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Abstract
The development of efficient and robust non-Pt and low-Pt catalysts with equiva-
lent or even superior performance to commercial Pt-based catalysts for hydrogen
evolution reaction (HER) is highly desired, but challenging, in the field of water
electrolysis. Herein, we report a facile and cost-effective in situ electrochem-
ical approach for the synthesis of atomically dispersed metal sites including
platinum (Pt), ruthenium (Ru), and palladium (Pd) on the polyaniline (PANI)
support. The PANI exhibits not only high electrochemical conductivity but also
efficientH+ capture fromhydronium ions, leading to the formation of protonated
amine groups that can be easily electrochemically reduced to H2 on atomically
dispersed metal active sites. As an example, the atomically dispersed Pt sites
anchored on carbon cloth-supported PANI (PANI-Pt/CC) demonstrate excellent
activity and durability toward the HER. The mass activity of PANI-Pt-10/CC
reaches 25 A mgPt−1, exhibiting a significant enhancement of 50-fold compared
to that of the commercial Pt/C (0.5 A mgPt−1). Therefore, this study presents
a universally applicable approach for the design of atomically dispersed metal
sites/conducting polymer heterostructures for highly efficient catalysts toward
HER and beyond.

KEYWORDS
electrocatalyst, hydrogen evolution, in situ reduction, PANI nanofiber, single-atom catalyst

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
© 2024 The Author(s). SusMat published by Sichuan University and John Wiley & Sons Australia, Ltd.

SusMat. 2024;4:e246. wileyonlinelibrary.com/journal/susmat 1 of 10
https://doi.org/10.1002/sus2.246

https://orcid.org/0000-0002-5340-8961
https://orcid.org/0000-0002-0508-2944
mailto:zhachen@ucalgary.ca
mailto:gaixia.zhang@etsmtl.ca
mailto:shuhui.sun@inrs.ca
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/susmat
https://doi.org/10.1002/sus2.246


LIU et al. 2 of 10

1 INTRODUCTION

Water splitting constitutes the principal process in clean
energy technologies,1–6 such as proton exchange mem-
brane water electrolyzers, anion exchange membrane
water electrolyzers and conventional alkaline water elec-
trolyzers. Hydrogen evolution reaction (HER) plays a
pivotal role in the process of water splitting for sustain-
able hydrogen generation. However, the utilization of rare
and high-cost platinum-group-metal catalysts seriously
limits the widespread commercialization of these clean
energy devices.7–12 In this context, significant efforts have
been dedicated to the development of non-Pt and low-Pt
electrocatalysts for HER.
On one hand, in recent years, there have been great

advancements in the development of earth-abundant non-
Pt materials (Fe-, Co-, Ni-, Mo-, Cu-, W-, Al-, Zn-, and
Mn-based compounds) for efficient HER catalysis in
acidic, neutral and alkaline solutions.13–23 Nevertheless,
for the non-noble compounds, it remains a big challenge
to achieve a Pt-like catalytic activity. On the other hand,
lowering the dosage of Pt, and using supported Pt nanopar-
ticles (Pt NPs) on a substrate is a general way to increase
the Pt catalytic activity and improve the utilization effi-
ciency. However, the geometry of nanoparticles restricts
the majority of the Pt atoms to reside in the particle core,
rendering them ineffective for catalytic reactions as only
the surface atoms participate in the chemical processes.24
Theoretically, downsizing platinum particles to individ-
ual atoms represents one of the most effective strategies
for improving Pt utilization efficiency and consequently
reducing catalyst material costs.25 The efficiency of single-
atom catalysts (SACs), characterized by the dispersion of
isolated individual atoms on a supporting surface, has been
experimentally demonstrated to surpass that of metal par-
ticles or clusters in certain scenarios.26,27 Indeed, several
groups have successfully prepared Pt-based SACs to mini-
mize the need for Pt metal while efficiently catalyzing the
HER and other reactions.24,28–31 In general, there are five
representative strategies for preparing SACs, namely, the
atomic layer deposition,32 wet-chemistrymethod,33 metal–
organic framework-derived method,34 vacancies/defects
immobilization,35,36 and high-temperature atom trapping
from bulk particles.37 However, these methods are asso-
ciated with significant limitations, including low metal
loading, high equipment costs, high pyrolysis tempera-
ture, and low yields.38 Overall, SACswith ultralow loading,
high activity, good selectivity, and high atom utilization
efficiency (up to 100%) have attracted much attention in
various catalytic fields. Developing a simple, facile, and
practical approach to synthesizing SAC materials with
well-defined sites is particularly promising in the cataly-

sis field. Additionally, catalytic materials are immobilized
onto specific substrates to effectively expose their active
sites. Conducting polymers such as polyaniline (PANI) are
easily prepared in an aqueous medium. Particularly, it is
chemically stable and highly conductive in acidic media.
More importantly, PANI exhibits efficient protons capture
ability from solutions, leading to the formation of proto-
nated amine groups that can be readily electro-reduced for
hydrogen generation during the HER process.39
In this study, we present a facile and cost-effective in

situ electrochemical approach for synthesizing a series of
atomically dispersed metal sites on the surface of PANI
supported on carbon cloth (PANI-M/CC). The atomically
dispersed Pt sites decorated on PANI (PANI-Pt) show
superior catalytic performance for the HER, exhibiting
an approximately 50-fold increase in mass activity com-
pared to the commercial 20 wt% Pt/C catalyst, along with
significantly reduced overpotential. The outstanding per-
formance can be ascribed to the following features: (1)
The high electrical conducting properties of PANI provide
a low ohmic drop of electron transfer between the cat-
alyst and electrolyte; (2) PANI possesses abundant lone
electrons on N atoms, enabling facile capture H+ ions
from solutions and thereby mitigating the influence of
coordinating water molecules surrounding H+, which
ultimately benefits the HER, and40 (3) the atomically dis-
persed metal sites can maximumly expose their active
sites.

2 RESULTS AND DISCUSSION

As depicted in Scheme 1, the fabrication of PANI-Pt/CC
materials includes three steps. A smooth CC was used as
a current collector and the substrate for PANI nanofibers
growth (Figures S1 and S2). PANI nanofibers were first
decorated on the bare CC substrate by electrochemical
deposition in an acid aniline solution. As shown in
Figure S3, the surface of CC is covered uniformly by
PANI nanofibers with diameters of about 200 nm. In
addition, the surfaces of the PANI nanofibers are very
rough, which is beneficial for the absorption of the metal
ions in the subsequent experimental process. After that,
the negatively charged PtCl62− ions were adsorbed on the
positively charged PANI nanofibers via a solution-phase
electrostatic assembly and absorption.40 Finally, the
adsorbed PtCl62− ions were in situ reduced into atomically
dispersed Pt sites under a voltage where hydrogen evolu-
tion occurs. The reduction process was conducted with
one linear sweep voltammetry (LSV) scan in 0.5 M H2SO4
solutions at a scan rate of 2 mV s−1. It is worthwhile to
mention that the absence of any other chemical-reducing
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SCH EME 1 Schematic illustration of the synthesis and structure of the PANI-Pt/CC electrocatalyst.

agent would result in a clean surface of the obtained SACs
which avoids bringing any side effects and thus offers
maximum exposure of active sites.41
The structure of the obtained product was initially stud-

ied by X-ray powder diffraction (XRD). As shown in Figure
S4, no diffraction peaks related to Pt-based clusters or
nanoparticles are observed in the XRD patterns of the
PANI-Pt-10/CC (10 represents that 10 mg metal salt has
been added in the experiment process). The morphology
of the prepared sample was characterized using scanning
electron microscopy (SEM). As demonstrated in Figure
S5, the SEM images at low and high magnifications show
that the PANI-Pt-10/CC nanofibers are interconnected to
each other, with an average diameter of 200 nm, forming
a three-dimensionalmacroporous structure. The transmis-
sion electron microscopy (TEM) and high-resolution TEM
images reveal the absence of Pt-based nanoparticles or
even clusters in the PANI-Pt-10/CC (Figure S6). The scan-
ning TEM (STEM) images shown in Figure 1A,B indicate
that the edge of a PANI-Pt-10 nanofiber is serrated; this
phenomenon can enhance the active surface area of the
materials, which is further beneficial for improving the
catalytic activity.42 The aberration-corrected high-angle
annular dark-field STEM (AC-HAADF-STEM) images of
PANI-Pt-10 further confirm the homogeneous distribution
of isolated Pt atoms on the PANI nanofiber (Figure S7
and bright dots in Figure 1C,D). The energy-dispersive
X-ray (EDX) elemental mapping demonstrates the homo-
geneous dispersion of N and Pt species on PANI nanofiber
(Figure 1E–G). The mass loading of Pt for PANI-Pt-10/CC
is measured to be 2.62 µg cm−2 through inductively

coupled plasma optical emission spectroscopy (ICP-OES)
(Table S1).
The chemical state of the Pt in PANI-Pt-10/CC was

first investigated using X-ray photoelectron spectroscopy
(XPS). The Pt 4f XPS spectrum in Figure 2A presents a sin-
gle doublet (Pt 4f5/2 and Pt 4f7/2) at binding energies of 72.9
and 76.1 eV, respectively. The Pt 4f peaks are positioned
between those of Pt4+ and Pt0, indicating that the iso-
lated Pt atoms in PANI-Pt-10/CC exhibit a higher positive
valence state compared to Pt NPs. The partially charged
state observed can be ascribed to the strong interaction
between Pt and the PANI molecules, especially through
Pt–N ligand bonds.7,24,43 From the N 1s spectrum (Figure
S8A), the trace amounts of N (composed of –NH–, –N =,
–N+–) mostly originated from stacked polyaniline. The O
1s peak observed at 532.2 eV can be ascribed to the pres-
ence of adsorbed H2O molecules (Figure S8B).44,45 The
electronic and local structure of PANI-Pt-10/CC was fur-
ther investigated using X-ray absorption fine spectroscopy
(XAFS). The Pt L3-edge X-ray absorption near-edge struc-
ture (XANES) is presented in Figure 2B, alongside the
Pt foil and PtO2 for comparative analysis. The white-line
(WL) intensity of PANI-Pt-10/CC is evidently lower than
that of PtO2, whereas it significantly surpasses that of
Pt foil, further substantiating the oxidation state of Ptδ+
(4> δ+ > 0). By fitting theWL intensity, the valence state of
the Pt in PANI-Pt-10/CC is calculated to be 2.0 (Figure 2C),
thus confirming its oxidation state.46 Furthermore, the
Fourier transformextendedX-ray absorption fine structure
(FT-EXAFS) spectra of PANI-Pt-10/CC present a promi-
nent peak at approximately 1.8 Å (Figure 2D), which can

 26924552, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sus2.246 by E

cole D
e T

echnologie Superieur, W
iley O

nline L
ibrary on [04/03/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



LIU et al. 4 of 10

F IGURE 1 (A and B) scanning transmission electron microscopy (STEM) images of PANI-Pt-10 catalyst. (C and D) AC-HAADF-STEM
images of PANI-Pt-10 at different magnifications. (E–G) energy-dispersive X-ray (EDX) elemental mapping of C, N, and Pt, respectively, for
the PANI-Pt-10 nanofiber.

be ascribed to the Pt–N bond, whereas no obvious Pt–Pt
(∼2.7 Å, Figure 2D) or Pt–Cl (∼1.95 Å, Figure S9) peaks are
detected in sharp contrast to Pt foil and H2PtCl6, respec-
tively. Additionally, the fitting of the main peak and its
corresponding parameters can be found in Figure S10 and
Table S2. Specifically, the results of the fitting suggest that
coordination of single Pt sites by four aniline molecules
exhibits the most ideal structures on the carbon cloth
surface. These results demonstrate that Pt is atomically dis-
persed in the PANI nanofiber and anchored by theN atoms
with the absence of Pt NPs or clusters.28 More importantly,
the information on Pt–N coordination can be achieved
through the analysis of N K-edge XANES results. The pyri-
dinic peak, as shown in Figure S11, exhibits a split into two

distinct peaks (a1 and a2), where the presence of a2 can
be ascribed to the bonding of pyridinic N with Pt atoms,
consistent with the previous findings.47,48
Additionally, a series of PANI-Pt/CC sampleswith atom-

ically dispersed Pt sites anchored on PANI were obtained
with several quantities (5, 20, and 30 mg) of H2PtCl6⋅H2O.
The loadings of Pt in these samplesweremeasured via ICP-
OES. As illustrated in Table S1, the Pt content increased
in a range between 1.24 and 2.82 µg cm−2 and then
remained nearly constant even with further addition of
H2PtCl6⋅H2O by 30 mg. The XRD patterns with SEM and
AC-HAADF-STEM images (Figures S12–S15) further indi-
cate that Pt in all obtained samples is atomically dispersed.
Furthermore, as shown in Figure S16, the Pt 4f peaks are
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F IGURE 2 (A) High-resolution X-ray photoelectron spectroscopy (XPS) Pt 4f pattern of PANI-Pt-10/CC. (B) The normalized X-ray
absorption near-edge structure (XANES) spectra at the Pt L3-edge for the Pt foil, PtO2, and PANI-Pt-10/CC. (C) The average oxidation state of
Pt in PANI-Pt-10/CC. (D) Corresponding Fourier transform (FT) of EXAFS spectra for Pt foil, PtO2, and PANI-Pt-10/CC.

located between those of Pt4+ and Pt0, suggesting that the
isolated Pt atoms in PANI-Pt-5/CC, PANI-Pt-20/CC, and
PANI-Pt-30/CC are an oxidation state. Importantly, this
in situ electrochemical strategy can be extended to syn-
thesizing other atomically dispersed metal sites such as
Pd and Ru (Figures S17–S20). Therefore, the developed
strategy is a universal fabrication approach for atomically
dispersing metal sites. This synthetic method has the fol-
lowing unique advantages: (1) The strong protonation of
PANI nanofibers results inmaximum loading of negatively
charged PtCl62− ions by adsorption and an electrostatic
self-assembly strategy,43,49 which avoids the anchor of the
redundant metal ion, thus no formation of metal clus-
ters and nanoparticles in a subsequent reduction process;
(2) the in situ electrochemical reduction is a very simple
and fast preparation strategy (as it requires only one LSV
scan, Figure S21), without extreme conditions such as high
temperature or high pressure, which, in turn, effectively
avoids the agglomeration of the atomically dispersedmetal
atoms.
The electrocatalytic activity of the obtained atomically

dispersed Pt sampleswas evaluated by LSV inH2-saturated
acid media (0.5 M H2SO4) at room temperature, employ-
ing a scan rate of 2 mV s−1. Before the tests, the saturated

calomel electrode was calibrated in a high-purity H2-
saturated 0.5 M H2SO4 solutions electrolyte with a Pt elec-
trode as the working electrode (Figure S22). As depicted
in Figure 3A, the LSV curves indicate an increased HER
activity when the weight of H2PtCl6⋅H2O increased from 5
to 10mg,whereas the activity tends to be nearly unchanged
when further increasing the quantity of H2PtCl6⋅H2O to
30 mg. This indicates that the adsorption of negatively
charged PtCl62− ions on PANI nanofibers has been sat-
urated at 10 mg of H2PtCl6⋅H2O,43,45,49 and thus, the
excess PtCl62− ions cannot be anchored even when fur-
ther increasing the amount of Pt precursors. To achieve
a current density of 10 mA cm−2 (j10), the PANI-Pt-5/CC,
PANI-Pt-10/CC, PANI-Pt-20/CC, and PANI-Pt-30/CC dis-
play overpotentials (η) of 23, 16 (23 mV without iR
correction, Figure S23), 16, and 18mV in 0.5MH2SO4 solu-
tions (Figure 3B), respectively. In addition, the Tafel slope
for PANI-Pt-10/CC, PANI-Pt-20/CC, and PANI-Pt-30/CC is
nearly 30± 2mV dec−1 (Figure 3C), further demonstrating
their similar intrinsic catalytic activity. The HER activity
of commercial catalyst Pt/C (20 wt%), PANI/CC and blank
CC were also investigated for comparative analysis. Simi-
larly, when the catalytic activity is calculated by Pt mass,
the PANI-Pt-5/CC, PANI-Pt-10/CC, PANI-Pt-20/CC, and
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F IGURE 3 (A) Hydrogen evolution reaction (HER) polarization curves of atomically dispersed Pt sites anchored on PANI prepared by
different masses of H2PtCl6⋅H2O. (B) Corresponding overpotentials at j = 10 mA cm−2. (C) Corresponding Tafel plots. (D) HER polarization
curves of PANI-Pt-10/CC, Pt/C, PANI/CC, and blank CC in 0.5 M H2SO4 at a scan rate of 2 mV s−1. (E) Overpotentials at j = 10, 20, and
50 mA cm−2 of Pt/C and PANI-Pt-10/CC. (F) Tafel plots of PANI-Pt-10/CC and Pt/C. (G) HER polarization curves were recorded before and
after 1000 cyclic voltammetry (CV) cycles for PANI-Pt-10/CC and Pt/C in 0.5 M H2SO4 solutions. (H) Chronopotentiometric curves of
PANI-Pt-10/CC and Pt/C at 10 mA cm−2 in 0.5 M H2SO4 for 20 h. (I) HER polarization curves of PANI-Pd/CC and PANI-Ru/CC in 0.5 M
H2SO4 solutions.

PANI-Pt-30/CC show similar mass activities (Figure S24),
suggesting that almost all atomic-dispersed Pts were active
sites. As illustrated in Figure 3D, blank CC and PANI/CC
exhibit poor HER activity, whereas PANI-Pt-10/CC has
a better HER activity than commercial Pt/C in the high
current density region (j ≥ 20 mA cm−2) (Figure 3E).
Impressively, such impressive HER catalytic activity of
PANI-Pt-10/CC is almost among themost active atomically
dispersed electrocatalysts in acidic conditions reported so
far (Table S3). The Tafel slopes for both PANI-Pt-10/CC and
commercial Pt/C are close to 30mV dec−1 (Figure 3F), sug-
gesting the typical Volmer–Tafel mechanism as the HER
pathway.50 The mass activity for PANI-Pt-10/CC is worth
mentioning, as it reaches 25AmgPt−1 at η= 50mV, exhibit-
ing a remarkable enhancement of 50-fold compared to that

of commercial 20 wt% Pt/C (Figure S25). Additionally, the
Nyquist plots in Figure S26 display that the PANI-Pt-10/CC
exhibits an exceptionally low solution transfer resistance
(Rct) of 2.7 Ω, indicating a rapid electron transfer between
the catalyst and electrolyte.51 In a word, the superior per-
formance of PANI-Pt-10/CC with a much lower Pt loading
compared to that of commercial Pt/C electrocatalysts can
be explained as follows: (1) The Pt sites are dispersed atom-
ically to maximize the utilization of catalytic sites. (2) The
3D self-supported materials provide a significant specific
surface area, thereby optimizing the utilization of catalytic
active sites and facilitating efficient mass transport of reac-
tant (H+ ion) and gaseous product (H2). (3) The resistivity
of PANI-Pt-10/CC, determined by the four-probe method,
is remarkably lower at 3.2 × 10−2 Ω cm compared to that
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of 20 wt% Pt/C (1.23 Ω cm), primarily due to the higher
conductivity of PANI in comparison to carbon.
It is worth mentioning that the catalyst of Pt NPs on

the surface of PANI supported on carbon cloth (PANI-Pt
NPs/CC) was prepared through H2 reduction at 200◦C.
As illustrated in Figure S27A–C, the SEM and XRD pat-
terns demonstrate that PANI-supported Pt NPs have been
successfully obtained. More importantly, the HER mass
activity of PANI-Pt NPs/CC exhibits slightly higher per-
formance compared to that of commercial Pt/C catalysts
(Figure S27D), which could be attributed to the follow-
ing reasons: (1) The 3D self-supported materials offer a
substantial specific surface area, thereby maximizing the
efficiency of catalytic active sites utilization and facilitating
efficient mass transport of reactant (H+ ion) and gaseous
product (H2)52,53; (2) benefitting from the lone electron
pairs on N atoms, PANI fibers exhibit a remarkable ability
to efficiently capture H+ from solutions, thereby mit-
igating the influence of coordinating water molecules
surrounding H+ and promoting the HER process. Con-
sequently, PANI-Pt NPs/CC exhibits superior catalytic
activity for HER compared to the commercial Pt/C catalyst
in acid solutions.40
Durability is another pivotal parameter in evaluating

HER catalysts. The stability of commercial Pt/C and PANI-
Pt-10/CC was evaluated by continuous CV cycles under
0.5 M H2SO4 solutions. As shown in Figure 3G, the LSVs
for PANI-Pt-10/CC exhibit negligible degradation, whereas
commercial 20 wt% Pt/C displays an obvious change. For
example, when subjected to 1000 CV cycles at a current
density of 10 mA cm−2, the commercial 20 wt% Pt/C
exhibits an approximate degradation of ∼13 mV in neg-
ative potential. Furthermore, the chronopotentiometric
curves indicate a slight decline in activity of the PANI-
Pt-10/CC catalyst after 20 h in 0.5 M H2SO4 solutions
(Figure 3H). In other words, both the LSV tests after
1000 cycles and chronopotentiometry experiment demon-
strate that the PANI-Pt-10/CC possesses good stability
compared to commercial Pt/C.Moreover, theXANES spec-
tra indicate that the WL intensity for fresh and post-HER
PANI-Pt-10/CC is almost identical to each other (Figure
S28A), further confirming its excellent stability. The FT-
EXAFS spectra demonstrate that the bond length and local
coordination remain unchanged following the durability
test (Figure S28B). Therefore, the origination of excellent
HER catalytic stability of PANI-Pt-10/CC can be attributed
following reasons: (1) the atomically dispersed Pt sites
anchored on aniline effectively prevent detachment, disso-
lution, redeposition, migration, and agglomeration during
catalytic processes, thereby significantly enhancing the
stability of PANI-Pt-10/CC.54–57 (2) The 3D self-supporting
porous electrode effectively mitigates the intense H2 evo-
lution during the HER process, whereas the durability

of powder-like electrocatalysts under HER conditions is
compromised as some of the particles may be detached
from the electrode.58 All these results indicate the excel-
lent stability of PANI-Pt-10/CC toward HER in 0.5 M
H2SO4 solutions. The stability of PANI-Pt/CC, however,
exhibited a marginally shorter duration compared to pre-
vious reported atomically dispersed Pt anchored on the
N-doped carbon materials, such as Pt single-atoms cata-
lysts supported on 3D nitrogen-doped carbon nanotubes,
or loaded on N-doped porous carbon nanocages, among
others.59,60 The slightly low stability of PANI-Pt-10/CC
compare to other atomically dispersed Pt anchored on
the N-doped carbon might be attributed to the variations
in the preparation methods. In general, N-doped carbon
obtained through high-temperature calcination exhibits
higher crystallinity and thus possesses enhanced catalytic
stability. Additionally, the Pt–N bond formed during high-
temperature calcinationmight exhibit greater stability and
strength than that formed at room temperature.
The PANI-Pt-10/CCmaterial also exhibits good catalytic

activity under neutral and basic conditions (Figure S29). It
is worth noting that the atomically dispersedmetal Ru and
Pd on PANI fibers also show a great HER catalytic activity,
as illustrated in Figure 3I.

3 CONCLUSION

In conclusion, a facile and cost-effective in situ electro-
chemical reduction method was reported for the first time
to synthesize a series of atomically dispersedmetal (Pt, Ru,
Pd, etc.) sites on PANI nanofibers. Taking Pt as an exam-
ple, the atomically dispersed platinumspecies anchored on
PANI (PANI-Pt/CC) exhibit a higher HER catalytic activity
and enhanced durability compared to a commercial Pt/C
material in acid solutions. To achieve a current density of
20 mA cm−2, the PANI-Pt-10/CC only requires a minimal
overpotential of 25mV.More importantly, themass activity
for PANI-Pt-10/CC at η= 50 mV is significantly enhanced,
being nearly 50 times higher compared to that of commer-
cial 20 wt% Pt/C. This universal in situ electrochemical
reduction strategy opens up a new avenue for the design of
atomically dispersed metal sites supported by conducting
polymers, carbon materials, and porous materials toward
HER and beyond.

4 EXPERIMENTAL SECTION

4.1 Materials

All the chemicals were purchased from Sigma-Aldrich
(AR grade) and utilized as received without any
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LIU et al. 8 of 10

additional purification, including aniline, H2PtCl6•H2O,
(NH4)2PdCl4, (NH4)2RuCl6, HClO4, HNO3, HCl, Nafion
(5 wt%), and Pt/C (20 wt%). Ultrapure deionized water (DI
Water, 18 MΩ cm−1) was supplied by a Millipore system.

4.2 Synthesis of catalysts

The electrodeposition method was employed to synthe-
size PANI using a three-electrode configuration with CC
(1 × 5 cm2), Ag/AgCl and graphite plate as the work-
ing electrode, the reference electrode, and the counter
electrode, respectively. The electrolyte was prepared by
dissolving 8.0 mL HCl in 88 mL H2O, followed by the
addition of 4.0 mL aniline to achieve a homogeneous
solution after stirring for 30 min. Subsequently, a con-
stant potential of 0.8 V versus Ag/AgCl was applied
to the CC electrode for a duration of 10 min. Subse-
quently, the PANI/CC was rinsed with H2O, followed
by drying at 80◦C for 1 h and then immersed in dif-
ferent concentrations of H2PtCl6⋅H2O solution for 4 h.
The H2PtCl6⋅H2O solution was prepared with 5, 10, 20,
and 30 mg H2PtCl6⋅H2O with 20 mL of deionized water.
Next, the excess solution is removed and the PANI-
H2PtCl6/CC hybrid is dried. Finally, the as-prepared PANI-
Pt-5/CC, PANI-Pt-10/CC, PANI-Pt-20/CC, and PANI-Pt-
30/CC are obtained by in situ electrochemical reduction.
The reduction process was conducted with one LSV scan
in 0.5 M H2SO4 solutions at a scan rate of 2 mV s−1.
Note that the PANI-Ru/CC and PANI-Pd/CC were also
made under the same condition except for replacing
H2PtCl6•H2O.
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