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Mercaptopropane-assisted synthesis of graphitic carbon supported small-sized Pt nanoparticles.

Public summary

m A scalable and simple mercaptopropane-assisted impregnation method was developed for the preparation of small Pt

nanoparticles on graphitic carbons.

m The resulting graphitic carbon-supported Pt nanoparticle catalysts demonstrated high durability under start-stop fuel cell

operation.

Citation: Yang Q Q, Song T W, Li S, et al. Mercaptopropane-assisted synthesis of graphitic carbon-supported Pt nanoparticles for enhancing fuel cell

start-stop performance. JUSTC, 2023, 53(6): 0603. DOI: 10.52396/JUSTC-2023-0051


mailto:ltong17@mail.ustc.edu.cn
mailto:hwliang@ustc.edu.cn
http://creativecommons.org/licenses/by-nc-nd/4.0/

N

UST
http://justc.ustc.edu.cn

Mercaptopropane-assisted synthesis of graphitic carbon-
supported Pt nanoparticles for enhancing fuel cell start-stop
performance

+

Received: March 24, 2023; Accepted: April 26, 2023

Qian-Qian Yang, Tian-Wei Song, Shuai Li, Le Zhang, Xiu-Yuan Ma, Lei Tong @, and Hai-Wei Liang =

Hefei National Research Center for Physical Sciences at the Microscale, and Department of Chemistry, University of Science and Technology of
China, Hefei 230026, China

>Correspondence: Lei Tong, E-mail: ltong17@mail.ustc.edu.cn; Hai-Wei Liang, E-mail: hwliang@ustc.edu.cn
© 2023 The Author(s). This is an open access article under the CC BY-NC-ND 4.0 license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Read Online

Cite This: JUSTC, 2023, 53(6): 0603 (8pp)

Abstract: Although graphitic carbons, as a support for the cathode catalyst in proton exchange membrane fuel cells, have
significant advantages in enhancing the corrosion resistance of the catalyst, the preparation of small-sized Pt particles on
the graphitic carbon support often faces challenges due to its low porosity and lack of defect structures. Here, we report a
mercaptopropane-assisted impregnation method to achieve size control of Pt nanoparticles on graphitic carbon. We show
that mercaptopropane can coordinate with Pt during the impregnation process and transform into sulfur-doped carbon coat-
ings through the subsequent thermal reduction process, which ensures the formation of small-sized Pt nanoparticles on
graphitic carbon. Due to effective size control, the prepared cathode catalyst exhibited enhanced fuel cell performance
compared to the catalyst prepared by the traditional impregnation method. We performed the accelerated stress test on the
synthesized catalyst using the durability protocol recommended by the U.S. Department of Energy (DOE). After 5000
voltage cycles in the range of 1.0-1.5 V, the catalyst showed a negligible voltage loss of only 10 mV at a current density of
1.5 A-cm™, meeting the DOE support durability target (30 mV).

Keywords: PEMFC; catalyst support durability; graphitic carbon; Pt; start-stop performance

CLC number: TQ426; TM911.4

Document code: A

1 Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) repres-
ent a clean energy technology that holds promise for deploy-
ment in low-carbon transportation’. Reducing the amount of
Pt used in the cathode without sacrificing performance and
durability is crucial for achieving widespread commercializa-
tion of PEMFCs™". One fundamental consensus in this en-
deavor is the need to control the particle size of Pt to attain a
balance between activity and durability in catalyzing the oxy-
gen reduction reaction (ORR)™. Smaller Pt particles result in
a larger electrochemically active surface area (ECSA), which
enhances the mass activity (MA) of Pt However, particles
that are too small can also cause a high electrochemical dis-
solution rate of Pt and poor durability, especially in the case
of Pt nanoparticles with a diameter of <2 nm"”. In addition,
achieving a uniform particle size distribution is beneficial to
mitigate the dissolution rate of Pt because it can narrow dif-
ferences in surface energy between particles™"'. In this re-
gard, cathode catalysts are typically designed as carbon-
supported Pt nanoparticle morphologies, where the carbon
supports feature high specific surface areas that facilitate the
preparation of Pt nanoparticles with relatively small sizes and
uniform distribution”.

However, high surface area carbon supports are vulnerable
to electrochemical corrosion, especially during the start-stop
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operation: a hydrogen—oxygen interface can form during this
operation in the anode region, which raises the cell voltage
and accelerates carbon corrosion'""'. Severe carbon corro-
sion can result in a significant thinning of the cathode cata-
lyst layer, accompanied by a considerable increase in oxygen
transport resistance and detachment of abundant Pt nano-
particles from the support, ultimately leading to a substantial
loss of performance’’"”. While system operating strategies
such as constraining the voltage range during operation can
mitigate carbon corrosion, they impose additional costs for
valves and controls®?*. As such, finding alternative support
materials is deemed the fundamental solution to address the
carbon-corrosion issue. There are currently two material-
based solutions that have been thoroughly demonstrated to
address this issue: the use of conductive metal oxides (such as
TiO, and SnO,) and highly graphitized carbon materials as
supports™ . However, both of these solutions normally
come with the trade-off of compromised performance™ .
This is mainly because both metal oxides and highly graphit-
ized carbons have relatively low surface areas, which makes it
difficult to achieve effective size control and dispersion of Pt
nanoparticles. Additionally, metal oxides face limited elec-
tronic conductivity, adding to an additional barrier toward
achieving high performance*!.

Notably, several recent approaches have shown promising
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results in achieving effective size control of Pt nanoparticles
on highly graphitized carbon materials. For example, Zhi et
al. reported a Pt catalyst supported by nitrogen-doped porous
graphitic carbon that displayed high power density and excep-
tional carbon corrosion resistance””. The structurally doped
nitrogen atoms in the support have the ability to interact with
the Pt nanoparticles, which may favor better size control of
the Pt nanoparticles. In addition, Watanabe’s group demon-
strated a nanocapsule method for synthesizing ~3 nm diamet-
er Pt nanoparticles on graphitized carbon black™*, which
was developed based on a modification of the conventional
colloid chemistry approach. Unfortunately, these innovative
approaches involve either tedious or expensive synthetic pro-
cesses, which hinders their practical use.

Herein, we report a scalable and simple method for the pre-
paration of small Pt nanoparticles on graphitic carbons, which
is based on a modification of the conventional impregnation-
thermal reduction method that involves the use of mercaptop-
ropane as the additive during the impregnation process. We
demonstrate that mercaptoproane can coordinate with Pt dur-
ing the impregnation process and subsequently convert into a
sulfur-doped carbon shell coated on Pt nanoparticles during
the following thermal reduction treatment. This can signific-
antly suppress the migration and aggregation behavior of Pt
nanoparticles on graphitic carbon, thereby achieving effect-
ive size control. Coupling this method with the optimization
of the graphitization degree of the carbon support, we show a
high-performance catalyst that fulfills the start-stop durabil-
ity target set forth by the U.S. Department of Energy (DOE).

2 Experimental

2.1 Chemicals and reagents

Mercaptopropane (99.5%) was purchased from Aladdin
(Shanghai,  China). = Hexachloroplatinic =~ hexahydrate
(H,PtCls-6H,0, 99%), ethanol absolute (99.5%), and cyclo-
hexane (99.8%) were obtained from Sinopharm Chemical Re-
agent Co. Ltd. (China). Deionized water (18.2 MQ/cm) was
used throughout the experiments. All chemicals were used as
received without further purification.

2.2 Synthesis of graphitic carbons

Graphitic carbons with varying degrees of graphitization were
prepared by subjecting carbon black (Ketjenblack EC-6001J)
to heat treatment at 2500 or 3000 °C for 1 h under argon (Ar)
flow with a ramp rate of 500 °C/min.

2.3 Synthesis of graphitic carbon-supported Pt nano-
particles

The catalysts were prepared by the small molecule-assisted
method that we recently developed for preparing intermetal-
lic catalysts™. In a typical synthesis, 34 mg of H,PtCls-6H,0O
(0.066 mmol) and 30 puL of mercaptopropane (0.33 mmol)
were first dissolved in 30 mL of cyclohexane by stirring in a
50 mL flask for 5 min. Next, 30 mg of graphitic carbon was
added, and the mixture was stirred overnight to form a homo-
geneous dispersion solution. The resulting suspension was
then dried using a rotary evaporator, followed by heat treat-
ment at 300 °C for 2 h, and allowed to cool naturally to room

0603-2

temperature to yield the final samples. The above synthetic
protocols were also employed to prepare the contrast cata-
lysts but without the addition of mercaptopropane.

2.4 Characterization

The X-ray diffraction (XRD) patterns were obtained by a
Japan Rigaku DMax-yA rotating anode X-ray diffractometer
with Cu K-a radiation. Ultraviolet—visible (UV—vis) absorp-
tion spectra were obtained on a UV-3600i plus spectrometer.
Low-magnification high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) images
and energy-dispersive X-ray spectroscopy (EDS) mapping
images were obtained by an FEI Talos F200X equipped with
a Super X-EDS system. X-ray photoelectron spectroscopy
(XPS) measurements were carried out on an ESCALab MKII
X-ray photoelectron spectrometer. High-resolution bright-
field STEM images were obtained by a JEM-ARM 200F
atomic resolution analytical microscope. High-resolution
transmission electron microscopy (TEM) images were ob-
tained by an FEI Talos F200X. Inductively coupled plasma
atomic emission spectrometry (ICP—AES) measurements were
conducted by a Thermo Scientific iCAP 7400. X-ray absorp-
tion spectra were collected in the beamline 1W1B station of
the Beijing Synchrotron Radiation Facility (BSRF). N, ad-
sorption/desorption isotherms were measured by ASAP 2020
(Micromeritics). Scanning electron microscopy (SEM) im-
ages were collected with a Zeiss Supra 40 scanning electron
microscope.

2.5 PEMFC tests

Membrane electrode assembly. Catalyst-coated membranes
(CCMs) were fabricated with an anode loading of 0.05 mg Pt
per cm? (TKK-30 wt% Pt/C) and a cathode loading of 0.1 mg
Pt per cm’ (the prepared catalysts) with an ionomer (D2020®
perfluorosulfonic acid ionomer) to carbon ratio (I : C ratio)
of 0.6. The GORE Nafion membrane with a thickness of 8
pm was used for the fabrication of CCMs. The membrane
electrode assembly (MEA) was assembled by sandwiching
the CCM between two 5 cm?® gas diffusion layers (GDLs,
Freudenberg H24CX483) with a thickness of 230 um. The
gasket was a polytetrafluoroethylene (PTFE) film with a
chosen thickness (140 um).

MEA testing protocols. The MEAs were tested using a 7-
channel serpentine flow field. Differential cell tests (5 cm?)
were conducted by the Scribner 850e fuel cell test stand
linked with a Scribner 885 potentiostat.

Voltage recovery. The voltage recovery (VR) was conduc-
ted by scanning the voltage from the open circuit voltage to
0.1 V. Then, the cell potential was maintained at 0.1 V for 2 h
at a temperature of 40 °C and a relative humidity (RH) of
150%, while being subjected to an absolute pressure of 150
kPa. During this period, the anode H, flow rate was 500 sccm,
and the cathode air flow rate was 2000 sccm. VR operation
can greatly promote the performance of the cell, which has
been previously demonstrated™.

Polarization curves. The H,-air single-cell tests were op-
erated at 80 °C/100% RH/150 kPa (absolute pressure). H,/air
flow rates were fixed at 500 and 2000 sccm, respectively. The
cell voltage value was recorded at each current density for 3
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min in the anodic direction.

ECSA. The Pt ECSA was determined using the hydrogen
underpotential deposition (HUPD) method. During the meas-
urement, the cell temperature was maintained at 40 °C, 100%
RH and 100 kPa (absolute pressure). The cathode was purged
with N, at a gas flow rate of 200 sccm until the voltage was
swept from the open circuit voltage to less than 0.1 V. Sub-
sequently, cyclic voltammetry (CV) was performed at a po-
tential range from 0.03 V to 0.6 V, with a scan rate of 150
mV/s in an H, (200 sccm)/N, (5 sccm) environment. The EC-
SA was calculated according to ECSA=(Syypp/V)/(0.21xLpy),
where Syupp, V, and Ly, represent the average integration area
of both hydrogen adsorption and desorption peaks in the
sweep speed, voltammogram, and Pt loading, respectively.

Accelerated stress test (AST). The catalyst support durab-
ility was tested by the AST protocol recommended by the
U.S. DOE™. The fuel cell MEAs were cycled between 1 V
and 1.5 V, with a triangle wave and a ramping rate of 500
mV/s. During the AST cycles, the cell was operated at 150
kPa (absolute pressure) H,/N,, 80 °C, 100% RH, with 200/75
sccm H,/N, for the anode and cathode, respectively.

3 Results and discussion

3.1 Synthesis and characterization of graphitic carbons

We first employed the commercial carbon black Ketjenblack
EC-600J (marked as KJ600) as the starting material to obtain
graphitic carbon supports by high-temperature treatments. To
investigate the impact of graphitization degree on the durabil-
ity of carbon supports, we transformed KJ600 into graphitic
carbons at two different temperatures (2500 °C and 3000 °C),
which were denoted as KJ600-X, with X representing the pro-
cessing temperature.

The XRD patterns of all resulting carbons are illustrated in
Fig. la—c, wherein KJ600-2500 and KJ600-3000 exhibited a
prominent diffraction peak at approximately 26.3°, corres-
ponding to the (002) planes of the carbon material. The inter-
layer spacing of the (002) plane of KJ600, KJ600-2500, and
KJ600-3000 was determined to be 3.69, 3.45, and 3.38 A, re-
spectively. Moreover, with increasing processing temperature
of KJ600, the (002) peak also exhibited a progressively nar-
rower full width at half maximum (FWHM), with KJ600
(4.20) > KJ600-2500 (2.34) > KJ600-3000 (1.87). These res-
ults indicated an elevated degree of graphitization as the tem-
perature increased””. To further elucidate the variances in
graphitization degrees, Raman spectroscopy analyses were
performed. As illustrated in Fig. 1d, all samples exhibited two
distinctive peaks at 1350 cm ™ and 1590 cm™, representing the
defect peak (D) and graphite lattice vibration peak (G) of the
carbonaceous materials, respectively. The degree of graphitiz-
ation can be quantified by the relative intensities of the D to G
peaks, represented as I(D)/I(G), where a smaller value of
I(D)/I(G) indicates a higher degree of graphitization®. As
shown by the calculated results, the /(D)/I(G) values de-
creased with an increase in temperature, with pristine KJ600
exhibiting the highest value (1.23), followed by KJ600-2500
(0.72) and KIJ600-3000 (0.49). The nitrogen adsorption-
desorption isotherms (Fig. 1e) showed a significant reduction
in nitrogen uptake for high-temperature treated carbon materi-
als over the entire relative pressure range compared to the ori-
ginal KJ600, indicating a decrease in porosity. The calculated
specific surface area based on the Brunauer—Emmett—Teller
(BET) equation and the pore volume calculated at a relative
pressure of 0.99 both exhibited a decreasing trend with in-
creasing temperature (Fig. 1f): KJ600 (1326 m* g™ and 4.28
cm’-g™) > KJ600-2500 (206 m* g and 0.71 cm’-g™") > KJ600-
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Fig. 1. (a—) XRD patterns, (d) Raman spectra, (e) nitrogen adsorption-desorption isotherms, and (f) specific surface areas and pore volumes of KJ600,

KJ600-2500, and KJ600-3000.
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3000 (164 m*-g" and 0.61 cm’-g™").

3.2 Synthesis and characterization of graphitic carbon-
supported Pt nanoparticles

We utilized the aforementioned graphitic carbon supports to
fabricate Pt nanoparticle catalysts via the mercaptoproane-
assisted impregnation-thermal reduction approach. First, the
mercaptoproane additive and Pt salt precursor (H,PtCls) were
impregnated onto graphitic carbon supports to achieve a total
Pt loading of 30 wt%. The resulting powder precursors were
then subjected to annealing treatments in 5 vol% H,/Ar at
300 °C for 2 h to obtain the Pt nanoparticle catalysts, which
were marked as Pt-S/KJ600-X (X represents the processing
temperature for the carbon supports). For comparison, we
also prepared the Pt nanoparticle catalyst on the KJ600-3000
support without the use of mercaptoproane (denoted as
Pt/KJ600-3000).

We analyzed the dispersion of the Pt nanoparticles on the
carbon support by XRD patterns and TEM images. XRD pat-
terns provided evidence for the positive effect of using mer-
captopropane in achieving better size control of Pt nano-
particles, as supported by the fact that the half-peak breadth
of Pt-S/KJ600-3000 at ~40.0° was greater than that of
Pt/KJ600-3000 (Fig.2b and 2c¢). TEM images (Fig. 2d and
2e)demonstratedthatmercaptopropane, whenusedasanadditive,

particles. Conversely, the Pt/KJ600-3000 catalyst exhibited
an apparent increase in particle size and a heterogeneous dis-
tribution of Pt nanoparticles (Fig. 2f). The statistical results of
TEM images (Fig. 2g—i) determined the average particle sizes
of Pt-S/KJ600-2500, Pt-S/KJ600-3000, and Pt/KJ600-3000 to
be 3.38, 3.80, and 7.00 nm, respectively.

3.3 Mechanism study

We employed the Pt-S/KJ600-3000 catalyst as an example to
investigate how mercaptopropane is able to prevent the over-
growth of Pt nanoparticles on graphitic carbons. To do this,
we conducted a comprehensive analysis of the structural chan-
ges of the Pt species during the entire catalyst preparation
process using a range of characterization techniques, includ-
ing UV—vis absorption spectroscopy, XPS, EXAFS, HAADF-
STEM, high-resolution TEM, and EDS mapping.

The UV —vis spectra of H,PtCly in ethanol/cyclohexane
(Fig. 3a) showed characteristic absorption bands centered at
373 nm and 450 nm, which were attributed to d-d transitions
of the octahedral symmetry of the [PtClg]* configuration™* .
Upon the addition of mercaptopropane to H,PtClg, it was ob-
served that the absorption band intensity significantly
changed, indicating that the Cl ligands of [PtCls]* were sub-
stituted by sulfhydryl groups through ligand exchange™". The
high-resolution Pt 4f XPS spectrum of H,PtCl,/KJ600-3000 is

prevented the aggregation and overgrowth of Pt nano- shown in Fig. 3b. The peaks at 75/78 eV and 72.8/76.3 eV
(a) PE-S/KJI600-2500 (b) Pt-S/KJ600-3000 (C) PHKIG600-3000
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Fig. 2. (a—c) XRD patterns, (d—f) high-resolution TEM images, and (g—i) particle size distributions of Pt-S/KJ600-2500, Pt-S/KJ600-3000, and Pt/KJ600-
3000. The particle size distributions were determined by the statistical results from high-resolution TEM images.
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were assigned to Pt(IV) and Pt(II), respectively, indicating the
presence of two oxidation states”. With the addition of mer-
captopropane, the content of Pt(II) species increased, and the
binding energy for Pt(IV) species negatively shifted, suggest-
ing a more electron-enriched state due to ligand exchange.
The Fourier transform EXAFS spectrum (Fig. 3c) showed an
additional peak at 1.68 A, which is similar to the Pt-S bond
of PtS,, indicating a binding interaction between S and Pt
atoms. These results suggest that the addition of mercaptopro-
pane led to the formation of Pt—S bonds during the initial im-
pregnation process.

High-resolution TEM imaging (Fig. 3d) revealed that, fol-
lowing thermal H, reduction, the as-formed Pt nanoparticles
were coated by a thin carbon shell that was fused with the un-
derlying graphitized carbon support. EDS elemental mapping
images revealed a substantial concentration of S elements
around the Pt particles (Fig. 3e). By taking into account the
spatial relationship between the Pt particles, S, and carbon
shells, it can be inferred that the S elements were doped into
the carbon layers situated on the surface of the Pt nano-
particles. We previously found that the structurally doped S
atoms in the carbon matrix can strongly interact with Pt nano-
particles to restrain their sintering under high temperature
conditionst.

Based on the above results, we proposed a mechanism by
which mercaptopropane achieves size control of Pt nano-
particles on graphitic carbons. The sulfhydryl group of mer-

captopropane coordinates with Pt(IV) during the wet impreg-
nation process, forming a coordination complex by partially
exchanging with a CI ligand. Upon thermal annealing, the
complex precursors decompose to form Pt nanoparticles,
while coordinated mercaptopropane ligands are converted
into an S-doped carbon shell around the Pt nanoparticles. The
physical protection of the carbon coating and the chemical Pt-
S interaction work synergistically to greatly suppress Pt sin-
tering during the thermal reduction process, ensuring the syn-
thesis of small-sized Pt catalysts.

3.4 PEMFC performance and carbon support durability

We evaluated the PEMFC performance of the resulting cata-
lysts in H,-air single cells at 80 °C, 100% RH and 150 kPa
(absolute pressure) with a cathode loading of 0.1 mg-cm™.
Fig. 4a shows that within the practical operating voltage range
of PEMFCs (0.6 to 0.7 V), the initial current density of the
resulting catalysts followed the order of Pt-S/KJ600-2500 >
Pt-S/KJ600-3000 > Pt/KJ600-3000. We attributed the higher
current density of Pt-S/KJ600-3000 compared to that of
Pt/KJ600-3000 to its smaller particle size, which can greatly
improve the utilization rate of Pt atoms. Factoring in Pt-
S/KJ600-2500 and Pt-S/KJ600-3000 have similar average
particle sizes, and their differences in PEMFC performance
may be due to varying degrees of graphitization, which may
influence the interaction of the ionomer with the catalyst and
consequently affect the performance.

(a) (

— H,PIC]; 6H,0
— H,PtCl; 6H,0-mercaptopropance

Normalized Intensity (a.u.) S

mercaptopropane-H,PtCl/C

Pt 4r (C) — Pt foil

—— mercaptopropane-assisted Pt
—— mercaptopropane-free Pt

AP

Z
-«
/373 nm
HPLC/C
/475 nm LTI TR
350 400 450 500 550 85 M 7 o o k . 7 y
(d) A (am) Binding energy (¢V RA)

Pt-S/KJ600-3000

Pt:5/1J600-3000

Fig. 3. (a) UV—vis spectra of the H,PtCls-6H,0 and H,PtCls-6H,0/mercaptopropane solutions. (b) XPS results of the Pt 4f orbital of the mercaptopro-
pane-Pt/C and Pt/C precursor powders. (c) R space of the XAFS results of the standard Pt foil, PtS,, and Pt catalysts prepared with and without mercapto-
propane. (d) High-resolution TEM images of Pt-S/KJ600-3000. (¢) HAADF-STEM and EDS mapping images of Pt-S/KJ600-3000.
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Fig. 4. (a) H,-air polarization curves of Pt-S/KJ600-2500, Pt-S/KJ600-3000 and Pt/KJ600-3000. (b, ¢) Durability of Pt-S/KJ600-2500 (b) and Pt-S/KJ600-
3000 (c) after 5000 voltage cycles in the range of 1.0-1.5 V. (d) ECSA changes of Pt-S/KJ600-2500 and Pt-S/KJ600-3000 before and after 5000 voltage
cycles in the range of 1.0-1.5 V. (e, f) SEM images of Pt-S/KJ600-3000 (e) before and (f) after 5000 voltage cycles in the range of 1.0-1.5 V.

We employed the accelerated stress test protocol recom-
mended by the United States Department of Energy (DOE) to
evaluate the start-stop durability of Pt-S/KJ600-2500 and Pt-
S/KJ600-3000, which involved subjecting the catalysts to
5000 voltage cycles ranging from 1.0 to 1.5 V under a H,/N,
environment. As depicted in Fig. 4b, the catalysts prepared
with the KJ600-2500 support experienced a significant de-
gradation in performance after 5000 cycles, manifesting in a
substantial voltage drop of 75 mV at a current density of 1.5
A-cm™. In contrast, Pt-S/KJ600-3000 (Fig. 4c) exhibited out-
standing durability, with only a minor 10 mV loss observed at
a current density of 1.5 A-cm™ after 5000 cycles, surpassing
the DOE target of < 30 mV loss. This difference in durability
was further corroborated by ECSA results measured under
PEMFC conditions (Fig. 4d), which revealed a considerably
lower ECSA loss for Pt-S/KJ600-3000 (8.6%) relative to Pt-
S/KJ600-2500 (35.3%). SEM observations of the electrode
cross-sections were conducted to ascertain the changes in the
thickness of the cathode catalyst layer after 5000 voltage
cycles ranging from 1.0 to 1.5 V. As shown in Fig. 4e and 4f,
the cathode catalyst layer thickness showed a negligible de-
crease (0.2 um) when using KJ600-3000 as the catalyst sup-
port. These results highlighted the pivotal role of the degree
of graphitization in determining the corrosion resistance of
the carbon support.

4 Conclusions

In conclusion, we developed a mercaptopropane-assisted
impregnation method for preparing small Pt nanoparticles on
graphitic carbons. We revealed that the crucial role of
mercaptopropane comes from its ability to convert into a thin
sulfur-doped carbon shell on Pt nanoparticles during thermal
treatment, which can effectively inhibit metal sintering by the
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sulfur anchoring effect and/or the physical protection of the
carbon coating. Compared to the conventional impregnation
method, the catalyst prepared by this method exhibited much
smaller particle sizes and thus resulted in a significantly im-
proved cathode performance under H,-air PEMFC testing. By
combining this method with the enhancement of the graphitiz-
ation degree of graphitic carbon, we successfully obtained a
catalyst that meets the support durability standards specified
by the U.S. DOE. We believe that this method paves the way
for low-cost and scalable fabrication of highly active Pt cath-
ode catalysts with enhanced carbon corrosion resistance.
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