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Abstract: This study presents an easy and rapid two-step electrodeposition method for the
synthesis of a novel hierarchical dendritic AuPt bimetallic nanocomposite electrode. Ascor-
bic acid served as both a reducing and directing agent, while a roughened carbon substrate
facilitated the formation of the unique dendritic nanostructure. The structural and compo-
sitional properties of the synthesized material were comprehensively characterized using
X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), selected area electron
diffraction (SAED), and transmission electron microscopy (TEM). The resulting nanocom-
posite exhibited a significantly enhanced specific surface area of 6.97 m2 g−1, compared to
commercial Pt/C. Electrochemical investigations demonstrated superior electrocatalytic ac-
tivity and durability for methanol oxidation in the prepared AuPt nanocomposite electrode,
suggesting its promising potential for fuel cell applications.

Keywords: methanol oxidation; dendritic nanogold; bimetallic nanocomposite; Pt nanoparticles

1. Introduction
Direct methanol fuel cells (DMFCs) have garnered significant attention as a promising

clean energy source due to their high energy conversion efficiency, low operating temper-
ature, and convenient fuel handling [1–4]. The electrochemical oxidation of methanol at
the anode, commonly referred to as the methanol oxidation reaction (MOR), is a critical
process that significantly influences the overall performance of DMFCs [5]. Platinum (Pt)-
based catalysts, particularly Pt/C, are widely used for MOR due to their superior catalytic
activity. However, their performance is often limited by susceptibility to poisoning from
reaction intermediates such as CO, which leads to a decrease in long-term stability and
efficiency [6,7].

To address these limitations, bimetallic and multimetallic catalysts have been explored
as alternatives to enhance MOR kinetics and improve catalyst durability. Incorporating a
second metal can modify the electronic and geometric properties of Pt, reduce CO poisoning
effects, and enhance catalytic efficiency. Various metals, including Ru, Pd, Ag, Rh, and Au,
have been investigated as potential co-catalysts [8–12]. Among these, Au is particularly
attractive due to its unique ability to improve CO tolerance and modify the electronic
structure of Pt, thereby improving catalytic stability and performance [12–15]. Studies have
shown that Au promotes the formation of hydroxyl species at lower potentials, which aids
in the oxidation and removal of CO intermediates. Additionally, the high stability and
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corrosion resistance of Au contribute to the long-term durability of Pt-based catalysts under
electrochemical conditions.

Moreover, the design and synthesis of nanostructured catalysts with tailored mor-
phologies have been extensively explored to further enhance catalytic performance [16–22].
The integration of these nanostructured catalysts with conductive support is crucial for
optimizing their performance in DMFCs. Carbon-based materials, including graphene
and its derivatives, have been widely employed as catalyst supports due to their high
surface area and excellent electrical conductivity [23]. In particular, 3D graphene, owing
to its high surface area, serves as an ideal catalyst substrate, facilitating increased catalyst
loading and mitigating performance degradation caused by catalyst agglomeration and
detachment. Chen et al. reported the direct growth of mesoporous NiCo2O4/3D graphene
nanofiber composites exhibiting superior electrochemical activity and stability for methanol
oxidation [24]. Similarly, Xie et al. synthesized a 3D graphene-based Pt catalyst (Pt/3D
GNs (C)) demonstrating the excellent activity, stability, and CO poisoning resistance in the
MOR [25]. The production of carbon-based support materials often entails complex and
costly processes [26]. Recent advancements, such as the electrochemical exfoliation method
introduced by Parvez et al., have demonstrated potential for producing graphene sheets
through a more efficient and rapid approach [27]. This method involves the application of
a direct current voltage to graphite in an electrolyte, leading to the expansion of graphite
edges, the formation of cracks within the graphite layers, and ultimately, the exfoliation of
graphene flakes.

In our previous research, we created a 3D graphene-like surface via electrochemical
pretreatment of the pencil lead electrode (EPLE). The EPLE enhanced the electrode sur-
face area and facilitated the electron transfer ability within 5 min without any hazardous
chemicals added [28,29]. In this work, we present a low-cost strategy for fabricating hierar-
chical dendritic Au-Pt microstructures directly on the EPLE. The resulting Au-Pt/EPLE
composite was subjected to comprehensive characterization to elucidate its structural and
compositional properties. The electrocatalytic activity of the prepared catalyst towards the
methanol oxidation reaction (MOR) was evaluated and compared to commercial Pt/C to
assess its performance enhancement.

2. Experimental
2.1. Reagents

The pencil lead electrode (2B, 0.5 mm in diameter) was purchased from Youli Stationery
Co. Ltd. (Ningbo, China). Chloroauric acid (HAuCl4·4H2O) and chloroplatinic acid
(H2PtCl6·6H2O) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Sodium sulfate
(Na2SO4) and ascorbic acid (AA) were bought from Aladdin Chemical Reagent Company
(Shanghai, China). All reagents were of analytical grade and used as received. Redistilled
water was used in all experiments.

2.2. Characterization

The morphology, microstructure, and elemental composition of the synthesized materi-
als were investigated using a combination of characterization techniques. Scanning electron
microscopy (SEM) images were acquired on a Hitachi S-4800 scanning electron microscope
(Hitachi, Tokyo, Japan). Transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM) analyses were performed on a JEM-2100F
transmission electron microscope (JEOL, Tokyo, Japan) equipped with selective area elec-
tron diffraction (SAED) capabilities. These techniques provide detailed information on
the size, shape, and crystallographic orientation of the deposited nanoparticles. X-ray
photoelectron spectroscopy (XPS) was employed to elucidate the elemental composition
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and surface chemistry of the samples. The analyses were conducted using a K-Alpha XPS
spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) equipped with Al Kα X-ray
radiation (1486.6 eV) as the excitation source. X-ray diffraction (XRD) patterns were ob-
tained using a Rigaku Dmax-2000 diffractometer (Bruker Co., Bremen, Germany) with Cu
Kα radiation to identify the crystal phases present in the materials. Finally, the quantitative
determination of deposited Pt was achieved through inductively coupled plasma atomic
emission spectrometry (ICP-AES) using a spectrometer from Thermo Fisher Scientific Co.,
Ltd. (Waltham, MA, USA).

2.3. Deposition of Hierarchical Dendritic PtNPs/AuDNs Microstructures on EPLE

For the deposition of AuDNs, the EPLEs were immersed in HAuCl4 solutions using
the i-t (current–time) method. The concentrations of HAuCl4 (1.27, 1.85, 3.44, and 6.03 mM),
electrodeposition potentials (−0.5 V, −0.3 V, −0.1 V, 0.1 V, and 0.3 V), and deposition
durations (600, 1200, 3600, 5400, and 7200 s) were optimized. Following deposition, the
obtained AuDNs/EPLE was thoroughly rinsed with deionized water and dried at RT.

Subsequently, platinum nanoparticles (PtNPs) were deposited onto the AuDNs/EPLE
composite electrode using the i-t (current–time) method at a potential of −0.2 V. The
composite electrode was immersed in 10 mL of 0.1 M phosphate-buffered saline (PBS,
pH 7.4), containing 0.01 M ascorbic acid (AA) and 3.44 mM H2PtCl6, corresponding to
the optimized concentration of HAuCl4. The deposition time was varied at intervals of
5, 10, 20, 30, and 60 mins. Following the optimization of the deposition time, different
concentrations of H2PtCl6 were tested, with Pt:Au molar ratios of 1:2, 1:1, 2:1, and 3:1, to
further optimize the deposition of platinum nanoparticles (PtNPs) onto the AuNPs/EPLE
composite. Finally, the obtained PtNPs/AuDNs/EPLE were subjected to multiple rinsing
cycles with deionized water and subsequent air drying.

2.4. Electrochemical Measurements

All electrochemical measurements were conducted using a CHI 660C electrochemical
workstation (Shanghai Chenhua Instrumental Co., Ltd., Shanghai, China) at an ambi-
ent temperature. A standard three-electrode configuration was employed, with a Pt-
NPs/AuDNs/EPLE serving as the working electrode, a platinum wire as the counter
electrode, and a saturated calomel electrode (SCE) as the reference electrode.

The electrochemically active surface area (ECSA) of the AuDNs/EPLE can be deter-
mined by calculating the charge in 0.5 M H2SO4 in a potential window of 0.6 to 1.5 V
through cyclic voltammetry consumed during the reduction of gold oxide in the negative
scan. This is based on the assumption that a monolayer of Au oxide is reduced and that the
charge density required to reduce this monolayer per unit area is 386 µC·cm−2. The ECSA
is then calculated using the following equation [30]:

ECSA (cm2) =
Q0

Q0s
(1)

where Q0 represents the charge of the oxide-reduction peak from the backward scan (µC);
Q0s (386 µC cm−2) is the charge density required to reduce monolayer oxygen.

For the Pt/C and PtNPs(20min)/AuGNs/EPLE electrodes, the ECSA was assessed by
quantifying the hydrogen adsorption/desorption charges within a potential window of
−0.2 to 1.4 V in 0.5 M H2SO4 through cyclic voltammetry (CV) [31]. It is calculated using
the following equation:

ECSA (cm2 g−1
Pt) =

QH
210mPt

(2)
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where QH is the charge obtained from hydrogen desorption (µC), mPt is the Pt loading
amount of the electrode (mg), and 210 is the charge associated with monolayer adsorption
of hydrogen on the surface of Pt (µC cm−2). The electrocatalytic activity of the catalyst-
modified electrodes toward the methanol oxidation reaction (MOR) was evaluated using
CV in 1.0 M NaOH with varying concentrations of methanol. The stability of the electrodes
was examined via chronoamperometry at a constant potential of −0.3 V for 10,000 s in a
1.0 M NaOH solution containing 0.5 M methanol.

3. Results and Discussions
3.1. Preparation and Characterization of AuDNs/EPLE

To prepare AuDNs/EPLEs, the deposition potential, electrolyte concentration, and
deposition time were first optimized. Figure S1A depicts the cyclic voltammograms (CVs)
of AuDNs/EPLE at different potentials in 0.5 M H2SO4 solution. The corresponding
electrochemical active surface area (ECSA) was calculated for each deposition potential
(Figure S1A inset). The results revealed that the electrode deposited at −0.3 V exhibited
the highest ECSA. Additionally, this deposition potential led to the highest current density
with 5 mM [Fe(CN)6]3− (Figure S1B).

The concentration of HAuCl4 remarkably influenced the electrochemical performance
of AuDNs/EPLE too. As shown in Figure S1C,D, increasing the HAuCl4 concentration from
1.27 mM to 3.44 mM resulted in a progressive increase in the ECSA and the corresponding
current density with 5 mM [Fe(CN)6]3−. However, a further increase in concentration led
to a decrease in both ECSA and current density.

Under the optimized conditions of −0.3 V deposition potential and 3.44 mM HAuCl4
concentration, the influence of deposition time on the electrochemical properties of
AuDNs/EPLE was investigated. Figure S1E demonstrates that the ECSA increased with
increasing deposition time. Indeed, Figure S1F shows that the highest current density was
achieved at a deposition time of 3600 s. Considering reagent and time efficiency, 3600 s was
chosen as the optimal deposition time for subsequent experiments.

These optimizations allowed us to reach a balance between maximizing the surface
area of AuDNs for enhanced electron transfer and maintaining a well-defined morphology
for optimal catalytic activity.

SEM images in Figure 1A,B reveal a well-defined dendritic structure, with gold uni-
formly distributed across the EPLE surface. EDS mapping (Figure 1C) demonstrates
uniform distributions of carbon (C), oxygen (O), and gold (Au), with a particularly strong
signal for Au and relatively weaker signals for C, indicative of the consistent gold coverage
on the EPLE surface. Furthermore, Figure 1D presents the quantitative elemental composi-
tion obtained from the EDS analysis, with atomic percentages of 54.72% C, 2.50% O, and
42.78% Au.

The XRD pattern in Figure S2A confirms the presence of metallic gold, with characteris-
tic peaks related to the (111), (200), (220), and (311) crystal planes, while the diffraction peak
at 2θ = 26.5◦ and 54.7◦ corresponded to the (002) and (004) graphite hexagonal structure.
The high-resolution XPS spectrum in Figure S2B further confirms the presence of metallic
gold, with binding energies at 83.91 eV and 87.63 eV for Au 4f7/2 and Au 4f5/2, respec-
tively [32]. The electrochemical performance of AuDNs/EPLE was evaluated by cyclic
voltammetry in a solution containing 5 mM [Fe(CN)6]3−/[Fe(CN)6]4−. As shown in Figure
S2C, the AuDNs/EPLE exhibited a higher current (approximately 1.7 times greater) and
a narrower ∆Ep compared to the bare EPLE. This enhanced electrochemical performance
can be associated with the increased surface area and improved electron transfer kinetics
provided by the dendritic gold nanoparticles.
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Figure 1. (A,B) SEM images, (C) EDS elemental mapping, and (D) EDS spectrum of AuDNs/EPLE.

3.2. Optimization of Electrodeposition Conditions of Pt Particles on AuDNs/EPLE

The formation of Pt nanoparticles on AuDNs/EPLE as a function of deposition time
was probed via cyclic voltammetry in N2-saturated 0.5 M H2SO4 (Figure 2A). Hydrogen
adsorption/desorption peaks, observed between −0.1 and 0.2 V, were employed to estimate
the ECSA. Reduction peaks attributed to Pt oxide and Au oxide appeared at approximately
+0.4 V and +0.9 V, respectively [33]. As deposition time increased, the Au oxide reduction
peak diminished, while the Pt oxide reduction peak intensified [34], indicating progressive
Pt coverage of the Au nanostructure.

Figure 2B illustrates the methanol oxidation reaction (MOR) on electrodes with varying
Pt deposition times. Distinct redox peaks were observed during both forward and reverse
scans. The sharp forward peak at −0.2 V is attributed to methanol oxidation and CO
intermediate formation [35], while the reverse peak at −0.4 V corresponds to the removal of
residual carbonaceous species [36]. The concentration of NaOH (1 M) plays a crucial role in
the MOR by influencing reaction kinetics, intermediate formation, and catalyst stability [36].
While lower concentrations of OH− may result in slower reaction rates and incomplete
removal of intermediates like COads, excessive OH− can promote undesirable side reactions
such as the oxygen evolution reaction (OER), which competes with methanol oxidation
and reduces overall efficiency. Furthermore, the formation of Au-OH at lower potentials
in alkaline media facilitates CO removal, enhancing Pt’s anti-poisoning ability [37]. Peak
current density increased with deposition time up to 20 min, correlating with an increase in
active Pt sites [38,39]. Further deposition led to a decline in peak current density, possibly
due to excessive Pt coverage inhibiting CO oxidation and poisoning the catalyst surface [40].

The electrochemical behavior of electrodes with varying Pt/Au molar ratios was
investigated in N2–saturated 0.5 M H2SO4 (Figure 2C). When the electrode consisted of Au
dendrites on the EPLE (pure Au, AuDNs/EPLE), only one reduction peak at approximately
0.89 V was observed. Similarly, for Pt nanoparticles on the EPLE (pure Pt, PtNPs/EPLE), the
single reduction peak appeared at around 0.39 V. As the Pt/Au ratio increased, a progressive
decrease in the Au oxide reduction peak at +0.89 V was observed (Figure 2E), indicating
enhanced Pt coverage on the Au nanostructure. However, even at Pt/Au ratios of 2:1 and
3:1, the persistence of this peak suggests incomplete Au encapsulation. These findings
imply the formation of Pt nanostructures on the Au surface rather than the formation of
an alloy.
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Figure 2. CVs of PtNPs/AuDNs/EPLE (A) in 0.5 M H2SO4 and (B) methanol oxidation in 0.1 M
NaOH with 0.25 M CH3OH recorded at different Pt deposition times. CVs comparing various Pt/Au
molar ratios (C) in 0.5 M H2SO4 and (D) in 0.1 M NaOH with 0.25 M CH3OH. (E) Bar charts of current
densities from Figure 2C at +0.89 V and +0.39 V. (F) Bar charts of current densities from Figure 2D
showing methanol oxidation performance.

Figure 2D presents the methanol oxidation behavior of electrodes with different Pt/Au
ratios. The 1:1 ratio exhibited the highest peak current density (Figure 2F), indicating
optimal catalytic activity. A lower Pt/Au ratio results in a limited number of active Pt
sites, thereby restricting the catalytic performance of the electrode. Conversely, at higher
Pt/Au ratios, excessive Pt deposition leads to the formation of thicker Pt layers, which
hinder access to highly active Pt-Au interface sites. Moreover, an increase in Pt coverage
promotes the formation of Pt-OH species, which can poison active sites and reduce catalytic
efficiency [41]. The superior catalytic performance at a Pt/Au ratio of 1:1 is attributed to the
synergistic interplay between Au and Pt, which optimizes both electronic and geometric
effects, facilitating enhanced methanol oxidation activity.

3.3. Characterization of PtNPs(20min)/AuDNs/EPLE

The morphology of the optimized PtNPs(20min)/AuDNs/EPLE was examined using
SEM. As shown in Figure 3A, the EPLE surface was densely covered with dendritic mi-
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crostructures ranging from 10 to 20 µm in length. High-magnification SEM in Figure 3B
revealed a hierarchical structure characterized by a central backbone with secondary and
tertiary branches. The EDS mapping shown in Figure 3C confirmed the uniform distribu-
tion of carbon (C), oxygen (O), platinum (Pt), and gold (Au) on the surface. Notably, the
merged image highlighted a pronounced concentration of Pt along the dendritic sides and
edge planes. Furthermore, Figure 3D presented the quantitative elemental composition
derived from EDS analysis, revealing atomic percentages of 66.92% C, 4.82% O, 11.90% Pt,
and 16.36% Au.
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(D) EDS spectrum of PtNPs(20min)/AuDNs/EPLE.

TEM analysis (Figure 4A,B) provided additional insights into the morphology and crys-
tal structure of the nanoparticles. The selected-area electron diffraction (SAED) pattern (in-
set of Figure 4B) indicated the polycrystalline nature of the deposited nanoparticles. Lattice
fringes observed on the dendritic stem (Figure 4C) and second-order branches (Figure 4D)
corresponded to the (111) planes of Au and the (111) and (200) planes of Pt, respectively [42].
XRD analysis confirmed the crystalline structure of PtNPs(20min)/AuDNs/EPLE (Figure 4E).
Sharp diffraction peaks at 39.9◦, 46.6◦, 67.8◦, and 82.1◦ corresponded to the (111), (200),
(220), and (311) planes of Au or Pt, respectively. The overlap of Pt and Au peaks was
attributed to their similar crystal structures [15]. Peaks at 26.1◦ and 53.0◦ corresponded to
the (002) and (004) graphite hexagonal structure.

XPS analysis was conducted to elucidate the elemental composition and oxidation
states of PtNPs(20min)/AuDNs/EPLE. The survey spectrum (Figure 5A) confirmed the
presence of Au, Pt, O, and C. High-resolution Au 4f spectra (Figure 5B) exhibited peaks at
83.5 and 87.2 eV, attributed to Au 4f7/2 and Au 4f5/2 of Au0, respectively [43]. The Pt 4f
spectrum (Figure 5C) was deconvoluted into four peaks. The dominant peaks at 70.2 and
73.5 eV corresponded to Pt 4f5/2 and Pt 4f7/2 of Pt0. Peaks at 71.0 and 75.0 eV indicated
the presence of Pt2+ which might come from the PtO during exposure to air [44]. The
relative peak intensities indicate that Pt0 is the predominant species, with the Pt0 fraction
in Pt0/(Pt0 + Pt2+) estimated to be 0.72.
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Au 4f spectra, and (C) high-resolution Pt 4f spectra.

3.4. Formation Mechanism of PtNPs(20min)/AuDNs/EPLE

To elucidate the formation mechanism of hierarchical dendritic PtNPs(20min)/AuDNs/
EPLE, the substrate surface roughness was investigated. SEM images (Figure 6A, A1, A2)
revealed that dendritic nanostructures on PtNPs(20min)//AuDNs/EPLE were wider and
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larger compared to those on PtNPs(20min)//AuDNs/PLE (Figure 6B), indicating enhanced
three-dimensional growth. These differences highlight the critical role of electrochemical
expansion in modifying the PLE surface. This pretreatment introduced oxygen-containing
functional groups (e.g., –OH, C=O, C–O–C), which increased surface hydrophilicity and
roughness [28]. The resulting high surface area and improved wettability improve the
overall electrolyte contact and facilitate effective ion transport to the electrode surface.
While improved ion access is crucial for initiating nucleation, the dendritic growth process
is still governed by localized mass transport and reaction kinetics. Under the applied
potential of −0.3 V, the reduction of AuCl4− occurs at a moderate rate, which allows for
diffusion-limited aggregation (DLA) to dominate, favoring anisotropic and branched crystal
growth [45–47]. This controlled kinetic regime, coupled with the EPLE’s favorable surface
properties, drives the formation of well-defined dendritic gold structures. In contrast, if the
local diffusion of AuCl4− is too fast or nucleation occurs too rapidly, the system may shift
away from DLA conditions, leading to the formation of more compact, less ordered gold
structures [48].

Coatings 2025, 15, x FOR PEER REVIEW 9 of 15 
 

 

3.4. Formation Mechanism of PtNPs(20min)/AuDNs/EPLE 

To elucidate the formation mechanism of hierarchical dendritic 
PtNPs(20min)/AuDNs/EPLE, the substrate surface roughness was investigated. SEM images 
(Figure 6A, A1, A2) revealed that dendritic nanostructures on PtNPs(20min)//AuDNs/EPLE 
were wider and larger compared to those on PtNPs(20min)//AuDNs/PLE (Figure 6B), indi-
cating enhanced three-dimensional growth. These differences highlight the critical role of 
electrochemical expansion in modifying the PLE surface. This pretreatment introduced 
oxygen-containing functional groups (e.g., –OH, C=O, C–O–C), which increased surface 
hydrophilicity and roughness [28]. The resulting high surface area and improved wetta-
bility improve the overall electrolyte contact and facilitate effective ion transport to the 
electrode surface. While improved ion access is crucial for initiating nucleation, the den-
dritic growth process is still governed by localized mass transport and reaction kinetics. 
Under the applied potential of −0.3 V, the reduction of AuCl4⁻ occurs at a moderate rate, 
which allows for diffusion-limited aggregation (DLA) to dominate, favoring anisotropic 
and branched crystal growth [45–47]. This controlled kinetic regime, coupled with the 
EPLE’s favorable surface properties, drives the formation of well-defined dendritic gold 
structures. In contrast, if the local diffusion of AuCl4⁻ is too fast or nucleation occurs too 
rapidly, the system may shift away from DLA conditions, leading to the formation of more 
compact, less ordered gold structures [48]. 

The influence of ascorbic acid (AA) on Pt structure formation was investigated. In the 
absence of AA, Pt and Au particles formed an irregular overlayer, lacking the distinct 
dendritic morphology observed in the presence of AA (Figure 6C). The presence of AA 
promoted the formation of well-defined dendritic Pt architectures, attributable to the syn-
ergistic effect of AA-mediated chemical reduction and electrochemical deposition. This 
synergy accelerated Pt nucleation, particularly along the high-energy edges and side 
planes of the Au dendrites, as confirmed by SEM elemental mapping of the 
PtNPs(20min)/AuDNs/EPLE composite (Figure 3C). 

AA further modulates the electrochemical environment by adsorbing onto Au sur-
faces, altering surface energy and wettability [49–52]. This promotes selective Pt deposi-
tion at high-energy sites while passivating smoother regions. Additionally, the hydroxyl 
(-OH) and carboxyl (-COOH) groups of AA interact with Pt ions, influencing their diffu-
sion and directing growth along dendritic sidewalls, thereby minimizing central aggrega-
tion. Figure 7 illustrates the proposed growth mechanism, emphasizing AA’s role in spa-
tially controlled Pt deposition and the formation of hierarchical dendritic structures. 

 

Figure 6. Typical SEM images of (A) PtNPs(20min)/AuDNs/EPLE, with (A1,A2) showing magnified 
views of selected regions in (A); (B) PtNPs(20min)/AuDNs/PLE with AA reduction, with (B1,B2) show-
ing magnified views of (B); and (C) PtNPs(20min)/AuDNs/EPLE without AA reduction, with (C1,C2) 
showing magnified views of (C). 

Figure 6. Typical SEM images of (A) PtNPs(20min)/AuDNs/EPLE, with (A1,A2) showing magnified
views of selected regions in (A); (B) PtNPs(20min)/AuDNs/PLE with AA reduction, with (B1,B2)
showing magnified views of (B); and (C) PtNPs(20min)/AuDNs/EPLE without AA reduction, with
(C1,C2) showing magnified views of (C).

The influence of ascorbic acid (AA) on Pt structure formation was investigated. In
the absence of AA, Pt and Au particles formed an irregular overlayer, lacking the dis-
tinct dendritic morphology observed in the presence of AA (Figure 6C). The presence
of AA promoted the formation of well-defined dendritic Pt architectures, attributable
to the synergistic effect of AA-mediated chemical reduction and electrochemical depo-
sition. This synergy accelerated Pt nucleation, particularly along the high-energy edges
and side planes of the Au dendrites, as confirmed by SEM elemental mapping of the
PtNPs(20min)/AuDNs/EPLE composite (Figure 3C).

AA further modulates the electrochemical environment by adsorbing onto Au surfaces,
altering surface energy and wettability [49–52]. This promotes selective Pt deposition at
high-energy sites while passivating smoother regions. Additionally, the hydroxyl (-OH)
and carboxyl (-COOH) groups of AA interact with Pt ions, influencing their diffusion
and directing growth along dendritic sidewalls, thereby minimizing central aggregation.
Figure 7 illustrates the proposed growth mechanism, emphasizing AA’s role in spatially
controlled Pt deposition and the formation of hierarchical dendritic structures.
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3.5. The Catalytic Activity Toward the Oxidation of Methanol

To evaluate the synergistic effect of bimetallic nanostructures on the pre-expanded PLE,
the active areas of PLE, EPLE, AuDNs/EPLE, PtNPs(20min)/EPLE, PtNPs(20min)/AuDNs/PLE,
and PtNPs(20min)/AuDNs/EPLE were determined (Figure 8A). EPLE exhibited a threefold
increase compared to PLE, providing more active sites for subsequent metal deposition.
PtNPs(20min)/AuDNs/EPLE demonstrated the highest active areas, indicating a synergistic
enhancement from the combined Au and Pt nanoparticles.
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The electrocatalytic performance of these electrodes towards methanol oxidation was
assessed in N2-saturated 1 M NaOH containing 0.5 M methanol via CV (Figure 8B). PLE,
EPLE, and AuDNs/EPLE exhibited negligible methanol oxidation activity. PtNPs(20min)/Au
DNs/EPLE displayed the highest current density, approximately 1.27 times that of
PtNPs(20min)/AuDNs/PLE. This enhancement is attributed to the increased surface area of
the 3D graphene-like structure, providing more active Au and Pt sites for methanol adsorp-
tion and oxidation. Furthermore, the current density of PtNPs(20min)/AuDNs/EPLE was
nearly twice that of PtNPs(20min)/EPLE, whereas AuDNs/EPLE exhibited a negligible cur-
rent, further highlighting the synergistic interaction between platinum and gold. Notably,
the forward-to-backward current density ratio (If/Ib) for PtNPs(20min)/AuDNs/EPLE was
approximately 25, significantly higher than the value of 8 observed for PtNPs(20min)/EPLE.
This elevated If/Ib ratio indicates enhanced tolerance to CO poisoning, a critical factor in
electrocatalysis, as a higher ratio suggests more effective oxidation of CO intermediates.

The superior catalytic performance of the PtNPs(20min)/AuDNs/EPLE system can
be attributed to the cooperative effect between Pt and Au. While platinum serves as the
primary catalytic site, the dendritic gold structure enhances the overall reaction kinetics by
facilitating electron transfer and promoting the oxidation of adsorbed CO into CO2.
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The electrocatalytic activity of PtNPs(20min)/AuDNs/EPLE was evaluated via cyclic
voltammetry (CV) in 0.5 M H2SO4 (Figure 9A). The calculated ECSA of PtNPs(20min)/AuDNs
/EPLE was 6.97 m2 g−1 (Pt loading: 0.1258 mg), significantly exceeding that of commercial
Pt/C (10 wt.%) at 2.88 m2 g−1 (Figure 9B). This enhancement is attributed to the unique
dendritic Au-Pt structure and 3D graphene-like structure, which provide a larger surface
area and prevent nanoparticle agglomeration.
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Figure 9. (A) CVs of PtNPs(20min)/AuDNs/EPLE and commercial Pt/C (10 wt.%) at a rate scan of
50 mV/s in a 0.5 M H2SO4 solution. (B) The active area and ECSA for each catalyst. (C) CVs of
PtNPs(20min)/AuDNs/EPLE and Pt/C (10 wt.%) in 1.0 M NaOH containing 0.5 M CH3OH. (D) The
corresponding specific and mass activity.

The electrocatalytic performance towards methanol oxidation was assessed by CV
(Figure 9C). PtNPs(20min)/AuDNs/EPLE exhibited a forward peak current density (jf) of
80 mA cm−2, four times higher than commercial Pt/C (10 wt.%). Moreover, the onset
potential of PtNPs(20min)/AuDNs/EPLE was more negative, indicating superior catalytic
activity. The higher jf/jb ratio (14.95) of PtNPs(20min)/AuDNs/EPLE compared to com-
mercial Pt/C (10 wt.%) (3.82) suggests improved resistance to CO poisoning [53]. The
calculated specific activity (the catalytic activity per unit ECSA of platinum) and mass ac-
tivity (the catalytic performance per unit mass of platinum) of PtNPs(20min)/AuDNs/EPLE
(0.905 mA cm−2 and 63.10 mA mg−1Pt, respectively) surpassed those of commercial Pt/C
(10 wt.%), confirming enhanced catalytic performance (Figure 9D).

The electrocatalytic stability and durability of PtNPs(20min)/AuDNs/EPLE were eval-
uated through chronoamperometry and cyclic voltammetry in 1 M NaOH containing
0.5 M CH3OH. As shown in Figure 10A, the catalyst exhibited excellent stability dur-
ing 10,000 s of continuous chronoamperometric testing at −0.2 V, maintaining a current
density of 5.85 mA cm−2, significantly surpassing the performance of Pt/C (10 wt.%) at
4.40 mA cm−2. This enhanced stability is attributed to the catalyst’s resistance to CO poi-
soning. Additionally, the catalyst demonstrated superior long-term stability during cyclic
voltammetry, retaining 99.5% and 83.6% of its initial current density after 20 and 100 cycles,
respectively (Figure 10B). These findings collectively underscore the remarkable stability
and durability of the PtNPs(20min)/AuDNs/EPLE catalyst for methanol oxidation.
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Figure 10. (A) Chronoamperometric curves of PtNPs(20min)/AuGNs/EPLE and Pt/C(10wt.%) in
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4. Conclusions
In summary, this study successfully fabricated hierarchical dendritic PtNPs(20min)/Au

DNs/EPLE microstructures through an easy and scalable two-step electrodeposition pro-
cess, offering a promising alternative to traditional hydrothermal methods. Comprehensive
characterization confirmed the formation of the desired hierarchical architecture, which
contributed to a significantly enhanced specific surface area. The resulting electrode exhib-
ited superior electrocatalytic performance for methanol oxidation compared to commercial
Pt/C, demonstrating improved activity, durability, and tolerance to CO poisoning. The
observed synergistic effects between Au and Pt within the dendritic nanostructure are
attributed to the enhanced catalytic properties. This work provides a valuable strategy for
the design and synthesis of high-performance electrocatalysts for fuel cell applications.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/coatings15040458/s1. Figure S1: Electrochemical characterization
of AuDNs/EPLE electrodes prepared under different conditions. Figure S2: Characterization of
AuDNs/EPLE electrodes.
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