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ABSTRACT
The synergistic effect of bi-component support catalysts via facile synthesis remains a pivotal challenge in catalysis, particularly
under mild conditions. Therefore, this study reports an ultrasonication-plasma strategy to produce a PtGaPCoCoO@TiOx site
catalyst encapsulated within a high-entropy alloy framework. This approach harnesses instantaneous high-temperature plasma
generated using an electrical field and ultrasonication under ambient conditions in H2O. This study also elucidates the origin
of the bifunctional effect in high-loading, ultra-stable, and ultra-fine PtGaPCoCoO catalysts, which are coated with a reducible
TiOx layer, thereby achieving optimal catalytic activity and hydrogen evolution reaction (HER) performance. PtGaPCo intimacy
in PtGaPCoCoO@TiOx is tuned and distributed on the porous titania coating based on strong metal–support interactions by
leveraging the instantaneous high-energy input from plasma discharge and ultrasonication under ambient conditions in H2O.
PtGaPCoCoO@TiOx exhibits remarkable selectivity and durability in the hydrogenation of 3-nitrophenylacetylene, even after 25
cycles with high conversion rates, significantly outperforming comparative catalysts lacking the ultrasonication plasma treatment
and other reported catalysts. Furthermore, the catalyst exhibits exceptional HER activity, demonstrated by an overpotential of 187
mV at a current density of 10 mA cm−2 and a Tafel slope of 152 mV dec−1. This enhancement can be attributed to an increased
electron density on the Pt surface within the PtGaPCo alloy. These findings highlight the potential of achieving synergistic
chemical interactions among active metal sites in stable, industry-applicable catalysts.
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1 Introduction

Bi-component nanoparticles (NPs), heralded for their catalytic,
electronic, optical, and magnetic properties superior to those of
their individual components, have garnered significant interest.
This is attributed to the intimate contact between disparate
components, a phenomenon understood as a bifunctional or
synergistic effect. However, comprehending and synthesizing
these bifunctional effects1–whether through short- or long-range
interactions and identifying active sites present considerable
challenges. These challenges stem from the nuanced tuning of bi-
component intimacy and the limitations inherent in traditional
methods for controlling the microstructures [1]. Thus, pursuing
a comprehensive and effective strategy for fabricating TiO2-
supported PtGaPCoCoO catalysts, notable for their high stability
and superior activity, remains a central research challenge.

Bimetallic catalysts should exhibit proximity to optimize cataly-
sis, fostering enhanced electron-interface interactions. However,
the dynamics of metal–metal and metal–metal oxide interactions
complicate the identification of catalytically active sites due to
the multiplicity of such sites under reaction conditions. Recent
studies have explored the impact of intimacy on catalyst activity,
adjusting bimetals across nanoscale to millimeter scale distances
[2–4]. Phaahlamohlaka et al. reported the effect of hydrogen
spillover in Co catalysts in Fischer–Tropsch synthesis (FTS)
using mesoporous hollow carbon spheres as a physical barrier
in the presence of initiator Ru NPs and Co3O4 as an acceptor,
which was loaded onto the support via conventional incipient
wetness impregnation.4 Karim et al. placed controlled iron oxide
(FeOx) and Pt NPs at nanoscale distances on reducible TiO2 and
nonreducible Al2O3 supports using the enhanced precision of
top-down nanofabrication, and investigated the spatial extent
of hydrogen spillover on both reducible and nondeductible
supports [5]. Li et al. described isolated Pd atoms supported
over indium oxide ((Pd1/In2O3-x)), in which the Pd atoms coor-
dinated with four adjacent neighboring oxygen atoms to form a
Lewis acid-base pair, achieving excellent catalytic performance
in the hydrogenation of nitrobenzene to aniline [6]. Wu et al.
reported the effect of subsurface composition on supported
core-shell NPs (Pt3Mn shell on Pt core) using a sequential
incipient wetness impregnation method [7]. A Pt3Mn subsurface
exhibited high activity during propane dehydrogenation at 550◦C,
owing to low hydrogen adsorption and enhanced C-H activation
selectivity.

Cai et al. prepared Pt-3dTM (3dTM: 3d transition metal) (M =
Co, Fe, Ni) bimetallic catalysts using a wetness impregnation
method with post-acid leaching treatments [8–10]. Overall, the
current bicomponent catalytic systems face several challenges.
The synthesis strategies of metal oxide-supported bicomponent
catalytic systems are rather complex or not common approaches,
the chemical structural information on metal oxide-supported
bicomponent catalysts has not been profoundly discovered, the
potential catalytic performance of bicomponent catalysts has not
been appropriately explored, and the complicated catalytic mech-
anism of bicomponent catalysts has not been elucidated. Hence,
the rational design of metal-oxide-supported bi-component cat-
alytic systems is critically needed. Such advancement would
elevate bi-component catalysts to the forefront of catalytic
research and accelerate progress across the catalysis domain.

One-pot ultrasonic-assisted coincided electro-oxidation–
reduction-precipitation (U-SEO-P) is the first technique to
emerge as a potent method for fabricating highly dispersed
ultra-small high-entropy alloy (us-HEA) NPs and conformal
thin films on a Ti platform, as shown in Scheme 1. The us-HEA
(PtGaPCoCoO) NPs demonstrate a uniform distribution across
the reducible TiO2 supports, boasting an average particle size of
2 nm, the smallest recorded among the studied HEAs.

High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) and high-resolution transmission
electron microscopy (HR-TEM) imaging measurements reveal
the electronic structure, atomic structure, and coordination
structure of us-HEA. In PtGaPCoCoCoO, PtGa NPs are coor-
dinated to reducible supports (i.e., TiO2 and Co3O4), forming
PtGaPCoCoO@TiO2 catalysts. PtGaPCoCoO@TiO2 exhibits high
activity and selectivity for hydrogenating nitro compounds to
their corresponding amino compounds under mild conditions.
The results reveal that the geometrical and electronic effects of
P surrounding the PtGaPCo species in PtGaPCoCoOx are critical
for increasing the performance and stability against element
poisoning in catalytic reactions. As an electrocatalyst forHER, us-
HEA/C achieves an ultrahigh mass activity of 28.3 A mg−1 noble
metals at −0.05 V (vs. the reversible hydrogen electrode, RHE) in
0.5 M H2SO4, which is 40.4 and 74.5 times higher than those of
commercial Pt/C and Rh/C catalysts, respectively.

2 Results and Discussion

2.1 Controlling PtGa and CoOx Structures

In this study, we present the synthesis of us-HEA (i.e.,
PtGaPCoCoO@TiO2), which incorporates various metal ele-
ments under mild conditions via a liquid metal reactionmedium.
We employed nanoscale sonic dispersion of liquid metals in
water (H2O) as a medium to mix various metal salt precursors
(Figure 1A). This was followed by the rapid thermal decomposi-
tion and hydrogen reduction of a mixture of metal salt precursors
(H2PtCl6, Ga(NO3)3, and Co3O4) using ethylene glycol, along
with the oxidation of the Ti metal plate. These processes were
facilitated by plasma-assisted electrochemical reactions at 0◦C for
2 min under irradiation sonication. This procedure was effective
for doping transition or noble metals directly onto the TiO2
support via acoustic cavitation, with a lifetime of less than a
microsecond. This was followed by mixing metal elements in liq-
uid metal, resulting in the formation of us-HEA@TiO2 at 3000K.
The nascent liquid droplets of us-HEA were cooled to room tem-
perature using ice-cold deionized water at the surface–support
interfaces to enable rapid quenching (Scheme 1). The resulting
alloy catalysts—GaPCoCoO, PtPCoCoO, and PtGaPCoCoO—
formed spherical NPs that were firmly anchored onto the porous
TiOx (Figures 1A–D), designed with compact dimensions to
facilitate minimal movement of the spillover hydrogen across
the TiOx materials. Furthermore, HR-TEM and HAADF-STEM
imaging showed the solid anchoring of PtGaPCoCoO alloy NPs
on TiOx (Figures 1E-H) and demonstrated the presence and
distribution of Pt, Ga, Co, and Pwithin individual NPs. According
to HAADF-STEM images and energy-dispersive spectroscopy
(EDS) elemental mappings of PtGaPCoCoO (ratios of 0.5, 0.5, and
1.0) (Figures 1I-K), the GaPCoCoO, PtPCoCoO, and PtGaPCoCoO
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SCHEME 1 Illustration of the ultrasonic-assisted coincided electro-oxidation–reduction-precipitation process.

FIGURE 1 The characterization of PtGaPCoCoO@TiO2 catalysts and coordination of atomically dispersed PtGaPCoCoO to TiOx. HAADF-STEM
images of (A) GaPCoCoO, (B) PtPCoCoO, and (C, D) PtGaPCoCoO. (E-H) HR-TEM images of PtGaPCoCoO encapsulated by the TiOx support. (I, J,
and K) HAADF-STEM images of single PtGaPCoCoO NPs and the corresponding EDS maps. (L) and (M) HR-TEM of PtGaPCoCoO, and (N) and (O)
d-spacing between adjacent lattice planes. (P-R) HR-TEM images (inset: FFT pattern from the white dotted box area) and EDS of an amorphous NP. The
elements are color-coded as follows: blue, Pt; aqua, P; red, Co; yellow, Ga.

3 of 13

 26924552, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sus2.70029 by W

elsh A
ssem

bly G
overnm

ent, W
iley O

nline L
ibrary on [11/08/2025]. 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



NPs were ultrathin and uniformly dispersed on the TiOx support
surface, with mean diameters of approximately 4, 3.3, and 2 nm,
respectively, as determined using the ImageJ software (USA).

However, PtGaPCoCoO@TiO2, synthesized without the
ultrasonication-plasma effect, exhibited large and agglomerated
PtGaPCoCoO NPs, which reduced migration rates (Figure
S1.1). The distinct intensities of each atom, observed in well-
established atomically dispersed pairs, highlighted the formation
of isolated Ga. This was based on element-specific electron
scattering cross-sections, where Ga, with a lower Z (atomic
number) = 31, exhibited less contrast compared with Pt (Z = 78),
which was homogeneously distributed across the TiOx support
(Figure S1.2 and Figures 1L, M). EDS analyses indicated higher
concentrations of Ga and Co in the shell, particularly near the
side surfaces, than those in the core. EDS data are shown in
Figure S1.3. Similar to the initial system, all stoichiometry-tuned
systems exhibited uniform mixing of all cations throughout the
nanoparticles (Figure S1.4). Additionally, the EDS composition
matched qualitatively with the target composition, indicating the
stoichiometry of the high-entropy metal NPs. This suggests that
PtGaCo components were primarily located near the surface,
with Pt more centralized within the core of the NPs, and all
metal elements were uniformly distributed within the particles
(Figures 1I, J). The loading amount of PtGaPCoCoO on the TiOx
surface was approximately 20 wt.%, as determined by ICP-OES.

The catalyst characteristics of PtGaPCoCoO@TiOx were further
investigated using selected-area electron diffraction patterns
(Figure 1L), where the powder X-ray diffraction pattern revealed
a single face-centered cubic (fcc) structure with dissimilar peaks
at 43.3◦ 50.4◦ and 74.1◦, corresponding to the (111), (200) and (220)
planes, respectively (Figure S2.1–2.3). The three peaks reveal the
high crystallinity of the PtGaPCo NPs produced on the surface.
A single phase with an fcc structure in XRD, specifically with
lattice spacings of 0.23 and 0.36 nm corresponding to the (111) and
(211) planes of PtGaPCoCoO-NPs, was identified. Additionally,
disordered spherical microdefects on the TiOx surface, with
interplanar crystal spacings of 0.38 nm (Figures M-R), were
observed in TEM images (Figure 1M and Figure S1.5 and S1.6).
Consequently, PtGaPCoCoO@TiO2, featuring a high PtGaPCo-
CoO loading content, uniform distribution, and ultrafine NPs,
was effectively synthesized using the ultrasonication plasma
method (more information regarding structure in SI and Figures
S2.1–S2.3). This synthesis approach surpassed previously reported
methodologies for preparing multielement NP materials, such
as deposition-precipitation (DP), wet-chemical methods, or Joule
heating, in terms of efficiency and effectiveness [11, 12].

Subsequent investigations of the prepared catalysts via XPS
corroborated these observations. The Co 2p spectrum, curve-
fitted with peaks at 777.44 and 780.01 eV, corresponded to the
2p3/2 and 2p1/2 states of metallic Co, respectively (Figure 2A) [12,
13]. Two shakeup satellite peaks at 785.18 and 792.65 eV indicated
the presence of Co2+ within the PtGaPCoCoO structures. These
peaks were attributed to the surface reduction of Co3+ and the
resultant formation of new oxygen vacancies, whereas the other
two peaks at 796.27 and 802.01 eV were associated with Co3+
[14, 15]. Moreover, in PtGa-Co3O4, the binding energies of Co
2p shifted to higher values (∼777.90, 781.04, and 786.25 eV),
suggesting a change in the electron density around the Co atoms

and the presence of oxygen vacancies in these Co3O4 samples.
The Pt 4f7/2 and 4f5/2 sub-spectra for Pt-CoOx and Pt-Ga-CoOx,
with peak positions at (70.67 eV and 71.95 eV) and (73.55 eV
and 75.18 eV), respectively, were identified (Figure 2B). The
forward shift in the binding energies for Pt-Ga revealed that
alloying Pt with Ga, P, and CoOx on the TiO2 surface modified
its electronic structure, evidenced by an increase in the vacancy
count within the 5d valence band orbital of Pt [16–18]. In the Ga
3d spectra, an asymmetric peak corresponding to metallic Ga0
was observed at approximately 16.5 eV. The peak for Ga3+ states
(δ < 2) was observed at approximately 21.77 eV, and the high
binding energy of approximately 24.47 eV was attributed to the
O2s band (Figure 2c). Shifts of Ga atoms toward high binding
energy in Pt-Ga-CoOx NPs were observed, indicating the reduced
electron cloud density of Ga atoms. This could be attributed
to the strong electronic mobility of CoOx, which enhanced
electron transfer from electron-donating Ga to Pt sites [18].18
Additionally, the peaks at 128.98 and 133.4 eV were attributed to
metallic state (P0) and P-CoOx, respectively. The peak at 132.6
eV corresponded to the P5+ state (Figure 2D) [19]. To confirm
the impact of ultrasonication, the Ti 2p XPS spectrum revealed a
shift from 458.18 eV for PtGaPCoCoO@TiOx synthesized without
ultrasonic treatment to 458.28 eV with ultrasonic treatment.
This shift indicated the successful formation of metal-rich
suboxide layers and Ti3+ ions after ultrasonication (Figures 2E-
F), signifying the enhanced intensity characteristics of Ti3+
species generation [20]. Raman spectroscopy further confirmed
these findings (Figure 3A), with the detection of oxygen vacan-
cies in PCoO@TiO2, GaPCoCoO@TiO2, PtPCoCoOx@TiO2, and
PtGaPCoCoO@TiO2 samples. This was evidenced by blue shifts
attributable to photon-confinement effects stemming from sur-
face oxygen vacancies. Raman spectra identified four distinct
bands at approximately 153.38, 401.43, 522.22, and 646.08 cm−1,
corresponding to Raman vibrations in CoO-TiOx structures [16].

Motivated by these observations, the Pt-Ga-CoOx system,
as a multi-element NP-support configuration, was further
evaluated for its wetting properties through water contact angle
(CA) measurements. Water droplets on surfaces coated with
PtGaPCoCoO@TiOx under ultrasonic irradiation exhibited
enhanced stability over time (Figure 3B). Specifically, the water
drop maintained a constant shape with a CA of approximately
52◦ at room temperature for 25 s. Nyquist plots corroborated
these findings, demonstrating the superior durability of
PtGaPCoO@TiOx with ultrasonic irradiation compared to
that without ultrasonic irradiation, particularly with increased
immersion time in aggressive solutions. This was attributed to
the compact structure of TiOx, comprising both outer and inner
layers (Figures 3C, D). In summary, these results unequivocally
demonstrate the stability and enhanced surface properties of NPs
supported on titanium oxide, achieved through ultrasonication.

2.2 Hydrogenation of Nitrophenylacetylene

Considering the excellent performance of PtGaPCoCoO@TiOx
in the chemoselective hydrogenation of substituted nitroarenes
to yield functionalized anilines, this catalyst may be efficient
for the highly selective hydrogenation of nitro groups (–NO2)
to amino groups (–NH2), even in the presence of C≡C bonds
(Figure 4A). However, the challenge arises when the aromatic
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FIGURE 2 Characterization of elements in different catalysts. XPS patterns of (A) Co 2p, (B) Pt 4f, (C) Ga 3d, and (D) P 2p for GaCoCoO@TiOx,
PtCoCoO@TiOx, and PtGaCoCoO@TiOx catalysts. XPS patterns of (E) TiOx with andwithout ultrasonic irradiation, (F) and (G) Enlarged Ti 2p spectrum
from (E).

FIGURE 3 Chemical stability of PtGaPCoCoO@TiOx catalyst. (A) Raman spectroscopy results and summary of detected bands of prepared
GaPCoCoO@TiOx, PtPCoCoO@TiOx, and PtGaPCoCoO@TiOx catalysts. (B-D) Images of water contact angles of TiOx treated with and without
ultrasonic irradiation (control sample with the ultrasonic-based surface) and impedance responses of TiOx in the corrosive solution presented in the
Nyquist plot.
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FIGURE 4 Catalytic performance of PtGaPCoCoO@TiOx catalysts. (A, B) Reaction reduction and UV–vis absorption spectra of 1-ethynyl-3-
nitrobenzene. (C) Catalytic performance of GaPCoCoO@TiOx, PtPCoCoO@TiOx, and PtGaPCoCoO@TiOx for the hydrogenation of 1-ethynyl-3-
nitrobenzene. (D) Comparison of the catalytic activities at various Pt loadings in the catalysts (i.e., 5%PtGaPCoCoO@TiOx, 10%PtGaPCoCoO@TiOx,
15%PtGaPCoCoO@TiOx, and 20%PtGaPCoCoO@TiOx). (DE) Reusability profiles of PtGaPCoCoO@TiO2 for the hydrogenation of 1-ethynyl-3-
nitrobenzene to 1-ethynyl-3-aminobenzene. (F) Catalytic activities of different catalysts for 1-ethynyl-3-nitrobenzene to 1-ethynyl-3-aminobenzene at
various reaction conditions. (G) Comparison of the catalytic performance of PtGaPCoCoO@TiO2 with that of recently reported Pt-based catalysts

ring contains various reducible groups such as ketones, nitriles,
amides, aldehydes, halogen atoms, olefins, and, most notably,
highly sensitive alkynes. Reducing the nitro group while preserv-
ing these other reducible functional groups poses a significant
challenge [21]. First, the selective hydrogenation of 1-ethynyl-
3-nitrobenzene (1-Et-3-NB) to 1-ethynyl-3-aminobenzene (1-Et-
3-AB) was examined under optimized catalytic conditions. The
catalytic transformation of 1-Et-3-AB and the reaction progress
were monitored using UV–vis spectroscopy, which indicated a
decrease in the intensity of bands at 269 and 232 nm for 1-Et-3-NB
and the emergence of peaks at 209 and 245 nm (Figures 4B, C)
corresponding to the formation of 1-Et-3-AB. The hydrogenation
of 1-ethynyl-3-nitrobenzene (5mmol) was performed using –4mg
of the catalyst and two equivalents of NaBH4 in methanol (10
mL) as the solvent at room temperature, following the optimized
reduction reaction conditions. The PtGaPCoCoO@TiOx catalyst

demonstrated exceptional efficiency, achieving 99% conversion
and 99% selectivity toward 1-Et-3-AB within 60 s (Figure 4D).
This suggested an enhancement in the electron density of PtGa
in the presence of Co and P, leading to the hypothesis that
the bifunctional effect could affect the electronic state of the
multi-element NPs and the selectivity toward 1-Et-3-AB. It was
inferred that activating H2 molecules on PtGaPCoCoO required
significantly lower dissociation energy than that for PtPCoCoO or
GaPCoCoO, where CoO consumed more hydrogen species [22].

XPS analysis revealed that the Pt NPs were electron-deficient,
with the Pt 4f7/2 peaks in the PtGaPCoCoOx catalyst shifting
to higher energies, compared with those of metallic PtGaP-
CoCoO. With GaPCoCoO@TiO2 and PtPCoCoO@TiO2, both
conversion and selectivity for 1-Et-3-NB to 1-Et-3-AB (Figure 4D
and Figure 2A) were notably lower. The hydrogenation outcomes
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indicated that PtGaPCoCoO, with its negatively charged Pt NPs,
tended to selectively reduce the NO2 group to valuable 1-Et-3-
AB (Figure 4D). The selectivity for this reduction was further
enhanced in the PtPCoCoO@TiOx catalyst, attributed to the CoO
promoter-induced increase in Ov sites via the hydrogen spillover
effect [23, 24].

Next, the catalytic activities of PCoCoOx@TiOx and TiOx were
compared to determine the presence of active catalytic sites.
The results revealed negligible product formation (∼0.8%) (Table
S1.1), indicating that the catalytic activity primarily originated
from PtGaPCo NPs. When the PtGaPCoCoOx@TiOx catalyst,
prepared via conventional methods such as DP or incipient
wetness impregnation, was subjected to the same experimental
conditions, a significantly lower selectivity of 70.5% was achieved
for 1-ethynyl l-3-aminobenzene. This outcome suggested that the
microenvironment of the TiOx surface defects and the diminutive
size of the PtGaPCo NPs were advantageous for achieving high
conversion and selectivity in the hydrogenation of nitroarenes.
PtGaCoCoOx@TiOx, containing lower Pt amounts (theoretical
load capacity: 15%), was evaluated for its ability to produce 1-
ethynyl l-3-aminobenzene. The catalyst with a higher Pt loading
exhibited a more rapid conversion rate, achieving higher con-
version within 1 min. This observation underscored the superior
catalytic performance of active catalysts with high Pt NP loadings
(Figure 4D), further emphasizing the critical role of Pt content in
catalyzing the selective hydrogenation process.

The reusability of the PtGaPCoCoO@TiOx catalyst was
investigated through the reductive formylation of 1-ethynyl-
3-nitrobenzene as a probe reaction. To prepare the catalyst for
subsequent runs, it was washed with ethanol twice and dried
in an oven at 50◦C. The reduction reactions proceeded under
optimized conditions. Remarkably, the PtGaPCoCoOx@TiOx
catalyst maintained its activity without significant degradation
even after 25 consecutive cycles in the production of 1-ethynyl-
3-nitrobenzene, showcasing its high stability and intrinsic
reusability (Figure 4F). To verify the stability of the catalyst,
STEM characterizations of the spent PtGaPCoCoO@TiOx
catalyst after 25 cycles were conducted (Figures S1.7 and S1.8).
The STEM images revealed no agglomeration, suggesting that
the strong metal-support interactions and the morphology of the
catalyst remained largely unchanged compared with the fresh
catalyst. This observation confirmed its exceptional durability.
Additionally, the results indicated that the environment around
the PtGa active sites could be modified through encapsulation
with a CoOx shell. Further studies on PtGaPCoCoO@TiOx under
various conditions, including UV and ultrasonic irradiation
during catalytic reactions, demonstrated increased conversion
rates compared with other conditions (Figure 4F, G). A
comparison of the conversion rates using different catalysts,
as reported in the literature, revealed that PtGaPCoCoO@TiOx
exhibited superior catalytic efficiency among Pt-based catalysts
(Table S1.2) [25–30].

To understand the reactivity of the PtGaPCoCoO@TiOx surface
and the role of atomic sites, simulations were conducted to inves-
tigate the adsorption of 1-Et-3-NB on ∼2 nm NPs. The NP model
was built based on the geometry-optimized periodic model. 1-
Et-3-NB (Figure 4) was preferentially adsorbed at heteroatom
sites (0.0-0.15 ps) in PtGaPCoCoO@TiOx, particular at Ga and

Pt atoms. MD calculations show that 1-Et-3-NB has a strong
affinity for Pt/Ga/P-rich sites. This probe reaction highlights the
competitive nature of the vinyl group (C≡C) in forming NH2
groups, with the reaction pathway shown in Figures 5A, B.

2.3 Hydrogen Evolution Reaction (HER)
Performance of the Electrocatalysts

The HER performances of all the materials were measured
using a standard three-electrode system. PtGaPCoCoO@TiOx
performed the best as an HER material in 0.5 M H2SO4 aqueous
solution (Figure 6A), with an overpotential of 187 mV at a
current density of 10 mA cm−2. This was due to the syner-
gistic effect of Ga and Pt and their interactions with Co3O4.
PtPCoCoO@TiOx (η10 = 354 mV), GaPCoCoO@TiOx (η10 = 480
mV), and CoO@TiOx (η10 = 640 mV) had the lowest HER
activities compared with the Ga/Pt/Co3O4 material. In addition,
Tafel plots for PtGaPCoCoO@TiOx showed a slope value of 152
mV dec−1 (Figure 6B). The Tafel slope suggests that the reaction
mechanism of the material is based on the following two steps
described by Volmer and Heyrovsky [31]:

Volmer step ∶ M +H+ + 𝑒− →𝑀 −𝐻𝑎𝑑 (1)

Heyrovsky step ∶ M −𝐻𝑎𝑑 +𝐻+ + 𝑒− → 𝐻2 +𝑀 (2)

Here, M denotes the number of active sites in the catalyst.
First, the H+ ion attaches to the active site of the catalyst
(Had). Similarly, another H+ ion attaches to the active site to
produce an H2 molecule. Therefore, adsorption on the active
sites is the rate-determining step in this type of reaction. The
Tafel slopes gradually increased for the other catalysts, indicating
sluggish reaction kinetics. The values were 182, 186, and 187 mV
s−1 for PtPCoCoO@TiOx, GaPCoCoO@TiOx, and CoO@TiOx,
respectively.

To gain insights into the nature of the catalytic active sites,
the double-layer capacitance values of all electrocatalysts were
measured. From the results presented in Figure 6C, double-
layer capacitance is directly proportional to the electrochemically
active surface area, which quantitatively measures the number
of active sites available for catalysis. Moreover, the electrochem-
ical surface area (ECSA) is a critical parameter for evaluating
the active site density, as it directly reflects the population of
electroactive sites engaged in the reaction, as shown in Figure
6D [32].This assessmentwas conducted using cyclic voltammetry
(CV) measurements within the voltage range of 0.05–0.15 V (vs.
RHE) at varying scan rates (as detailed in Figure S1.9S). By
plotting the change in current density (ΔJ), calculated as the
difference between the anodic current density (Ja) and cathodic
current density (Jc), ledJ_c), against the scan rate, it was possible
to derive the double-layer capacitance (Cdl) [33]. The Cdl values
are 0.25, 0.19, 0.16, and 0.15 mF cm−2 for PtGaPCoCoO@TiOx,
PtPCoCoO@TiOx, GaPCoCoO@TiOx, and PCoO@TiOx, respec-
tively. The ECSAs are 3.75, 4, 4.75, and 6.25 cm2 for PCoO@TiOx,
PtPCoCoO@TiOx, GaPCoCoO@TiOx, and PtGaPCoCoO@TiOx
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FIGURE 5 DFT calculations. (A and B) Atomistic model for the adsorption of four 4-NP molecules on the surface of a PtGaCoP nanoparticle.
Face-on molecular adsorption and some degree of local surface rearrangement contribute to minimize the adsorption energy. Van der Waals radii are
shown in (A).

FIGURE 6 Electrochemical property of PtGaPCoCoO@TiOx. HER experimental results for the electrocatalysts in 0.5 M H2SO4. (A) Linear sweep
voltammetry curves, (B) Tafel plots, (C) double-layer capacitance (Cdl) values, (D) electrochemical surface areas, (E) Nyquist plots, and (F) chrono-
potentiometric stability analysis CV curves in the double layer regions for the prepared catalysts. Cyclic voltammograms of (G) CoO@TiOx, (H)
PtPCoCoO@TiOx, (I) GaPCoCoO@TiOx, and (J) PtGaPCoCoO@TiOx. (K) Catalytic activity in the presence of multielement nanoparticles.
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respectively, calculated as follows [34]:

ESCA =
Cdl

Cs

=
Cdl

0.04
mF

cm2
per cm2

(3)

whereCdl is the double-layer capacitance, andCs refers to the spe-
cific capacitance. For a flat surface,Cs is typically considered to be
0.04 mF cm−2 [35]. The double-layer CV curves shown in Figure
S1.9 underscore the presence of a high number of catalytically
active sites in PtGaPCoCoO@TiOx. This characteristic enables
the catalyst to facilitate more rapid H+ diffusion to the active
sites for the catalytic reaction, outperforming other synthesized
materials efficiently.

Electrochemical impedance spectroscopy was conducted on all
samples to further investigate their electrochemical behavior,
with the findings presented in Nyquist plots (Figure 6E).
The PtGaPCoCoO@TiOx composite exhibited a notably lower
charge transfer resistance (RCT) than those of other samples,
underscoring its superior charge transfer capabilities during the
electrocatalytic HER. Figure 6F-J shows a chrono-potentiometric
stability analysis for the PtGaPCoCoO@TiOx sample at −10 mA
cm−2. It shows excellent stability even after 16 h, where the first
1.5 h is the time required for the activation phase to reach a fixed
potential (Figure 6G-K). This level of stability, coupled with the
low charge transfer resistance, positions PtGaPCoCoO@TiOx as
a highly effective catalyst for the HER, showcasing its potential
for practical applications in electrocatalysis.

U-SEO-P is a physicochemical process that occurs at the anode–
electrolyte interface (i.e., Ti alloy) and typically produces a
robust coating on the substrate surface owing to electrochemical
reactions, plasma chemical reactions, and thermal diffusion in
the electrolyte and at the substrate–electrolyte interface. Notably,
PtGaPCoCoO and the TiOx support are formed concurrently
in situ on the Ti plate. This occurs via high local temperature
decomposition and reduction of precursors, with ethane-1,2-diol
acting as the reducing agent, as well as oxidation of the Ti
substrate owing to the high-voltage discharge. Combining ultra-
sonic irradiation, such as cavitation, increases local temperature
and pressure differentials. In addition, chemical reactions are
enhanced by the hydroxyl radicals and hydrogen produced, as
summarized in the following equation.

H2O + ultrasound → e−aq, H3O
+, H., H2, OH

., H2O2 (4)

The volume and lifetime of the bubbles are determined by the
ultrasonic power intensity in aqueous media. Therefore, plasma
sparks produced under ultrasonic irradiation and electrochemi-
cal methods were smaller and had a shorter lifetime than those
obtained without ultrasonic irradiation. Metal atoms reduced
from metal salts and metal oxides could not spread over large
distances, which facilitated the aggregation of PtGaPCoCoO
NPs on the TiOx surface owing to the very short-lived local-
ized plasma discharges. Hence, cavitation enhanced the local
reduction reactions and agitation through heat transfer from
gas bubbles, accelerating the formation and nucleation processes
on the TiOx surface and increasing the concentration of seeds
(Figure S1.10). This strategy resulted in the homogeneous mixing
of dissimilar metal elements throughout the NPs without obvious
phase separation or elemental segregation. This indicates the suc-

cessful preparation of a single us-MEA-NP on the support surface
(more details about its structure are mentioned in Supporting
Information).

U-SEO-P was employed to elucidate the synthesis and miscibility
of the three elements (Pt, Ga, and Co) in the PtGaPCoCoO@TiOx
catalyst. This method facilitated the formation of a uniform us-
HEA by generating high local discharge temperatures through
ultrasonic irradiation. Such conditions significantly enhanced
the entropy contribution (T∆Smix) while reducing the enthalpy
(∆Hmix) (Figures 7A, B) [36]. This thermodynamic balance
promoted the stabilization of solid solutions.

Figure 7B displays the map of ∆Smix for the PtGaCo alloy, high-
lighting that the ΔSmix value for alloy compositions is closer to
the central region peaks at the center. This phenomenon suggests
that the energy gain, derived from the high local temperature
and ultrasonic irradiation, is substantial for ∆Gmix and ∆Smix
to stabilize a multi-component alloy with equimolar fractions
of its constituents. This stabilization follows Richard’s rule [37],
indicating that mixing multiple elements in equal proportions
can form a stable HEA.

The equation for ΔSmix in the context of us-HEA, assuming a
condition of high entropy, is applied only at high temperatures
[38].

Δ𝑆𝑚𝑖𝑥 = 𝑅𝑙𝑛 𝑛 (5)

As ∆Smix scales with ln n (e.g., n is the total number of the
constituent elements), a larger ∆Smix can be achieved for NP
alloys with a greater number of metal elements, thus augmenting
the opportunity of forming solid solutions, according to Equation
1. We anticipated using the effect of local discharge temperature
to design the us-HEA under different temperature reductions
(1000–4000◦C). ∆Gmix in the range temperature (i.e., 1000–
4000◦C) improves the formation of us-HEA, coming up to three
immiscible elements (Pt, Ga, and Co) via the synergy of ultra-
sonic irradiation and high discharge temperature (Figure 7C–H).
However, a significant increase in temperature triggered the rapid
thermal decomposition and reduction of themetal salt precursors
to metals, leading to the completion of the formation of us-HEA
upon fast quenching in less than 60 s. Mixing Gibbs free energy
(ΔGmix) is the addition of the contributions of mixing enthalpy
(ΔHmix) and mixing entropy (ΔSmix),

Δ𝐺mix = Δ𝐻mix − 𝑇Δ𝑆mix (6)

ΔHmix is mainly related to atomic bonding energy from a
quasi-chemical model and does not depend on the number of
components (n) in the system, as shown in Figure 7I. Introducing
more components into a system effectively increases ΔSmix due
to the higher configurational entropy [38]. When plotting ΔGmix
against temperature [39], ΔSmix corresponds to the slope of the
curve. Consequently, the reduction of ΔG_mix, or in other words,
the stabilization of a single phase by increasing temperature, is
most pronounced for systems with n = 3. The influence of ΔHmix
on ΔGmix is significant at lower temperatures, around 1000 K,
but diminishes at temperatures exceeding 2000 K [40, 41]. As a
result, at high temperatures induced by plasma discharge and
ultrasonic irradiation, ΔGmix can be effectively altered by ΔSmix.

9 of 13

 26924552, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sus2.70029 by W

elsh A
ssem

bly G
overnm

ent, W
iley O

nline L
ibrary on [11/08/2025]. 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



FIGURE 7 Computational alloy formation prediction of us-HEA. (A) Contour plot of mixing enthalpy (∆Hmix) (j/mol K) of a PtGaCo system. (B)
Contour plot of mixing entropy (∆Smix) (j/mol K) of a PtGaCo system. (C-H) Temperature-dependent Gibbs free energy (∆Gmix) of PtGaCo system-NPs
derived from thermodynamic calculations. (I) Temperature-dependent Gibbs free energy (∆Gmix) of PtGaCo derived from thermodynamic calculations.

These conditions facilitate severe in-depth diffusion and lattice
distortion, stabilizing the structure of us-HEA against elemental
aggregation and nanoscale phase separation, confirming the
formation of a solid-solution structure.

The higher rate of ΔGmix reduction in systems with a higher
n ensures that the lattice strain can be readily overcome at
very high temperatures (∼2000 K), facilitated by both plasma
discharge and ultrasonic irradiation. Beyond merely increasing
the temperature, the vibrational energy provided by ultrasonic
waves and plasma discharge disrupts the system, allowing the
contribution of ΔSmix to surpass that of ΔHmix. This forms a
completely miscible and uniform us-HEANP on the TiOx surface
(Figure 7I).

This strategy paves the way for preparing nanomaterials and
alloys with customizable compositions, catering to a broad spec-
trum of applications. Achieving an optimized temperature range
between 1500 and 4000 K is crucial for synthesizing uniform us-

HEAs on TiOx, providing the necessary energy to mix all metallic
elements into a single NP and preventing agglomeration.

The approach also extends to immobilizing us-HEAs on various
metal oxides, including NiO, Al2O3, In2O3, and MgO, demon-
strating the versatility of this method across different numbers of
metals and metal oxide supports without phase separation. This
highlights the potential of the U-SEO-P technique in fabricating
and immobilizing us-HEAs on diverse supports, underscoring its
applicability in creating homogeneous alloys for a wide range of
uses [42, 43].

3 Conclusions

We successfully developed a universal template-assisted U-
SEO-P to produce thoroughly contacted PtGaPCoCoO@TiOx
catalysts. This approach allowed for precisely adjusting CoOx–
PtGa proximity by altering the deposition sequence and wall
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thickness of the porous TiOx surface. We discovered that adding
PtGaPCoCoO enhanced the hydrogen spillover effect, leading
to an increase in Ov. These vacancies served as active adsorp-
tion sites for nitro compounds through N = O bonds, thereby
significantly enhancing the selectivity toward 1-Et-3-NB in the
hydrogenation reactions to 1-Et-3-AB. Interestingly, this hydrogen
spillover effect remained effective even after additional oxide
layers were selectively deposited on the PtGaPCoCoO promoter
using U-SEO-P to cover its surface completely. Our findings
demonstrated a potent method utilizing U-SEO-P to design
dual-component catalysts that exhibited specific promoter-
metal closeness and assembled metal and oxide supports. This
methodology is instrumental in uncovering the fundamentals of
dual-component synergy, elucidating the enhancement mecha-
nism, and identifying the true active sites within the catalyst
structure.

4 Experimental Section

4.1 Preparation of Catalysts

The PtGaPCoCoO@TiO2 catalyst was prepared by one-pot
ultrasonic-assisted coincided electro-oxidation-reduction-
precipitation using bulk by applying a frequency of 60 Hz, an AC
power supply of 20 kW, and ultrasonic irradiation at 28, 40, and
138 kHz at 0◦C using a water cooling system during the U-SEO-P
process to maintain the electrochemical reactions for 120 s to a
Ti anode (bulk Ti) (purity: 99.8%, 20×15×3 mm3) immersed in a
phosphate-based electrolyte (3 gL−1 ethylenediaminetetraacetic
acid, 7 gL−1 K3PO4, 5 gL−1 KOH, 10 gL−1 K3PO4, and 35 gL−1

C2H6O2 in 2 L of deionized water (pH = 11.5). U-SEO-P is a
conventional method used to prepare a reducible TiO2 support on
the Ti substrate in the existence of H2PtCl6⋅6H2O (99.5%; Merck),
Ga(NO3)3⋅9H2O (98.5%; Merck), and Co3O4 (99.5%; Merck) as
precursors. The loading of Pt, Ga, and Co3O4 NPs was controlled
at 0.25 weight % (molar ratio of PtGaPCoCoO@TiO2, 1:3). For
the preparation of PtGaPCoCoO@TiO2 catalysts, H2PtCl6⋅6H2O,
Ga(NO3)3⋅9H2O, and Co3O4 (18 nm) were dissolved in deionized
water and ethyl alcohol solution. Utilizing a stirrer alongside
ultrasonic irradiation, fine bubbles were generated within the
solution to ensure a uniform dispersion of NPs. Subsequently,
the catalysts were washed in 10 mL of ethanol for various
durations and dried at 60◦C overnight. In the U-SEO-P process,
the plasma sparks exhibited smaller sizes and extended lifetimes
compared with those generated in the SEO-P method, which
lacks ultrasonic irradiation. This effect was crucial in preventing
the wide dispersal of metallic atoms post-reduction by ethylene
glycol, thereby inhibiting the aggregation of PtGaPCoCoO-NPs
on the surface of reducible TiO2 supports because of the minimal
size and brief lifespan of localized plasma discharges. The
metal content within the catalysts was determined by ICP-AES
(PerkinElmer, Optima 8300). TEM images were recorded using
a Tecnai F20 microscope (FEI, Japan). The physicochemical
characteristics of the catalysts were assessed by field-emission
scanning electronmicroscopy (Hitachi, S-4800), X-ray diffraction
(XRD; D-MAX 2500, Rigaku, Japan), X-ray photoelectron
spectroscopy (XPS; ESCA 2000, VG Microtech, UK), focused
ion beam electron microscopy (Helios Nanolab 600, Country),
g Fourier-transform infrared (Bio-Rad, Excalibur Series FTS
3000) spectroscopy, Raman spectroscopy (Horiba, XploRA Plus,

Country), and liquid chromatography–mass spectroscopy (Q
Exactive Vanquish, Thermo Fisher, USA).

4.2 Reactivity Test of PtGaCo3O4@TiO2

The catalytic selectivity and recyclability of PtGaPCoCoO@TiO2
in the hydrogenation of nitro compounds were evaluated by mix-
ing 80 mL of an aqueous 1-ethynyl-3-nitrobenzene solution (1.35
mM) with approximately 5.0 mg of PtGaPCoCoO@TiO2 under
vigorous stirring at 25◦C. At predetermined intervals, approxi-
mately 3 mL of the reaction mixture was sampled, immediately
analyzed using a UV–vis spectrophotometer (Cary 5000, Agilent)
to monitor absorbance changes at 400 nm, and reintroduced
into the solution. Furthermore, a recyclability test was performed
post-reaction by extracting the catalyst and cleaning it with water
and ethanol to evaluate its reusability.

4.3 Computational Method

In this calculation, we used the ATAT code to create a special
quasirandom structure (SQS) of the PtGaCoP alloy (HEA) from
a 3 × 2 × 1 supercell of the Pt (111) surface. The ATAT code
uses a Monte Carlo strategy to find the best match for the
pair correlation functions of the alloy of interest. Correlation
functions capture the atom arrangements in the alloys and are
therefore suitable fingerprints for searching crystal models. The
Monte Carlo strategy enabled us to obtain the first model for
the adsorption of four 4-NP molecules on a rigid 1-nm PtGaCoP
spherical NP. A combination of Dreiding and UFF force fields
were used. Molecular translations and rotation were assigned
equal probability, for a total of one million moves. The resulting
geometry was subsequently optimized. Interatomic force calcula-
tions were based on the transferable tight-binding GFN xTB, as
implemented in cp2k [41–47].

4.4 Electrochemical Measurements

More details are provided in the Supporting Information.

4.5 Thermodynamic Calculations

More details are provided in the Ref 45.
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