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ABSTRACT

Elaborated design of catalytic systems with a specifically tailored site distance to match the intermediates could substantially
improve reaction kinetics and boost catalytic activity under unfavorable reaction conditions. Considering the lower energy barriers
of water splitting upon the synergy of dual sites, constructing synergistic Pt-M (M: transition metal) dual sites is an effective way
to boost Pt with highly catalytic hydrogen evolution reaction (HER) performance. An unconventional “Ni(OH),-coated high-index
Pt facets” was constructed to obtain long-range Pt-Ni dual sites, in which Ni composition as a water dissociation synergistic site
can protect Pt from electrolyte corrosion and ensure efficient proton donation to Pt sites. The obtained long-range Pt-Ni dual sites
present 3.84 mA-cm™ of current density, which is 7.5 times specific activity higher than that of commercial Pt/C towards alkaline
HER. The enhanced HER performance is attributed to synergistic catalysis on Pt-Ni dual sites accompanied by unconventional
electron coupling. This work illustrates a new strategy to construct the long-range dual sites by unconventional strategy for

fundamental electrocatalytic study of alkaline HER.
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1 Introduction

Hydrogen (H,), as a clean and renewable energy resource, has
been considered as a promising candidate instead of fossil fuel
[1-5]. In order to produce hydrogen, water-electrolysis in alkaline
environment has received a lot of attention because of its
enormous advantages including adequate reactants, persistent
products, and high product purity [6-12]. Today, Pt-based
catalysts are long believed to own the highest activity towards
hydrogen evolution reaction (HER) among enormous reported
electrocatalysts [13—16]. However, the sluggish reaction kinetics of
HER in alkaline environment is about 2-3 orders of magnitude
lower than that in acidic solution, and the intrinsic mechanisms of
HER process are indistinct and divergent [17-22].

In this case, constructing dual sites for accelerating the bond-
breaking of H-OH molecule is a promising strategy to boost HER
performance [23-26]. N. M. Markovic [27] and co-workers
revealed that Ni modified single-crystal Pt sites featured boosted
HER performance, and the further exploration disclosed that the
improved performance can be given the credit to the interfacial
electronic synergy of Pt-Ni dual sites for hydrogen recombination.
Simultaneously modulating the surface coordination environment
of synergistic sites and rational engineering the electron structure
of Pt and Ni dual sites are dominant and beneficial for improving

the HER activity. However, in the practical HER process [28, 29],
alloyed Pt-M (M: transition metal) dual sites are insufficient for an
excellent performance towards HO-H bond-breaking. Drawbacks
remain that M atoms inserted into Pt crystalline lattice are prone
to be assimilated by adjacent Pt atoms and hardly play prominent
effect as additional participants during HER process [30, 31].
Thus, enlarging the interatomic distance of Pt-M dual sites can
bring out the best in them through electron transfer and site
synergy [32-35]. So, fabricating the long-range dual sites [36—39]
is an effective approach to exploiting their synergistic effect on
HER.

Herein, we proposed a strategy by coating Ni(OH), on high-
index Pt facets (HIFs) to construct long-range Pt-Ni dual sites,
which not only increase the numbers of long-range Pt-Ni dual
sites, but also engineer the physico-chemical property of Pt and
Ni. The obtained Pt-Ni dual sites show a 3.84 mA-cm™ of current
density, which is 7.5 times specific activity higher than those of
commercial Pt/C towards HER in alkaline solution. The boosted
HER performance is put down to synergistic catalysis of Pt-Ni
dual sites accompanied by unconventional electron coupling.
Thus, designing an advanced catalyst by constructing Ni(OH),
coated Pt HIFs is important to fundamental understanding of the
synergistic effect of long-range Pt-Ni dual sites that account for
HER enhancement.
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Figure1 (a) Energy profiles of the water dissociation process and (b) the geometries of the initial, transition and final states on bare Pt (111), Pt (100), Pt (100)-step,
and Pt-Ni dual sites matrix. (c) A plot is constructed from computational calculated Gibbs free energy of different sites distance. Blue: Pt, green: Ni, white: O, red: H.

2 Results and discussion

To verify this assumption and supply a theoretical guidance for
this dual site catalyst, we performed density functional theory
(DFT) to model the rate determining step (H-OH bond-
breaking) for alkaline HER. First, the energy barriers (AG) of
water dissociation process on three different Pt surfaces: Pt (111),
Pt (100), Pt (100)-step, and Pt-Ni dual sites were calculated (Fig.
S1 in the Electronic Supplementary Material (ESM)), with the
purpose of expounding the facilitation of active site distance acted
on alkaline HER. As shown in Figs. 1(a) and 1(b), the AG for bond-
breaking of HO-H in water molecule are 0.99, 0.91, 0.76, and
0.40 eV on Pt (111), Pt (100)-step, Pt (100), and Pt-Ni dual sites,
respectively. It is obviously seen that the Pt-Ni dual sites show the
lowest AG for water dissociation, indicating Pt-Ni dual sites are in
favor of HO-H bond-breaking. In comparison with Pt (100)
surface, the Pt (100)-step shows a higher AG of water dissociation,
which demonstrates that the boosting effect of undercoordinated
Pt (100) sites on H-OH bond-breaking is inferior to non-stepped
Pt (100) sites. However, in the previous report, Pt (111)-step
shows a lower AG of water dissociation compared with Pt (111)
surface. Thus, it inspired us to further explore the intrinsic nature
for Pt (111) and Pt (100) surface sites that account for the boosted
HER performance. Figure 1(c) shows a plot of sites distance of
different surface structures and the combinations with AG. It is
shown that the AG of water dissociation keeps a linear relationship
with dual sites distance within limits. The site distance of Pt-Ni
dual sites owning an optimum performance is about 3.5 A, which
demonstrates that the long-range Pt-Ni dual sites can be well
matched with the intermediates via optimizing the adsorption
configurations.

Apart from site synergy of long-range Pt-Ni dual sites, the
electron coupling is also considered to reveal the promoting effect
on HO-H bond-breaking. The Pt (100) plane is placed on the

Ni(OH), nanosheets (Pt (100)@Ni(OH),, Fig. S2 in the ESM) as a
reference catalyst to investigate the electron effect on Pt sites. The
AG of water dissociation on Pt (100)@Ni(OH), is about 0.61 €V,
lower than that of Pt (100) sites, indicating that the electron
coupling of Pt and Ni(OH), is beneficial for HO-H bond-
breaking. Combining with the results of Pt-Ni dual sites, the low
AG of water dissociation can be attributed to the electron effect
and synergistic effect of long-range Pt-Ni dual sites.

To verify our theoretical predictions, we designed two types of
catalysts: concave nanocube Pt and Ni(OH),-coated concave
nanocube Pt (long-range Pt-Ni dual sites). The as-defined Pt
nanocrystals were fabricated according to our previous report [40].
As shown in Fig.2(a), the transmission electron microscopy
(TEM) image shows that the as-obtained Pt nanoparticles are
concave cubic shape with uniform dispersion, which can be
further revealed by high-angle annular dark-field scanning TEM
(HAADF-STEM) image (Fig.2(b)). Meanwhile, the average
diameter size (apex-to-apex) of Pt nanocrystals is about 44.1 nm
with high morphology selectivity above 90% (Fig.2(a), inset).
Particle size distribution of the synthesized monodisperse
nanoparticles was acquired by counting a minimum of
100 particles from different regions of the sample from TEM
image. Figure 2(c) exhibits clear surface steps in individual Pt
particle characterized by high-evolution TEM (HRTEM). The
corresponding fast Fourier transform (FFT) pattern (Fig. 2(c), top-
right inset) revealed that the HRTEM is obtained along the [100]
zone axis. Thus, the angles between the facets of Pt nanocrystals
could be definitely measured and used to determine the facet
indices. The facet angles are measured approximately 10°, 12°, 14°,
and 16°, keeping pace with the calculated values (Fig. S4 in the
ESM) of {610}, {510}, {410}, and {720} facets. Thus, the Pt
nanocrystals are covered by typical HIFs. The corresponding
models are shown in Fig. S5 in the ESM.
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Figure2 (a) TEM and size distribution histogram, (b) HAADF-STEM, (c) HRTEM images of as-defined Pt nanoparticles. ((d) and (f)) TEM image, (e) HAADF-
STEM image of Pt-Ni dual sites. ((g)-(j)) Nanoscale elemental mappings of Pt-Ni dual sites. (k) TEM image of Pt-Ni dual sites. (1) False color was applied in the TEM

images to improve the contrast. (m) HRTEM image of Pt-Ni dual sites.

The long-range Pt-Ni dual sites were successfully prepared by
wet-chemical method for the first time. As shown in Fig. 2(d), the
coated Pt nanoparticles by membrane-like Ni(OH), can be clearly
observed, which can be further demonstrated by HAADF-STEM
image (Fig.2(e)), in which the bright interior core is Pt
nanocrystals and the surrounding dark domains are Ni(OH),
membranes (Fig. 2(f)). It is noted that the size of particles has
nearly hardly changed. Nanoscale element mappings (Figs.
2(g)-2(j)) show that Pt, O, and Ni are uniformly dispersed in Pt-
Ni dual sites.

The striking contrast of Pt core and Ni(OH), membranes could
be further observed based on the isolated particle in Figs. 2(k) and
2(1). Furthermore, the HRTEM was carried out to reveal the
intimate interface structure between Pt core and Ni(OH),
membranes. As shown in Fig. 2(m), it is clearly observed that
Ni(OH), membranes grow on the surface of Pt particles, forming
an abundant intimate contact. The lattice distances with
interplanar spacings are 0.196 and 0.219 nm, corresponding to the
(200) plane of Pt and (103) plane of Ni(OH),-3H,O crystal phase,
respectively.

It is noted that, in this work, N,N-dimethylformamide (DMF)
plays an important role in fabricating successfully Pt-Ni dual sites.
In the second step of preparation process, when the mixture of
cyclohexane and DMF was replaced by pure cyclohexane, the
segregated Pt particles and Ni(OH), nanosheets were obtained, as

shown in Fig.S6 in the ESM. Thus, it can be referred that the
treating process can adjust the pH value of the solution to govern
the hydrolysis of Ni** at a certain rate [41], which can not only
avoid the local agglomeration of Ni(OH),, but also promote its
uniform growth to coat on the Pt particles.

The Pt-Ni dual sites were characterized by X-ray diffraction
(XRD). Figure 3(a) shows the XRD patterns of the as-prepared Pt
and Pt-Ni dual sites, of which the well-defined Pt particles own a
highly crystalline face-centered cubic (fcc) Pt phase. The Pt
nanocrystal features the highest {111} and {200} peak intensities.
After hybriding Ni(OH), composition, the crystalline positions of
Pt nanocrystals in Pt-Ni dual sites can keep pace with the pure P,
disclosing that the modification of Ni(OH), does not change the
crystal structure of Pt nanocrystals. In addition, it is observed that
the peaks located at 58° and 75° for Pt-Ni dual sites are the typical
crystal structure of Ni(OH),, demonstrating the presence of
Ni(OH), composition.

X-ray photoelectron spectroscopy (XPS) was carried out to
detect the surface chemical constituents and information of long-
range Pt-Ni dual sites. Figure 3(b) exhibits the Pt 4f peaks of the Pt
and Pt-Ni dual sites. The Pt 4f spectra of two catalysts present that
the main components of the surface Pt are in the metallic state.
The signals of Pt 4f,, in Pt and Pt-Ni dual sites are 70.72 and
71.02 eV, respectively. The configurations in the Pt 4f XPS spectra
for Pt-Ni dual sites indicate a positive shift compared with Pt,

ﬁ %/» ié’ A @ Springer | www.editorialmanager.com/nare/default.asp

Y Tsinghua University Press



Nano Res. 2024, 17(5): 37003706

3703

(@) Al p| —Pt (O) [ Peni dual sites
—— Pt-Ni dual sites 102 eV
5 S PP =078
S © L
> =
2 2
8 5
= S
Ni(OH)2| || | |et I | ‘
20 30 40 50 60 70 80 90 80
26 (°)
(c) 06 (@ ©r
Pt
. 0.5]
c
% 043 ® |
5 0.4 -1.86 eV |
+ D 1 Lia
& 0a g
o o o [Pt-Nidual sites
é 0.2 0.26
= -2.30/eV
D 0.1
0.0 . ,
Pt Pt-Ni -10 -5 0 5
E-E.(eV)

Figure3 (a) XRD patterns (A: Ni(OH),, 0: Pt) and (b) XPS spectra of Pt and Pt-Ni dual sites. (c) Surface Pt** content of Pt and Pt-Ni dual sites (surface Pt content:
Pt*/(Pt’ + Pt*)). (d) The PDOS of surface Pt atoms and d-band center positions of Pt and Pt-Ni dual site models. (¢) The charge density difference of Pt-Ni dual sites

(top view and side view).

which ultimately involved an optimization of Pt d-band center
[42, 43]. From the deconvolutions of the Pt 4f signals, the signal
centered at 71.89 eV, attributing to Pt* component from the
passivated Pt-O layer [44]. It is clearly seen that the ratio of
Pt*/(Pt" + Pt*) increased from the 0.26 to 0.43 (Fig.3(c)) after
introducing the Ni(OH), composite, which is resulted from
intensive electron transfer from Pt to Ni(OH),. The electronic
interactions of Pt and Ni(OH), were further assessed by
theoretical modelling. As shown in Fig. 3(d), it is seen that the
binding energy of the Pt d-orbital in Pt-Ni dual sites changes from
-1.86 to —2.30 eV in comparison with Pt from the plot of the
projected d-density of states (PDOSs), which is in favor of the
water splitting. The electronic redistribution of Pt in the Pt-Ni
dual sites steered by the electron cloud coupling can be clearly
presented in Fig. 3(e), revealing an unconventional electron
movement around the Pt-Ni dual sites. The above electronic
behavior discloses a strong electronic interaction for Pt and Ni
dual sites. Simultaneously, the electron localization function
analysis (Fig. S7 in the ESM) demonstrates the delocalization level
of electron interface around Pt-Ni dual sites.

The HER performance of the Pt-Ni dual sites was evaluated by
typical electrochemical workstation. And commercial Pt/C
(20 wt.%) was also tested as a standard under the same testing
benchmark. The cyclic voltammetry (CV) was first employed to
calculate the electrochemical surface area (ECSA) values of Pt and
Pt-Ni dual sites catalysts and commercial Pt/C in alkaline solution.
As shown in Fig. S8 in the ESM, the ECSA values of Pt and Pt-Ni
dual sites tested in alkaline media (0.1 M KOH) are about 14.6 and
11.9 m*g™. The lower ECSA value of Pt-Ni dual sites indicates that
core-shell structure of Pt-Ni dual sites would cover some active
sites of Pt.

The HER performance of as-obtained Pt-Ni dual sites was
tested in 0.1 M KOH solution. The commercial Pt/C was also
measured as a reference. In general, the specific activities of Pt, Pt-

Ni dual sites, and commercial Pt/C were assessed on the basis of
ECSA (Fig. S8 in the ESM). It is obviously seen from the Figs. 4(a)
and 4(b) that the specific activities (at 0.07 V vs. reversible
hydrogen electrode (RHE)) of Pt-Ni dual sites and Pt are 3.84 and
246 mA-cm?, respectively, which are 7.5 and 4.8 times higher
than that of Pt/C (0.51 mA-cm™). In addition, the mass activities of
all catalysts were also measured according to real-loading of Pt on
the electrode. As seen from Fig. 4(b), the mass activity of Pt-Ni
dual sites is 0.52 mA-cm™, which is 5.2 times higher than that of
commercial Pt/C (0.1 mA-mg™). The high HER activity of Pt-Ni
dual sites is attributed to its intrinsic surface structure of
encapsulated  structure.  First, possessing amounts of
undercoordinated surface Pt atoms can provide abundant active
sites for adsorbing water molecule, which was demonstrated that
defect Pt sites are in favor of higher HER activity because of lower
AG for water dissociation. Second, Pt-Ni dual sites possess
abundant intimate interface of defect Pt sites and defective
Ni(OH), nanosheets, of which the water dissociation can be
expedited via the synergistic catalysis of long-range Pt-Ni dual
sites via decreasing the AG of water splitting.

The Tafel slope is an intrinsic nature of electrocatalysts, relating
to the rate-limiting step of HER. The Tafel slope can be calculated
by the Tafel equation (1 = a + blogj, where j indicates the current
density, b indicates the Tafel slope, a indicates the intercept, and %
indicates the overpotential) [45, 46]. The mechanism of HER [24,
47] in basic solution is traditionally considered as a combination
of three main reactions: Volmer reaction 2H,O + M + 2e” = 2M-
H,q + 20H" (120 mV)), followed by the Heyrovsky reaction (H,O
+HgyM+e S M+ H, + OH (40 mV)), or the Tafel reaction
(2M-H,4 = 2M + H, (30 mV)). In both the Volmer-Heyrovsky
reaction and the Volmer-Tafel reaction, the first step is H-OH
bond-cleavage. Figure 4(c) shows the Tafel slope of Pt-Ni dual
sites, Pt, and commercial Pt/C. The Tafel slope values are 37.2,
66.4, and 48.6 mV-dec” for Pt-Ni dual sites, Pt, and commercial

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Figure4 (a) HER curves, (b) specific activities and mass activities, and (c) Tafel slope driving from polarization curves of commercial Pt/C, Pt, and Pt-Ni dual sites.
(d) Normalized current-time (i-f) chronoamperometric responses of Pt and Pt-Ni dual sites.

Pt/C, which demonstrate that the primary discharge (Volmer step)
is the rate-limiting step for Pt-Ni dual sites. In addition, it is noted
that after introducing the Ni sites, the Tafel slope of Pt decreases
from 664 to 372 mV-dec', revealing that the existence of
Ni(OH), can optimize the Volmer reaction steps and lower the
reaction AG. The stability of Pt-Ni dual sites was assessed by
chronoamperometric measurements. Figure 4(d) shows that the
well-defined Pt-Ni dual sites keep 84.3% of initial activity after
8000 s test, which is higher than the activity of Pt (63.6%) catalyst.
The enhanced HER durability further reveals that of Ni sites has a
benefit on stabilizing the surface structure of Pt sites. As we know,
the high surface free energy of HIFs is detrimental for long-term
measurements because the surface stepped metal atoms are easy to
dissociate and migrate. The introduction of Ni can delay this trend
of irreversible evolution, which was further identified by TEM
images after stability tests (Fig. S9 in the ESM).

An excellent performance dominantly depends on the
matching degree between active sites and reaction intermediates in
the field of catalysis. Thus, expounding the structure-performance
relationship of long-range Pt-Ni dual sites is necessary for
advancing the fundamental study in nanoscience and
nanocatalysis. Thus, after the detailed discussion based on above
characterizations, the enhanced performance of HER should be
attributed to electronic effect and synergistic effect based on long-
range Pt-Ni dual sites. In terms of electronic effect, it is noted that

(a) Conventional Pt site:

Hoo- H. ®@

HO™

=
o

o
(
mmnm @e

H,0

after introducing the Ni, the binding energy of Pt has a positive
shift in comparison with pure Pt (XPS results), which will cause an
optimizing  adsorption behavior between catalyst and
intermediates, facilitating a performance enhancement. Apart
from the electronic effect, the synergistic effect also plays an
important role in improving HER activity. Illustrated in Fig. 5, the
combination of long-range Ni site and Pt site will provide
amounts of atomic interfaces, in which the adsorbed H,O
molecule will be decomposed via the co-adsorption behavior that
H,q is adsorbed on Pt and OH, is adsorbed on the Ni, leading to a
repaid water dissociation process [24].

3 Conclusions

In summary, a novel strategy that constructing synergistic long-
range Pt-Ni dual sites to match the intermediates was proposed to
accelerate the HO-H bond-cleavage of H,O molecule. The
Ni(OH), coated Pt nanocrystals with HIFs were successfully
constructed by using Pt nanocrystals as grow template. It is the
first report of fine engineering of Pt nanocrystals with
HIFs@hydroxide membranes composite, of which the Pt is well
modified by Ni(OH), membranes. The obtained Pt-Ni dual sites
show a 7.5 times specific activity and 5.2 times mass activity higher
than those of Pt/C towards basic HER. The improved HER
performance (activity and stability) is attributed to the electronic

(b) Long-rang Pt-Ni dual sites:

ho HO-H Hoo- 9@
'2? ~ ""\.z p
Ni(OH), = ‘9
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Figure 5 Illustrated HER processes in different catalysts: (a) conventional Pt site and (b) long-range Pt-Ni dual sites with obvious electronic interactions.
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effect and synergistic effect of long-range Pt-Ni dual sites. This
work develops a new avenue to steer the electronic behavior of
long-range dual sites with outstanding electrocatalytic
performance for alkaline HER and beyond.
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