obtained under nitrogen saturation were removed to eliminate
capacitance contributions. ADT was carried out by cycling the electrode
potential under nitrogen saturation 1500x between 0.05 and 1.3 V vs
RHE at a scan rate of 50 mV s7.

Computational Simulations: Additional details of the density functional
theory calculations that were not provided in the main text are available
in the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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