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Abstract

Precisely tuning bicomponent intimacy during reactions by traditional methods
remains a formidable challenge in the fabrication of highly active and stable cat-
alysts because of the difficulty in constructing well-defined catalytic systems and
the occurrence of agglomeration during assembly. To overcome these limitations,
a PtRuPNiO@TiO, catalyst on a Ti plate was prepared by ultrasound-assisted
low-voltage plasma electrolysis. This method involves the oxidation of pure Ti
metal and co-reduction of strong metals at 3000°C, followed by sonochemical
ultrasonication under ambient conditions in an aqueous solution. The intimacy
of the bimetals in PtRuPNiO@TiO, is tuned, and the metal nanoparticles are
uniformly distributed on the porous titania coating via strong metal-support
interactions by leveraging the instantaneous high-energy input from the plasma
discharge and ultrasonic irradiation. The intimacy of PtRuPNiO@TiO, increases
the electron density on the Pt surface. Consequently, the paired sites exhibit
a high hydrogen evolution reaction activity (an overpotential of 220 mV at a
current density of 10 mA cm~2 and Tafel slope of 186 mV dec™'), excellent
activity in the hydrogenation of 4-nitrophenol with a robust stability for up to
20 cycles, and the ability to contrast stated catalysts without ultrasonication
and plasma electrolysis. This study facilitates industrially important reactions
through synergistic chemical interactions.
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1 | INTRODUCTION

Research on bimetallic catalysts has substantially
increased over the past few decades owing to their
unique catalytic and electronic properties compared with
their single-metal counterparts. These properties arise
from the direct contact between the different metals,
which can be exploited to achieve synergistic effects.?
However, the synergistic effects, namely, short- or long-
range interactions, of bimetallic catalysts are poorly
understood. Furthermore, the active sites of these cata-
lysts are unidentified, and their sizes cannot be reduced
to below 10 nm because high temperatures expedite
atomic-scale diffusion and particle growth.? This is due to
the restrictions on controlling the catalyst microstructure
and accurately tuning the intimacy of bimetals via basic
methods, such as thermal decomposition of metallic pre-
cursors, electrochemical synthesis, chemical reduction,
radiolysis, and sonochemical synthesis.

Bifunctional catalysis can be achieved by enhancing the
constructed interfaces and electronic interactions between
bimetallic atoms through short-range forces. In such cases,
the electronic interactions between the metal atom and
metal oxide promoter lead to the formation of mul-
tiple potential active sites in the bifunctional catalyst
under reduction reaction conditions. Current studies have
demonstrated the intimacy effects (proximity) of dissim-
ilar catalyst components on the catalytic performance
when the components are isolated as single nanoparticles
(NPs) and interact via long-range forces at millimeter-
scale distances.*!!' For example, Phaahlamohlaka et al.
reported the effects of intimacy on hydrogen spillover
using Fischer-Tropsch catalysts supported on mesoporous
hollow carbon spheres (MHCSs). The catalysts were pre-
pared by conventional wet impregnation, in which Ru was
loaded inside and outside the MHCSs, whereas Co;0y4
and NiO were loaded on the outer layer of the MHCSs.®
Karim et al. reported the accurately controlled intimacy in
Pt-FeO,, catalysts at nanoscale distances. The components
were encapsulated in the macropores of a hierarchically
structured SiO, support using an accurate nanolithogra-
phy method, and effects of the TiO, and Al,O5; supports
on hydrogen spillover were examined.® Although metal-
oxide-supported catalysts exhibiting intimacy effects at the
atomic scale have been successfully fabricated, this process
typically involves complex synthesis methods, strenuous
post-modifications, or the use of expensive or sophisti-
cated equipment.”” Overall, conventional methods for
synthesizing bicomponent catalytic systems currently face
challenges such as restrictions on controlling the cata-
lyst microstructure and accurately tuning the intimacy of
the bimetals. Therefore, a simpler synthesis method for
metal-oxide-supported bicomponent catalysts that enables

rational tuning of intimacy is urgently needed. Further-
more, a better understanding of the chemical structures,
catalytic performance, and catalytic mechanism of these
catalysts is required to accelerate the development and
application of these bicomponent systems in heterogenous
catalysis.

To this end, we studied the intimacy effects of TiO,-
supported ultrasmall (us)-PtMPNiNiO (M = Ru, Ga, In)
catalysts on hydrogen spillover and the selective hydro-
genation of 4-nitrophenol (4-NP). The Pt(MPNiNiO@TiO,
catalysts were prepared using a highly controllable and
dependable ultrasound-assisted low-voltage plasma
electrolysis (LV-PE) approach under ultrasonic irradi-
ation. LV-PE is a powerful strategy that has been used
in recent decades to synthesize sophisticated conformal
porous supports.''? Compared with PtInPNiNiO@TiO,
and PtGaPNiNiO@TiO,, PtRuPNiNiO@TiO, exhib-
ited outstanding catalytic performance and selectivity
in 4-NP hydrogenation (Scheme 1). The fabricated
PtRuNiNiO@TiO, catalyst also displayed enhanced
hydrogen evolution reaction (HER) activity with a sig-
nificantly decreased overpotential of 220 mV at 10 mA
cm~2 in 0.5 M H,SO,. It significantly outperformed other
reported catalysts; for instance, its mass activity was
20.6 A mg~! at an overpotential of 100 mV, which is 41
times higher than that of a commercial NiNiO@TiO,
catalyst. The LV-PE protocol can be easily extended to
various bifunctional catalysts with bimetallic components
to achieve synergistic effects and improved activities in
reduction reactions.

2 | RESULTS AND DISCUSSION
2.1 | Synthesis and characterization of
PtM-PNiNiO@TiO,

The application of the PtM-PNiNiO/TiO, cata-
lyst on a pure Ti plate is shown in Scheme 1.
Briefly, PtM-PNiNiO@TiO, was synthesized using
a one-pot ultrasound-assisted coincident electro-
oxidation-reduction—precipitation (U-SEO-P) method.
This method involves simultaneous co-reduction of mixed
metal salts and oxidation of the Ti substrate to form
single-phase PtMPNi NPs deposited on the TiO, support
for enhanced catalysis. PtM-PNiNiO NPs were chosen to
exert maximum control over multielement NP dispersion
by sonochemical ultrasonication. A high loading amount
of the NPs (8 wt%) was used to produce a brown porous
coating on the surface of the gray Ti substrate at plasma
discharge temperatures between 2000°C and 3000°C.
The measured loading capacity of the TiO, support was
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approximately 3.02 mg cm~2.!* Sonochemical ultrason-
ication was performed in an aqueous solution under
ambient conditions to achieve the uniform dispersion
and co-reduction of the metal salts of the catalysts with
dissimilar loadings.

Powder X-ray diffraction (PXRD) analysis provided evi-
dence of the effective synthesis of the PtM-PNiNiO@TiO,
catalysts and showed that the PtM-PNiNiO NPs had a face-
centered cubic structure (Figure S1). This result was fur-
ther confirmed by the high-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM)
images shown in Figure 1. The us-PtM-PNiNiO NPs were
uniformly dispersed on the porous TiO, supports with an
average size of approximately 2 nm (Figure 1A-T), which is
smaller than those of other metal oxide NPs.!'"'> The lack
of clear peaks in the PXRD patterns of the PtM-PNoNiO
NPs (Figure S1) confirmed the formation of us-crystals.
These results agree with previous research on small
metal nanocrystals'* and the HAADF-STEM and energy-
dispersive X-ray spectroscopy (EDS) results for the single
us-PRu-PNiNiO NP (Figure 1J-I). Thus, PtM-PNiNiO NPs
were uniformly deposited on the outer layer of the TiO,
support and well-mixed without compositional aggrega-
tion, indicating the effectiveness of our U-SEO-P strategy
for preparing a strong TiO, support for PtM-PNiNiO NPs.
To confirm the strong interactions between the support
and NPs, heat treatment was performed at 600°C. No sig-
nificant changes in the size of the PtM-PNiNiO NPs were

Schematic of the catalytic performance of bimetallic support catalysts prepared via ultrasound-assisted coincident

observed (Figure S2). HAADF-STEM and high-resolution
transmission electron microscopy (HRTEM) images of
PtRu-PNiNiO@TiO, with the corresponding fast Fourier
transform images clearly showed that the us-PtM-PNiNiO
NPs were uniformly encapsulated in the amorphous-like
porous TiO, support (Figure 1D-I,M,N). NiO NPs with
a small size of approximately 18 nm and low melting
point of approximately 1955°C can be easily incorporated
into a TiO, support if they have relatively high chemi-
cal stability, resulting in a higher fraction of the amor-
phous phase in the layer."® The lattice spacing along the
[011]-zone axis was 0.218 nm, suggesting that the us-PtM-
PNiNiO NPs had a (111) base plane. The lattice spacing of
0.360 nm corresponded well with the (101) plane of anatase
TiO,. The Pt/Ru/P/Ni atomic ratio was 0.48:0.20:0.23:0.07
(Figure 1I), which qualitatively agrees with the results
of previous inductively coupled plasma-atomic emission
spectroscopy (ICP-AES) analyses.'? Long-term exposure to
electron beams during elemental mapping severely dam-
ages NPs. Therefore, larger NPs were chosen to obtain clear
elemental mappings.

Furthermore, the chemical states of the metals were
determined by X-ray photoelectron spectroscopy (XPS).
Figure 2A shows the double peaks of Ti 2p at 458.12
and 463.92 eV corresponding to Ti 2p;;, and Ti 2py,,,
respectively, which confirms the fabrication of NiO-doped
TiO,.!® The appearance of the Ti** peak at 458.4 eV indi-
cates that oxygen was eliminated from the lattice after
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Structural characterization of us-PtM-PNiNiO@TiO, catalysts. High-angle annular dark-field scanning transmission

electron microscopy (HAADF-STEM) images of (A) us-PtGaPNiNiO@TiO,, (B) us-PtInPNiNiO@TiO,, and (C) us-PtRuPNiNiO@TiO,. (D
and E) HAADF-STEM images and lattice spacing of the single PtRuPNi indicated in (c). (F-I) Low-magnification high-resolution
transmission electron microscopy (HRTEM) images of us-PtRuPNiNiO@TiO,. (J and K) HAADF-STEM image of a single us-NP and the
corresponding energy-dispersive X-ray spectroscopy (EDS) elemental mappings of Pt, Ru, P, and Ti. (M and N) HRTEM image of
encapsulated PtRuPNi NPs in us-PtRuPNiNiO@TiO,. The red arrows indicate the overlayer.

the U-SEO-P reactions. The shift in the Ti 2p peaks to
higher binding energies (BEs) in the XPS spectrum of us-
PtRu-PNiNiO@TiO, suggests a low electron density at the
NiO@TiO, surface in the presence of us-PtRuPNi-NPs,
which confirms the strong interactions between them.
The low electron density is due to the reaction of Ti**
with electrons from either the ultrasonic irradiation and
plasma discharge treatment itself or the oxygen vacancies
it generates on the support surface. To confirm the pres-
ence of oxygen vacancies, Mott-Schottky plots of the TiO,
support were obtained (Figure S3). The positive slopes
of the linear parts of the plots indicate the n-type semi-
conducting properties of the grown TiO, due to electron
donation by oxygen vacancies and metal interstitials in
the support structure. Above —0.5 V, the plots became
non-linear because of an increase in the depth of the
region depleted of donor density.!” The Ni 2p XPS spec-
tra of the us-PtRuPNiNiO@TiO,, us-PtRuPNiNiO@TiO,,

and us-PtRuPNiO@TiO,. catalysts showed two spin-orbit
doublets (Figure 2B). The Ni 2p3/, main peak at approxi-
mately 855.38 eV and its shake-up satellite at approximately
860.37 eV and the Ni 2p;,, main peak at approximately
873.34 eV and its shake-up satellite at approximately
878.92 eV confirmed the existence of NiO.!® Interestingly,
the Ru 3p XPS spectrum of us-PtRuPNiO@TiO, showed
only the metallic peaks of Ru 3p;/, and Ru 3p;, at 457.85
and 463.61 eV, respectively, without any of the oxidized
peaks exhibited by PtRuP-based catalysts (Figure 2E).
The Ga (3d) core-level spectrum of us-PtGaPNiNiO@TiO,,
showed two chemical states, namely Ga(0) (16.26 eV)
and Ga(III) (23.02 eV), which confirmed the existence of
us-PtGaP-NPs on the surface of the NiO@TiO, support
(Figure 2F). In the In 3d XPS spectra, the peaks near
452.11 and 443.85 eV corresponding to In 3ds;, and In
3ds,,, respectively, were assigned to In**, whereas those
at 451.48 and 444.73 eV were assigned to In® NPs, in
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FIGURE 2

Raman shift, cm™!

X-ray photoelectron spectra of (A) Ti 2p, (B) Ni 3p, (C) In 3d, (D) Pt 4f, (E) Ru 3p, (F) Ga 3p, and (G) P 2p. (H) Raman results

of the NiO@TiO,, us-PtGaPNiNiO@TiO,, us-PtInPNiNiO@TiO,, and us-PtRuPNiNiO@TiO, catalysts. (I) The contact angle of

us-PtGaPNiNiO@TiO, using water as the solvent.

accordance with previous literature (Figure 2C).° The Pt
4f XPS spectrum of us-PtRuPNiO@TiO, was deconvoluted
into pairs of doublets. The two peaks at 74.84 and 71.77 eV
were attributed to Pt® 4f;/, and Pt° 4f;,, respectively, and
a small fraction of Pt existed as Pt (Figure 2D).° The
peaks in the Pt 4f XPS spectra of us-PtGaPNiNiO@TiO,
and us-PtInPNiNiO@TiO, shifted to higher BEs relative
to those of us-PtRuUPNiNiO@TiO,. This shift (>0.36 eV)
indicates the strong electronic interactions between Pt and
the us-NPs on its surface (Figures S3 and S4). In addition,
the peaks at 128.98 and 133.4 eV in the P 2p XPS spectra
were attributed to elemental P° and oxidized P, respec-
tively, whereas the peak at 132.6 eV corresponded to P>+
(Figure 2G).?' These results imply strong metallic inter-
actions between Pt, Ru, and P on the NiO@TiO,, surface,
which can be attributed to the formation of a Pt-Ru-P
alloy. The four bands at 647 cm™ (E,), 517 cm™ (By,), 400
cm™ (Byg), and 150 cm™ (E,) in the Raman spectra of the
catalysts confirmed the existence of NiO-TiO, (Figure 2H).
Encouraged by these results, the wetting properties of the

Pt-P-Ru@NiOTiO, system, which was used as a multiele-
ment NP-support system, were measured by determining
the water contact angle. As shown in Figure 2I, the droplets
were stable for a considerably longer time when the surface
was coated with PtRUP@NiOTiO, under ultrasonic irradi-
ation. The shape of the water droplets and contact angle
of approximately 83° at room temperature remained con-
stant during a long period of 20 s. These results clearly
demonstrate the stability of the surface properties of NPs
supported on Ni and Ti oxides.

2.2 | Catalytic performance of
us-PtM-NiO@TiO,

The reduction of 4-NP to 4-aminophenol (4-AP) was
conducted in the presence of us-PtRuPNiO@TiO,,
us-PtInPNiNiO@TiO,, us-PtGaPNiNiO@TiO,, and us-
PtNiNiO@TiO,. catalysts. The best catalytic performance
was achieved using us-PtRuPNiO@TiO,, in an aqueous
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FIGURE 3 (A)Proposed reaction pathway of the reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) on the

us-PtRuPNiNiO@TiO, surface. (B) Ultraviolet (UV)-visible diffuse reflectance spectra of 4-NP in a NaBH, solution with the
us-PtRuPNiNiO@TiO, catalyst. (C) Catalytic activities of the us-NiO@TiO,, us-PtGaPNiNiO@TiO,, us-PtInPNiNiO@TiO,,
us-PtPNiNiO@TiO,, and us-PtRuPNiO@TiO, catalysts under the same conditions. (D) Catalytic performance of us-PtRuPNiNiO@TiO,
during 125 min of reaction. (E) Recyclability of us-PtRuPNiNiO@TiO, for the hydrogenation of 4-NP to 4-AP. (F) Comparison of the catalytic
performances of us-PtRuPNiNiO@TiO, and recently reported Pt-based catalysts in terms of conversion and selectivity.

solution at room temperature (Figure 3A-C). This may be
due to the formation of more Ru aggregates that produce
nanoclusters, which decreased the activation ability of
the catalyst. The us-PtRuP NPs in the NiO@TiO,, support
accelerated electron transfer from NaBH,, which was
used as the reducing agent, to the electron acceptor, 4-NP
which was consequently reduced to 4-AP (Figure 3A).
Moreover, the reduction of 4-NP was enhanced by us-
PtRuPNiNiO@TiO, because the PtRu sites acted as a
coordination environment for hydrogenation activity.??
It has been proposed that hydrogenation proceeds via a
direct pathway: HO-Ar-NO, — HO-Ar-NOOH — HO-
Ar-N(OH), — HO-Ar-NH,. However, other studies have
suggested an indirect hydrogen-assisted pathway, which
begins with HO-Ar-NO, adsorption and ends with the
attack of H* spilled from the PtRu sites because of the low-

ered energy barrier for N-O bond breaking: HO-Ar-NO,
— HO-Ar-NOOH* — HO-Ar-N(OH), — HO-Ar-NOH
— HO-Ar-NHOH — HO-Ar-NH — HO-Ar-NH,. For
the us-PtRuPNiO@TiO, catalyst, the energy barrier for
the direct pathway (~4 eV) was higher than that for the
indirect pathway (1.76 eV), demonstrating that the indirect
pathway is more plausible.?>?* The detailed pathways are
shown in Figure 3B,C. It is well known that color of the
4-NP solution changes from light yellow to bright yellow
after the addition of a reducing agent owing to the forma-
tion of 4-nitrophenolate. The absorption peak at 400 nm in
the ultraviolet—visible diffuse reflectance spectrum did not
change within 30 min without the addition of a catalyst
to the mixture (Figure 3B), suggesting that the reducing
agent alone could not reduce 4-NP. After the addition of
us-PtRuPNiNiO@TiO,, the intensity of the absorption
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peak at 400 nm decreased rapidly. The mixture became
colorless when the catalytic reduction was complete.
When the amount of us-PtRuPNiNiO@TiO, was only
4 mg, the peak at 400 nm vanished within 60 s. The
catalytic performance in the reduction of p-nitrobenzene
(as a model substrate) to p-aminophenol was examined
under mild conditions using NaBH, as the reducing
agent. No reduction reaction was observed using either
TiO, or NiO-TiO, (Table Sl1). In contrast, an extraor-
dinarily high conversion (100%) within 1 min and high
selectivity (100%) toward p-aminophenol were observed
using us-PtRuPNiNiO@TiO, (Figure 3B). Furthermore,
the conversion and selectivity remained constant when
the reduction time was extended to 2 h (Figure 3D),
indicating the high activity of us-PtRuPNiO@TiO,.
ICP-AES analysis confirmed that no NPs were leached
during the reaction. The use of us-PtGaPNiNiO@TiO,
and us-PtInPNiNiO@TiO,, also yielded p-aminophenol
albeit with a slow 4-NP conversion. Remarkably, us-
PtRuPNiNiO@TiO, exhibited outstanding recycling
stability (nearly 100% after 20 successive rounds) in
terms of both conversion and selectivity (Figure 3E).
After recycling, no noticeable structural changes in
us-PtRuPNiO@TiO, were observed (Figures S5 and S6),
and Pt or In leaching to the reaction solution did not
occur. Only 0.030 wt% of PtRuP was detached from the
fresh us-PtRuPNiNiO@TiO, catalyst, indicating that
NiO@TiO, can stabilize us-PtRuP against leaching. These
results confirm the strong electronic interactions between
PtRuP and the NiO@TiO, support. A comparison of
the conversion and selectivity of dissimilar catalysts
(Figure 3F) showed that us-PtRuPNiNiO@TiO, has the
highest catalytic efficiency among the reported Pt-based
catalysts.?>~%7

2.3 |
us-NPs

Electrochemical performance of

The HER activities of us-PtRuPNiO@TiO,,
us-PtGaPNiNiO@TiO,, us-PtInPNiNiO@TiO,, us-
PtPNiNiO@TiO,, and NiNiO@TiO, were evaluated
using a standard three-electrode setup in 0.5 M H,SO,
electrolytes at room temperature and a current den-
sity of 10 mA cm~? (Figure 4A-F). The overpotential
of these catalysts were 224, 442, 371, 291, and 595 mV,
respectively (Figure 4A). In addition, us-PtRuPNiO@TiO,
had a Tafel slope of 186 mV dec™!, which was smaller
than those of us-PtGaPNiO@TiO, (234 mV dec™),
us-PtInPNiO@TiO, (212 mV dec™!), us-PtPNiO@TiO,
(201 mV dec™), and NiO@TiO, (305 mV dec™') (Figure 4B).
The Rug 5Pty sNiO@TiOx catalyst exhibited the best HER
activity compared with Ruy sNiO@TiO,, Pty sNiO@TiO,,

‘SusMat | gy L

and Ru 3Pty ,NiO@TiO, (Figure S8). It should be noted
that the overpotential of Rugy 5Pty sNiO@TiO, at 10 mA
cm~2 was 224 mV, which is approximately 4.3, 3.0, and
2.5 times those of RuysNiO@TiO,, PtysNiO@TiO,,
and Rug;Pty;NiO@TiO,, respectively. Additionally,
the Tafel slopes of RuysNiO@TiO,, Pty;NiO@TiO,,
and Rug;Pty;NiO@TiO, were 350, 308, and 291 mV
dec™!, respectively (Figure S9). These results prove the
importance of the synergistic effects of Ru and Pt in the
Rug 5Pty sNiO@TiO, catalyst, which enhance electron
transfer and conductivity inside the bimetal NPs. Interest-
ingly, the electrocatalytic performance was reduced when
the Pt content was increased. This indicates that a high Pt
content in the catalyst can block the formation of active
sites, which play a vital role in electrocatalytic reactions,
thereby negatively affecting the catalytic performance.?®%°
The Tafel slope suggests that the reaction mechanism
follows the four steps described by Volmer and Tafel.?*

Volmer step:M + HY + e~ > M — Hyy Q)
Tafelstep:M —H,g+ M —H,g — H, +2M  (2)

where M denotes the number of active sites in the cat-
alyst and H,q is the active site of the catalyst. First, a
H* ion attaches to H,q. Subsequently, two adsorbed H,4
species produce one H, molecule. Therefore, adsorption
on the active site is the rate-determining step of this type
of reaction. The double-layer capacitance (Cg) is propor-
tional to the number of electrochemically active sites. This
was determined by conducting cyclic voltammetry across a
voltage range of 0.05-0.15 V (vs. reversible hydrogen elec-
trode) at various scan rates (Figure S7). AJ, which is the
difference between the anodic and cathodic current den-
sities, was then plotted against the scan rate to obtain
Cy.2973* The corresponding double-layer cyclic voltam-
mograms are shown in Figure 4C. The Cy; values were
0.14, 0.20, 0.28, 0.32, and 0.39 mF cm™2 for NiO@TiO,, us-
PtGaPNiO@TiO,, us-PtInPNiO@TiO,, us-PtPNiO@TiO,,
and us-PtRuPNiO@TiO,, respectively. This indicates that
us-PtRuPNiO@TiO, had the highest number of catalyti-
cally active sites. Thus, it can facilitate faster H* diffusion
to the active sites for the catalytic reaction. In addition,
the electrochemical surface area (ECSA) is an important
parameter of electrocatalysts that is widely used to assess
the number of active sites, which directly correlates with
the density of the electroactive sites participating in the
reaction.3>%

The ECSA is calculated using the following equation:

C C
ECcsA=—2 & ©)
Cs 0.04(mF cm™~) per cm?
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FIGURE 4 Experimental results for the hydrogen evolution reaction (HER) of the electrocatalysts in 0.5 M H,SO,. (A) Linear sweep
voltammetry curves, (B) Tafel plots, (C) double-layer capacitance (Cy;) values, (D) electrochemical surface areas (ECSAs), (E) Nyquist plots,

and (F) cyclic voltammetry curves in the double-layer regions.

where C; is the specific capacitance, which is 0.04 mF
cm~2 for a flat surface.

The ECSA  values of us-PtRuPNiO@TiO,,
us-PtGaPNiNiO@TiO,,  us-PtInPNiNiO@TiO,,  us-
PtPNiNiO@TiO,, and NiNiO@TiO, were 9.75, 5, 7.52, 8,
and 3.5 mF cm2, respectively (Figure 4D). The higher
ECSA of us-PtRuPNiNiO@TiO, resulted from the pref-
erential formation of Pt over Ru, the large number of
active sites on the surface, and the synergistic effects
of numerous factors, such as the high alloying degree,
considerable accessible active sites, high miscibility, and
strong electronic interaction between Ru and Pt atoms.>°
Electrochemical impedance spectroscopy was performed

for all the catalysts to obtain the Nyquist plots (Figures 4E
and S8). us-PtRuPNiO@TiO,, had a smaller charge transfer
resistance than the other catalysts. This indicates the first
charge transfer during the electrocatalytic HER. In addi-
tion, Figure 4F shows the chronopotentiometric stability
analysis for us-PtRuPNiNiO@TiO, at 10 mA cm~2. The
catalyst exhibited excellent stability for 16 h, where the
first 1.5 h was the activation phase for reaching a fixed
potential. To confirm our results, the impact of composi-
tion and disorder on the electronic structure of PtRuPNiO
was investigated with density functional theory calcula-
tions. From NiO to PtRuPNiO over RuNiO and PtRuNiO,
the evolution of the projected density of states (PDOS) (d
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FIGURE 5

Total density of states (DOS) and projected density of states (PDOS) of (from left to right) NiO, RuNiO, PtRuNiO, PtRuPNiO,

and TiO, (rutile). Total DOS (black) and PDOS for [ =1 (red, 2sp and 3p) and ! = 2 (green, 3d, 4d, and 5d) are shown. DOS and PDOS have
been normalized to unit. The chemical potential is shown as the energy corresponding to 50% occupancy of d states (blue line). In going from

NiO to PtRuPNiO, a broadening of PDOS and extension to lower energies are observed, with an associated lowering of the chemical potential,
which favors charge transfer from TiO, (right n figure). The disordered, high-entropy PtRuPNiO is characterized by localized states that give a

spiky appearance to the DOS/PDOS.

states) shows a broadening of states and an associated shift
in the chemical potential to lower values (from left to right
in Figure 5), favoring charge transfer from TiO, (more
details are provided in Supporting Information). In addi-
tion, Figure 4F shows a chronopotentiometric stability
analysis for the us-PtRuPNiNiO@TiO, sample at -10 mA
cm™2. It exhibited excellent stability for 16 h, where the
first 1.5 h was the activation phase for reaching a fixed
potential. X-ray diffraction patterns of PtRuPNiO@TiO,
before and after the stability test showed similar fea-
tures (Figure 4F). Moreover, the transmission electron
microscopy images showed no noticeable changes in the
morphology and composition (Figure S12). These results
demonstrate the strong interactions between PtRuPNiO
and the TiO, support during the HER and the stabilizing
effect of TiO, on PtRuPNiO against leaching.

2.4 | Entropic contribution to
overcoming immiscibility

U-SEO-P induced a high local discharge temperature
under ultrasonic irradiation, enabling the synthesis of uni-
form us-NPs in three systems: us-PtGaNiPNiO@TiO,, us-

PtInNiPNiO@TiO,, and us-PtRuNiPNiO@TiO, (Figures
S13-S15). The high local discharge temperature would
effectively increase the entropic contribution (TAS,;y) to
the Gibbs free energy and overcome the mixing enthalpy
(AHp,;y) that may cause phase immiscibility. The AH iy
values of most atom couples, including Pt-Ga, Pt-Ni,
Pt-In, Pt-Ru, Ga-Ni, and Ni-In, were negative, especially
in more concentrated systems (mole fraction of A ~ mole
fraction of B), which implies that the systems were mis-
cible (Figure 6A,D,G,K). On the other hand, the Ni-Ru
system showed positive AH,;, values, which caused a
large positive AH;, field in the Pt-Ru-Ni ternary sys-
tem (Figure 6G,K). Moreover, the AH,,;, values of the
Pt-Ru-Ni system deviated less from O than those of the
Pt-Ga-Ni and Pt-In-Ni systems.

ASpix also depended on the system components
(Figure 6B,E,H,K). For the Pt-Ga-Ni and Pt-In-Ni sys-
tems, AS;x became higher as Ga or In was depleted.
On the other hand, the Pt-Ru-Ni system with equimolar
composition had the highest AS,,;;, compared with the
Pt-Ga-Ni and Pt-In-Ni systems. The AG;, values at
2000 and 3000 K were calculated using the equation:
AGpix = AHpix — TAS - The trend in AG,,;; was similar
to that in AH,,;, because the latter was much lower than
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FIGURE 6 Thermodynamic data for the solid-solution formation of us-PtGaNiPNiO@TiO,, us-PtInNiPNiO@TiO,, and
us-PtRuNiPNiO@TiO,. (A, D, and G) Mixing enthalpies (AH,,;,), (B, E, and H) mixing entropies (AS,,;y), and (C, F, and I) Gibbs free energies
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TAS,,ix (Figure 5C,FI). However, the trends in AGp;x
and AS,;x were similar for the Pt—-Ru-Ni system because
of the (i) low | AHp |, (ii) high ASy;, throughout the
whole composition range, and (iii) high local discharge
temperature. As presented in Figure 5J, the Pt-Ru-Ni
system exhibited the largest decrease in AG,;; with
temperature owing to the high AS,;,. The parameter pair,
TASnhix and AH,, can be used to effectively optimize

the chemical composition of us-NPs because a high
TASpix and low AH,;, theoretically lead to high chemical
stability. Considering only either AS,;x or AH,;, does not
guarantee phase miscibility. A low AH,;, endows us-NPs
with high stability in an alloy.>¢~*° The high AS;, of the
Pt-Ru-Ni system enhanced not only the miscibility to
form the us-PtRuNiPNiO@TiO, catalyst but also the HER
performance. Compared with us-PtGaNiPNiO@TiO, and
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us-PtInNiPNiO@TiO,, us-PtRuNiPNiO@TiO, exhibited
an enhanced electrocatalytic HER activity (Figure 4). The
HER activity increased upon increasing the miscibility to
0.39 mF cm™ and decreased in the absence of Ru primarily
owing to the cocktail effect and diffusion hysteresis effect
of the high-entropy alloy (HEA).

In addition to the optimum TAS,,;x and AH,;x values,
the synthesis method involving high local electron temper-
atures and ultrasonic irradiation promoted uniform alloy
formation, rapid thermal decomposition, and reduction of
the metal salt precursors to metals. Moreover, this method
encouraged in-depth diffusion, alleviated lattice distortion
to stabilize the structures of us-HEA against elemental
aggregation and nanoscale phase separation, and ensured
a single solid-solution structure.

In conclusion, the large decrease in AGy;, with temper-
ature enabled by the multicomponent system guarantees
that lattice strain can be easily overcome by a very high
temperature (~2000 K) using both plasma discharge and
ultrasonic irradiation. In addition, these processes provide
vibrations that upset the system, which would increase
AH,,ix owing to the AS,,ix contribution (Figure 61,J). This
would cause the us-HEA system to become entirely misci-
ble and induce the formation of uniform NPs on TiO,.. Our
strategy paves the way for preparing nanomaterials and
alloys with tunable compositions that have a wide range of
applications. Therefore, an optimized temperature in the
range of 1500-4000 K is essential for mixing all the metal-
lic elements in one NP and preventing agglomeration,
resulting in a uniform us-HEA on TiO,.>%*%

3 | CONCLUSIONS

We established a scalable synthesis approach (LV-PE) for
fabricating us-NP systems comprising different strongly
immiscible metals. This approach uses rich Pt cores gen-
erated during the first liquid-liquid phase reaction under
ultrasonic irradiation and low-voltage plasma. This treat-
ment imitates thermal diffusion, allowing the arrangement
of inaccessible metal combinations. Furthermore, con-
trol experiments were performed to verify the significant
effect of the treatment on the uniform formation of us-
NPs. All prepared us-NP systems showed a single-phase
solid-solution alloy structure without phase separation, in
which the metals, even in strongly repelling combinations,
were exceptionally mixed. Different metals with varying
lattice strains and atomic radii were uniformly distributed
throughout a single NP. Benefiting from the expanded tun-
ing range of the active sites, the synthesized us-NPs exhib-
ited excellent HER activity and durability (over 20 cycles)
during the reduction reaction. Our study further expands
the spectrum of dissimilar metals and allows for a range of

‘SusMat | gy |

strongly immiscible metal combinations in different metal
oxides, including NiO, Al,03;, In,03, and MgO.

4 | METHODS
4.1 | Synthesis of the PtRuNiNiO@TiO,
catalyst

A porous TiO, support was deposited on a Ti alloy (20 mm
X 30 mm X 2 mm), which was used as an anode. This
anode was connected to a stainless steel plate, which was
used as the counter electrode, and immersed in an aque-
ous solution consisting of 5 g L' KOH, 30 g L™! C,H0,,
8 g L' K3;P0,, 0.5 L water, and 1.5 L ethanol (pH ~12) in
a 2-L glass vessel equipped with a magnetic stirrer. Sub-
sequently, a frequency of 50 Hz and ultrasonic irradiation
at 28, 40, and 138 W were applied to the submerged anode
for 60 s to stabilize the electrolyte temperature at approx-
imately 273 K by water cooling. Simultaneously, 20 mL of
metal precursors (0.5 g L™!; Pt(NO;),, Ru(NO;)s, and NiO
as NPs) were added dropwise (~1 drop s™) to a phosphate-
based electrolyte. In this process, a porous TiO, support
and PtRuNiNiO NPs were created concurrently owing to
the reducing agent (C,HgzO,), high temperature, and pres-
sure generated from the discharge channel. Finally, the
prepared catalyst was rinsed three times with ethanol and
dried under vacuum.

4.2 | Synthesis of the PtGaNiNiO@TiO,
and PtInNiNiO@TiO, catalysts

The LV-PE procedure for preparing PtGaNiNiO@TiO,
and PtInNiNiO@TiO, was similar to that for preparing
PtRuNiNiO@TiO,. The other LV-PE parameters were the
same as those described above.

4.3 | Characterization

HRTEM images were obtained using a scanning trans-
mission electron microscope (FEI, Tecnai F20) at an
acceleration voltage of 200 kV. HAADF-STEM images
and the corresponding EDS elemental mappings were
obtained using the same instrument. The morphology
and physicochemical properties of the prepared catalysts
were analyzed by scanning electron microscopy (Hitachi,
S-4800), XPS (Horiba, XploRA PLUS), PXRD (PANalyti-
cal, X’Pert PRO MPD) using Cu Ka radiation, a focused
ion beam (Helios, NanoLab 600), Raman spectroscopy
(Horiba, XploRA PLUS), and liquid chromatography-mass
spectroscopy (Q Exactive Vanquish, Thermo Fisher).
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4.4 | Catalytic activity and
electrochemical measurements

Details are provided in the Supporting Information.

4.5 | Thermodynamic calculations and
computational details

Details are provided in the Supporting Information.
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