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properties, which is benefi cial for improving electrocatalyst 
activity and stability. [ 8 ]  In our previous work, we demonstrated 
that sulfur-doped graphene (SG) is a highly promising support 
for Pt nanoparticles, providing a 14% increase in Pt-based mass 
activity in comparison to the state-of-the-art Pt/C and remark-
able stability in terms of electrochemically active surface area 
(ECSA) and mass activity retention following accelerated dura-
bility testing (ADT). [ 9 ]  We propose that combining the benefi -
cial catalyst-support interactions provided by SG with Pt nano-
structure control strategies (i.e., 1D nanowires) could provide 
further ORR activity and durability improvements to achieve 
practical targets for commercial devices. 

 Herein, we report the direct synthesis of Pt nanowires on 
SG (PtNW/SG) by applying a simple and facile surfactant-free 
solvothermal technique. [ 10 ]  The prepared PtNWs are comprised 
of numerous single crystalline nanoparticles oriented along 
the <111> direction, and provide increased Pt-mass-based ORR 
activity in comparison to commercial Pt/C catalyst and PtNWs 
supported on graphene (PtNW/G). Most notably, PtNW/SG 
showed excellent stability through 3000 cycles of ADT in terms 
of both ECSA and ORR activity retention. By combining the 
advantages of both the 1D nanostructure of Pt and unique sup-
port materials, PtNW/SG are reported as a practical and highly 
promising candidate for overcoming the long term durability 
issues of conventional PEMFC cathode electrocatalysts. 

 SG with a sheet-like morphology ( Figure    1  a) was prepared 
and found by X-ray photoelectron spectroscopy to possess a 
surface sulfur content of 1.05 at%, consisting primarily of 
thiophenic species (Figure S1, Supporting Information). After 
the solvothermal synthesis of PtNW on the SG, the overall 
morphology of the materials is shown in Figure  1 b. A variety 
of nanowire diameters ranging from 3 to 25 nm are observed, 
along with nanowire lengths in excess of 1 µm (Figure  1 c). The 
crystal structure of Pt nanowires was confi rmed to be Pt-fcc 
(JCPDS No. 04-0802) based on the X-ray diffraction (XRD) 
peaks shown in Figure S2 (Supporting Information), with dif-
fraction patterns of commercial Pt/C and PtNW/G shown for 
reference. High-resolution transmission electron microscopy 
(HR-TEM) images of the Pt nanowires shown in Figure  1 d indi-
cate that the nanowires are composed of numerous attached Pt 
crystals oriented along the <111> direction, with a measured 
d-spacing of 2.24 Å corresponded to the (111) facet. Interest-
ingly, Pt nanowires with different diameters possess the same 

  Proton exchange membrane fuel cells (PEMFCs) are attrac-
tive and promising clean operating devices to replace fossil 
fuel-based power technologies. The commercial adoption of 
PEMFCs is however still hindered by several critical issues [ 1 ]  
among which the design of highly durable cathode electro-
catalysts for the oxygen reduction reaction (ORR) remains a 
formidable challenge. [ 2 ]  As of now, the only practical catalyst 
technology used in PEMFC systems is based on platinum nan-
oparticles (2–5 nm) supported on carbon black (Pt/C). During 
PEMFC device operation, Pt nanoparticles are however suscep-
tible to agglomeration/dissolution/Oswald ripening because of 
their high surface energies, which, along with the detrimental 
impact of carbon support corrosion, inevitably lead to radical 
performance degradation. [ 2b,3 ]  Therefore, careful electrocatalyst 
design strategies must be applied to mitigate the inherent sta-
bility issues associated with both the Pt nanoparticles and the 
conventional carbon supports to achieve practical durability 
targets. [ 4 ]  

 Recently, 1D nanostructures such as Pt nanowires have been 
demonstrated capable of overcoming some of the drawbacks 
of Pt nanoparticles in catalyzing ORR, in particular, providing 
much improved catalytic activity and/or durability. [ 3a,5 ]  The 
durability of Pt nanowires can be further improved by growing 
the nanowires onto stable nanostructured support materials, 
such as graphene or carbon nanotubes. [ 6 ]  Unlike the carbon 
black conventionally used to support Pt catalysts, graphene in 
particular possesses very unique chemical, mechanical, and 
electrical properties due to its 2D sp 2  hybridized carbon net-
work. [ 7 ]  Studies have additionally shown that doping graphene 
with heteroatoms is an effective way to tune the intrinsic 
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crystallographic orientation along the <111> direction as shown 
from a HRTEM image of a nanowire possessing a smaller 
diameter (ca. 7 nm) in Figure S3 (Supporting Information). For 
comparison, the structure of undoped graphene and PtNW/G 
are shown in Figure S4a,b (Supporting Information), respec-
tively. We investigated the time-dependent growth mechanism 
of Pt nanowires on SG and the results are shown in Figure  1 f–j. 
After just 10 min of reaction, growth is initiated by the nuclea-
tion of nano-sized Pt particles on the surface of SG (Figure  1 f). 
After 1 h, the number of nanoparticles on SG increases sig-
nifi cantly, and side-by-side attachment is observed (Figure  1 g). 

Interestingly, after 2 h, the process of attachment and coa-
lescence of nanoparticles eventually occurs to the point that 
nanorods are formed (Figure  1 h). This process is continued 
with an increase in reaction time to 4 h, where it can be clearly 
seen in Figure  1 i that the nanoparticles have attached together 
to form nanowires with larger lengths, and fi nally, after 6 h, 
smooth, continuous nanowires are obtained (Figure  1 j). Based 
on these observations, it appears that the PtNWs evolve from 
the preferential attachment and crystallographic arrange-
ment [ 11 ]  along the <111> direction, rather than a seed-initiated 
growth process. [ 12 ]  
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 Figure 1.    SEM image of a) SG and b) PtNW/SG. c) TEM image and d) HR-TEM image with d-spacing measurements of PtNW/SG. TEM images of 
PtNW/SG at different reaction durations of e) 0 min, f) 10 min, g) 1 h, h) 2 h, i) 4 h, and j) 6 h.
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  The electrochemical properties and stability of the various 
catalyst materials were investigated using cyclic voltammetry 
(CV) in 0.1  M  HClO 4 . CV curves before and after ADT, which 
involved subjecting the catalyst to 3000 potential cycles between 
0.05 and 1.5 V versus RHE, are shown for PtNW/SG, PtNW/G, 
and commercial Pt/C in  Figure    2  a–c, respectively. It should 
be noted that the ADT conditions employed are very harsh 
and include the potential regions in which repeated Pt oxida-
tion/reduction and carbon corrosion will occur. [ 13 ]  After ADT, 
additional redox peaks appear in the range of 0.50 to 0.75 V 
versus RHE. These peaks likely arise due to the formation of 
quinone/hydroquinone redox species under the high potentials 
encountered during ADT. The ECSA of the various catalysts 
was calculated by integrating the hydrogen adsorption–desorp-
tion region [ 14 ]  with ECSA values of 24.5, 24.0 and 53 m 2  gm Pt  −1  
determined for PtNW/SG, PtNW/G, and Pt/C, respectively. 
The reduced ECSA of PtNW/SG and PtNW/G in comparison 
to Pt/C is to be expected, owing to the thicker diameter and 
anisotropic structure that results in a lower degree of Pt–atom 
exposure. [ 2,15 ]  Normalized ECSA values obtained after a varying 
number of ADT cycles are shown in Figure  2 d. It can be seen 
that after 3000 cycles, PtNW/SG loses only 42% of its initial 
ECSA, whereas the losses in ECSA for PtNW/G and Pt/C are 
72% and 99%, respectively. These results exemplify the excel-
lent stability of PtNW/SG in comparison to PtNW/G and com-
mercial Pt/C under the harsh potentiodynamic conditions of 
ADT. In our previous study, [ 9 ]  we found that Pt nanoparticle 
ECSA losses could also be signifi cantly mitigated using SG 
supports, owing to the strengthened adsorptive and cohesive 
interactions induced by sulfur dopant atoms on Pt atoms and 

nanoclusters, respectively. The current results indicate a similar 
effect in PtNW/SG based on the signifi cant improvements in 
ECSA retention observed in comparison to PtNW/G. To inves-
tigate the impact of nanostructure control (i.e., nanowires), the 
as-prepared PtNW/G was compared with Pt nanoparticles sup-
ported on undoped graphene (PtNP/G). Electrochemical testing 
results provided in Figure S5 (Supporting Information) demon-
strate that PtNW/G shows clear stability enhancements in com-
parison to PtNP/G, albeit not to the extent observed in the pres-
ence of sulfur doping. This stability enhancement could likely 
arise owing to surface of the PtNWs that consists primarily of 
(111) facets, the most thermodynamically favorable confi gura-
tion, as the (111) planes possess the lowest surface energy of all 
the low-index crystallographic planes of Pt. [ 1a ]   

 The ORR activity of PtNW/SG before and after ADT 
was investigated in oxygen saturated 0.1  M  HClO 4 . Ini-
tially at 0.9 V versus RHE, an improved Pt-based mass 
activity of 167 mA mg Pt  −1  was observed for PtNW/SG in 
comparison to PtNW/G (132 mA mg Pt  −1 ) and commercial 
Pt/C (125 mA mg Pt  −1 ). Moreover, PtNW/SG showed a very 
high specifi c activity of 0.675 mA cm −2  Pt  ( Figure    3  d-inset), 
approaching the U.S. Department of Energy (DOE) target of 
0.720 mA cm −2  Pt  [ 16 ]  while PtNW/G and Pt/C demonstrated spe-
cifi c activity values of 0.543 and 0.250 mA cm −2  Pt , respectively. 
This specifi c activity enhancement is attributed to the prefer-
ential exposure of the (111) facet of the PtNWs that provides 
higher activity than the (100) facets [ 17 ]  that are abundant in 
nanoparticle confi gurations. [ 1a ]  Additionally, the 1D-extended 
nanostructure of the PtNWs leads to a reduced fraction of 
defect, step and edge sites that bond spectator species (OH ad ) 
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 Figure 2.    CV curves for a) PtNW/SG, b) PtNW/G, and c) Pt/C before and after ADT. d) Normalized ECSA values as a function of cycle number.
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too strongly, thereby impeding the ORR kinetics. [ 17c,18 ]  On the 
other hand, it is very likely that the improved activity of PtNW/
SG in comparison to PtNW/G arises due to the benefi cial cat-
alyst-support interactions occurring between Pt and the sulfur 
dopants present in SG. [ 9 ]   

 Polarization curves obtained before and after ADT are shown 
in Figure  3 a–c for PtNW/SG, PtNW/G, and Pt/C, respectively. 
After ADT, PtNW/SG shows only a 22 mV loss in half-wave 
potential, signifi cantly better than the 86 mV half-wave poten-
tial loss for PtNW/G and almost complete loss of performance 
for commercial Pt/C. A comparison of Pt-based mass activities 
before and after ADT is given in Figure  3 d. Notably, PtNW/
SG demonstrated a mass activity of 112 mA mg Pt  −1  at 0.9 V 
versus RHE after ADT, representing 67% of its initial activity. 
PtNWG and Pt/C on the other hand showed mass activity 
values of 22 and 0.5 mA mg Pt  −1  following ADT, corresponding 
to only 17% and < 1% of their initial activity, respectively. We 
additionally investigated the stability of PtNW/SG using the 
DOE-recommended durability testing protocol that involves 
30 000 potential cycles between 0.6 and 1.0 V versus RHE in 
O 2  saturated 0.1  M  HClO 4  solution. [ 4,5d,19 ]  Once again, the ECSA 
and ORR activity retention of PtNW/SG was superior to that 
of commercial Pt/C (Figure S6, Supporting Information). Fol-
lowing this testing, the ECSA retention for PtNW/SG and Pt/C 
were approximately 65% and 33%, respectively, and the losses 
in half-wave potential were approximately 50 and 250 mV, 
respectively. Moreover, we collected CV curves of PtNW/SG 
after 6000 cycles (Figure S6-inset, Supporting Information) 

and observed only a 12% loss in ECSA. This is a signifi cant 
improvement over the 30% ECSA loss observed by Lim et 
al. [ 20 ]  for unique Pd–Pt nanodendrites after only 4000 cycles, 
although with a slightly higher upper potential limit (0.6–1.1 
V vs RHE). Our results are in more close agreement with the 
results of Ruan et al. [ 2a ]  reporting an ECSA loss of 14.2% after 
6000 cycles for ultrathin Pt nanowire networks, although the Pt 
mass and specifi c activities of our PtNW/SG were signifi cantly 
higher (16% and 385%, respectively). 

 Since the performance degradation of electrocatalyst mate-
rials is an important issue, we investigated the morphological 
and structural changes of the catalysts following ADT. After 
3000 cycles, PtNWs were still observed anchored on the surface 
of SG ( Figure    4  a) with retained crystallographic orientation in 
the <111> direction (Figure  4 b). An energy dispersive spectros-
copy (EDS) elemental map of PtNW/SG after ADT is shown in 
Figure  4 c, demonstrating the locations of carbon, sulfur, and 
platinum species. To avoid interference of the sulfonate species 
present in nafi on, a binder free ADT test was conducted for the 
purpose of elemental mapping. Interestingly, sulfur atoms are 
consistently observed to be well distributed along the lengths 
of the PtNWs, providing indication that these sulfur species 
serve as anchors to adhere the nanowires to the surface of the 
SG. [ 21 ]  This is supported by our recent fi ndings through an ab 
initio approach that highlighted stronger adsorption of Pt on 
SG (–2.68 eV) compared with pure graphene (–2.01 eV), and an 
enhanced Pt nanoparticle cohesive energy of –3.95 eV versus 
–3.67 eV, respectively. [ 9 ]  For full details of the Density Functional 
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 Figure 3.    ORR polarization curves of a) PtNW/SG, b) PtNW/G, and c) Pt/C before and after ADT. d) Pt-mass activity and (inset) specifi c activity 
comparison.
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Theory (DFT) calculations, please refer to the previously pub-
lished manuscript and supporting information. [ 9 ]  On the other 
hand, the structure of PtNW/G was more vulnerable to ADT 
conditions, with PtNW degradation and aggregation observed, 
along with the formation of nanoparticle agglomerates on the 
graphene surface (Figure  4 d). The harsh ADT conditions also 
had a signifi cantly detrimental effect on the structure of Pt/C 
(Figure S7, Supporting Information), demonstrating dramatic 
Pt nanoparticle growth and agglomeration.  

 In conclusion, SG was prepared as a support for the direct 
growth of platinum nanowires. The growth mechanism of 
Pt nanowires on SG was investigated and it was found that 
nanowires are comprised of numerous single crystalline nano-
particles attached and oriented along the <111> crystallographic 
direction. Notably, PtNW/SG exhibited excellent electrochem-
ical ORR activity and stability in comparison with PtNW/G 
and commercial Pt/C catalysts under harsh, potentiodynamic 
conditions. After 3000 cycles of ADT, PtNW/SG retained 58% 
of its initial ECSA, superior to the only 28% and 1% retained 
for PtNW/G and commercial Pt/C, respectively. Additionally, 
PtNW/SG retained 67% of the Pt-based mass activity, whereas 
the mass activity retention for PtNW/G and commercial Pt/C 
were 17% and < 1%, respectively. PtNW/SG also exhibited 
increased Pt-mass-based activity, and an excellent specifi c 
activity of 0.675 mA cm −2  Pt , approaching the DOE-recom-
mended target of 0.720 mA cm −2  Pt .  

  Experimental Section 
  Preparation of S-doped Graphene (SG) : 100 mg of graphene oxide 

prepared by a modifi ed Hummer’s method was mixed with 100 mg 
of phenyl disulfi de (PDS) by grinding. The materials were loaded into 
a tube furnace and kept outside the heating zone until the furnace 
temperature reached 1000 °C. The sample was then slid into the heating 
zone where it remained for 30 min under argon protection, followed by 

cooling to room temperature. Graphene was prepared under identical 
conditions without PDS. 

  Preparation of S-doped Graphene Supported Platinum Nanowires 
(PtNW/SG) : 9.2 mg of SG was dispersed by 2 h of ultrasonication in a 
mixture of 12 mL ethylene glycol and 18 mL of  N,N -dimethyl formaide. 
30 mg of H 2 PtCl 6 .6H 2 O was then added followed by the addition of 
1.5 g KOH and stirring overnight. The fi nal solution was transferred to a 
40 mL Tefl on-lined autoclave and heated at 170 °C for 8 h. The resultant 
black product was collected and washed thoroughly with ethanol and 
DDI water before drying in a vacuum oven at 80 °C. The same procedure 
was applied to prepare PtNW/G, with a platinum loading of 50 wt% 
achieved for both materials. 

  Materials Characterization : The catalyst materials were characterized 
using scanning electron microscopy (SEM, LEO FESEM 1530), 
TEM (JEOL 2010F) equipped with EDS, and XRD (XRG 3000) using 
monochromatic Cu KΑ X-rays. 

  Electrochemical Characterization : 1.75 mg of catalyst materials were 
dispersed in a solution of 1.9 mL ethanol and 0.1 mL 5 wt% nafi on 
and dropcasted on a glassy carbon electrode to achieve a loading 
of 22 µg cm –2 . CV curves were collected at 50 mV s –1  in N 2 -saturated 
0.1  M  HClO 4  and ORR measurements at 5 mV s –1  under O 2  saturation 
with electrolyte resistance correction applied. To improve the dispersion 
of nanowire catalyst on the electrode, 20 wt% carbon black (Vulcan 
XC-72) was added to the suspension.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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 Figure 4.    a,b) TEM images and c) EDS mapping of PtNW/SG after ADT. d) TEM image of PtNW/G after ADT.
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