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Metastable noble metal nanocrystals may exhibit distinctive catalytic proper-
ties to address the sluggish kinetics of many important processes, including
the hydrogen evolution reaction under alkaline conditions for water-
electrolysis hydrogen production. However, the exploration of metastable
noble metal nanocrystals is still in its infancy and suffers from a lack of suffi-
cient synthesis and electronic engineering strategies to fully stimulate their
potential in catalysis. In this paper, we report a synthesis of metastable hex-
agonal Pt nanostructures by coherent growth on 3d transition metal nano-
crystals such as Ni without involving galvanic replacement reaction, which
expands the frontier of the phase-replication synthesis. Unlike noble metal
substrates, the 3d transition metal substrate owns more crystal phases and
lower cost and endows the hexagonal Pt skin with substantial compressive
strains and programmable charge density, making the electronic properties
particularly preferred for the alkaline hydrogen evolution reaction. The energy
barriers are greatly reduced, pushing the activity to 133 mA cmge, > and

17.4 mA pgp ' at -70 mV with 1.5 ug of Pt in 1M KOH. Our strategy paves the
way for metastable noble metal catalysts with tailored electronic properties for
highly efficient and cost-effective energy conversion.

The electrocatalytic hydrogen evolution reaction (HER) has attracted
great attention because it is associated with the water-splitting pro-
duction of H,, a clean alternative to traditional fossil fuels'”. So far, Pt is
widely recognized as one of the best-performing catalysts for the
HER®’. However, most Pt catalysts essentially share the same face-
centered cubic (fcc) phase as the bulk material. Recent studies suggest
that metastable-phase noble metal nanocrystals often show distinctive
catalytic properties®”. For example, Pt-Ni alloy nanocrystals with a

metastable hexagonal close-packed (hcp) phase exhibit improved HER
activity in alkaline media'”*®. However, the catalytic activities are still
not comparable to those of state-of-the-art Pt catalysts with a con-
ventional fcc phase for this reaction'*?°. From an energetic perspective,
the binding energy of hydrogen (AGy-) should be close to O for effi-
cient hydrogen desorption from the catalyst’*%. The AGy- value has
not reached ideal levels and is often too high for most Pt-based cata-
lysts, which we believe holds true for metastable ones. To this end, the
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electronic structure of metastable Pt-based catalysts should be
modulated toward a lower d-band center position relative to the Fermi
level according to the d-band center theory”> . Therefore, we believe
that a metastable Pt phase with modulated electronic structure may
show significantly improved catalytic activity in alkaline HER.

In this context, a coherent metastable Pt phase of a few atomic
layers on Ni and potentially other 3d transition metal nanocrystals
represents an ideal catalyst model for the alkaline HER. First, Ni and
other transition metal nanocrystals are competent substrates to
guide the formation of metastable noble metal phases. To date,
limited success has been achieved in the direct wet-chemical synth-
esis of metastable-phase noble metal nanocrystals** %, Alternatively,
they can be obtained by coherent crystal growth on metal substrates
that already possess the specific phase. However, such substrates,
including hexagonal Au*?° and Pd®*, are not readily available by
conventional syntheses. In contrast, 3d transition metals possess
more diverse crystal phases. For example, both fcc and hcp phases
can be found in Ni, which may enrich the synthesis of metastable-
phase noble metal nanocrystals by coherent crystal growth. Second,
Ni and other 3d transition metals are unique electronic modulators
for the coherent noble metal phases. On the one hand, their atomic
radii are typically smaller than those of Pt and many other noble
metals, which may induce strong compressive strains in the coherent
noble metal phase, broaden its d band, and downshift the d-band
center position* . On the other hand, their electronegativities are
generally lower than those of common noble metals, which allows
significant electron transfer from the 3d transition metal substrate to
the coherent noble metal phase, leading to an upshift of the Fermi
Level in the noble metal phase. Both can significantly weaken AGy-
for accelerating the HER, which cannot be achieved by other com-
mon substrates such as Au and Pd in previous syntheses. Third, the
structure of few-layer Pt on a Ni or other 3d transition metal substrate
allows maximal exposure of Pt atoms on the surface, not buried
underneath, for ready accessibility. This catalyst design greatly
reduces the overall cost thanks to the high abundance of 3d transi-
tion metals in the earth’s crust. Despite these merits, such a synthesis
has not been established so far for metastable-phase noble metal
catalysts, even for general noble metal ones. This is because a gal-
vanic replacement reaction readily occurs between 3d transition
metal substrates and noble metal salts, causing destruction of the
substrates and therefore a loss of well-defined nanostructure® %,

Herein, we report the synthesis of a coherent metastable hcp-Pt
phase on Acp-Ni nanocrystals by overcoming the galvanic replacement
reaction and reveal its unique electronic properties and significantly
improved catalytic activities in the alkaline HER (Fig. 1). We first

hcp-Ni

hcp-Pt skin

HER

synthesized branched Ni nanocrystals with an hcp phase. The key to
the coherent growth of Pt on these hcp-Ni nanobranches is to intro-
duce oleylamine as a strong ligand, which significantly lowers the
reduction potential of the Pt salt and thus its tendency to react with
the Ni nanobranches by galvanic replacement. While Pt retains its fcc
phase and intrinsic lattice size on (0001) facets of the Ni nanobranches,
it successfully replicates the hAcp phase of the Ni nanobranches on non-
(0001) facets with the dooo> spacing perpendicular to the (0001)
planes shrunk to that of the Ni substrate, showing strong compressive
strains in the hcp-Pt skins. The well-defined core-shell nanostructure
further allows layer-by-layer electron transfer from the Ni core to the Pt
skin. Therefore, the electronic structure of the hcp-Pt skins can be
effectively modulated by the Ni cores. Moreover, abundant step sites
are formed on the hcp-Pt skins, inheriting from the unique branch-like
hcp-Ni templates. Experiments and density functional theory (DFT)
calculations confirm that the metastable Acp phase of the Pt skins, the
unique core-shell electronic interactions, and the surface step sites
significantly lower the energy barriers of the alkaline HER, pushing
catalytic activities to a high level (Fig. 1). This work paves an avenue to a
class of core-shell structured noble metal catalysts with designable
phases, unique electronic properties, and low cost, offering new
opportunities in designing highly efficient catalysts for energy
conversion.

Results
Synthesis and structural analysis of the hcp-Ni@Pt-skin
nanostructure
A metastable hcp-Pt skin was synthesized by coherent crystal growth of
Pt on hcp-Ni nanocrystals (Fig. 2). To this end, Acp-Ni nanobranches
were first synthesized by reducing Ni(acac), (acac: acetylacetonate) in
a solvothermal system. A small amount of H,PtClg (Pt/Ni=2%) was
introduced into the synthesis to afford fcc-Pt nanoparticles as seeds to
trigger the crystal growth. The resulting product shows an X-ray dif-
fraction (XRD) pattern with well-resolved {01-10}, (0002), and {01-11}
reflections from a typical hcp lattice (2H phase) (Supplementary Fig. 1).
Transmission electron microscopy (TEM) images show that the pro-
duct is composed of nanocrystals with rod-like branches extending
along the [0001] direction (Supplementary Fig. 1). The unique mor-
phology of the Ni nanocrystals may arise from the growth of hcp-Ni
branches on multiple {111} facets of individual polycrystalline Pt
seeds®. Depending on the seed structure, the number of hcp-Ni
branches in each nanocrystal varies from 4 to 9 (Supplementary Fig,. 2).
The coherent growth of an ultrathin Pt skin on the Ni nanocrystals
is challenging because a galvanic replacement reaction quickly occurs
between the Ni nanocrystals and the Pt salt upon mixing in the
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Fig. 1| Synthesis and electronic interactions of a coherent metastable hcp-Pt
skin on an hcp-Ni nanocrystal for the HER. A coherent Pt skin is grown on an hcp-
Ni nanocrystal by suppressing the galvanic replacement reaction, leading to a phase
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replication, strong compressive strains, layer-by-layer Ni-Pt electron transfer, and
formation of surface step sites, which lower the energy barriers of the HER for
improved catalytic activity.
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Fig. 2 | Structural and phase analysis of the hcp-Ni@Pt-skin core-shell nano-
branches. a Low-magnification TEM images. b XRD patterns of the hcp-Ni@Pt core-
shell nanobranches and Pt shells after etching of Ni. c-f Cs-corrected HR-STEM
analysis. ¢ Atomic-resolution EELS mappings acquired at the tip and side of the
nanobranches with corresponding HAADF-STEM images. d Phase analysis of the
nanobranches, showing an hcp structure of both the Ni core and the Pt skin at the
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side and an fcc structure of the Pt skin at the tip. Inset: Positions of a, b, and c in a
close-packed structure. The surface step sites are also indicated in the image.

e Atomic resolution HAADF-STEM images, showing the lattice spacing correlation
between the Ni substrate and the Pt skin at the tip (left) and side of the nanobranch
(right). fIntensity profile along the dashed arrow in (e), showing the lattice spacings
along the <01-10> direction at the side of the nanobranches.

synthesis. A careful literature search suggests that Ni@Pt core-shell
nanostructures have been reported previously’**’. However, these
nanostructures were usually synthesized by sequential reduction of Ni
and Pt without delicate design for suppressing the galvanic replace-
ment side-reaction, which may lead to destruction of the Ni/Pt
boundary, significant Ni-Pt atomic mixing, and loss of control over the
structure. As a result, many of these prior works failed to provide
unambiguous evidence to prove a well-defined core-shell structure as a
heterojunction of monometallic Ni and Pt with sufficient control. To
overcome the galvanic replacement reaction, we previously developed
a strategy that utilizes strong ligands to reduce the reduction potential
of the noble metal salt**>, This strategy is particularly successful in
growing Au, Pt, and Pd on less-stable Ag nanocrystal substrates. When
non-noble transition metal nanocrystals are used as the substrate, the
synthesis becomes difficult, especially when strict control over crystal

growth is required™. To address this challenge, we here advance this
strategy by introducing oleylamine as a strong ligand to substantially
decrease the reduction potential of H,PtCls so that the galvanic
replacement reaction becomes thermodynamically unfavorable.
Moreover, the synthesis is carried out at a high temperature (144 °C)
with a low injection rate of Pt precursor into the synthesis system,
which allows sufficient diffusion of Pt atoms across Ni surface to forma
complete shell, despite the large Ni-Pt lattice mismatch®°. By this
means, the coherent growth of a Pt skin on the Ni nanobranches has
been successfully achieved without involving the galvanic replacement
reaction (Fig. 2a, Supplementary Fig. 3; control experiments, Supple-
mentary Figs. 4 and 5).

The XRD pattern of the Ni@Pt core-shell nanobranches shows
characteristics of a typical hcp phase (Fig. 2b). The core-shell structure
can be confirmed by electron energy loss spectroscopy (EELS)
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mapping with atomic resolution captured on a spherical-aberration
(Cs)-corrected high-resolution scanning transmission electron micro-
scope (HR-STEM), which clearly shows a Pt skin at the outer rims of the
Ni nanocrystal (Fig. 2c). The high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) images show
atomic-number dependent contrast, higher at the rim and lower in the
core, corresponding to Pt and Ni atoms, respectively, consistent with
the EELS elemental mapping results. A closer inspection of the tip and
side of the nanobranch suggests that the skin is composed of Pt with
negligible Pt-Ni mixing across their interface (observable only in the
first layer as indicated by Lo in Fig. 2c), different from common
coherent crystal growth that usually causes significant interfacial
alloying®’. A previously reported Pt-Ni phase diagram shows that Ni and
Pt can dissolve into each other to reach a concentration of 5 and 8%,
respectively, at the reaction temperature of 144 °C. However, it
requires a long time to reach equilibrium. Therefore, although there is
atendency for bimetallic interdiffusion across the interface, it has been
largely suppressed in our system, which can be partially attributed to
the core-shell lattice mismatch®. From the perspective of energetics,
Ni and Pt possess very similar surface energies (Ni: 2.45)m™% Pt
2.48) m™), which may have made outward diffusion of Ni less favor-
able during the coherent crystal growth®. The negligible Pt-Ni mixing
offers an opportunity to finely tune the Ni-Pt electron transfer and
therefore the electronic property of the Pt skin via its thickness.

To understand how the Pt skin replicates the phase and structure
of the Ni substrate, the atomic arrangements at the tip and side of the
core-shell nanobranches were investigated by atomic-resolution Cs-
corrected HAADF-STEM imaging (Fig. 2d). The Ni atoms (low-contrast
spots) align in an abab sequence (equivalent to acac or bcbc sequen-
ces) along the growth direction of the nanobranch, which is a typical
packing structure of the hcp phase, albeit with abundant stacking
faults. At the tip of the nanobranch, Pt atoms (high-contrast spots)
were observed in an abcabc stacking sequence, which is the packing
structure of the fcc phase. Therefore, on (0001) facets of the hcp-Ni,
the Pt skin does not replicate the phase of Ni substrate but takes its
intrinsically stable fcc phase, growing along <111> directions. On non-
(0001) side facets of the Ni branch, the Pt atoms align in the same abab
sequence as the Ni atoms in the core, suggesting successful replication
of the hcp phase of the Ni core by the Pt skin. Phase replication thus
exhibits obvious anisotropy on different facets of the substrate. It is
worth noting that the ultrathin hcp-Pt phase is stable only when it is
supported on Ni substrate. Upon the substrate removal, it readily
transforms from the hAcp phase into an fcc phase, confirming the
intrinsic instability of the hcp-Pt phase under ambient conditions
(Fig. 2b). A close inspection of the surface structure suggests that the
hcp-Pt skin on the side exposes {01-11} facets with abundant step sites,
inheriting from the Ni substrate (Fig. 2d). These atomic steps may serve
as extra active sites, favorable for improving the catalytic properties®.

We further examined the effect of the Ni substrate on the lattice
spacing of the Pt skin (Fig. 2e). At the tip of the branch, the dyy; spacing
perpendicular to the {111} plane in the fcc-Pt skin is 2.27 A, which is ~5%
larger than the dogo spacing in the hcp-Ni phase (2.16 A). Along the Ni/
Pt interface, the Pt atoms are not aligned perfectly one-to-one with the
Ni atoms, showing obvious mismatch in the atomic alignments. These
observations suggest that the fcc-Pt skin relaxes to its intrinsic spacing
when it is grown on (0001) facets of the hcp-Ni substrate. On non-
(0001) side facets of the nanobranch, the dy;.10 spacing changes from
2.3 A in the hcp-Ni phase to 2.5 A in the hcp-Pt phase. Figure 2f shows
the intensity profile along the dashed arrow in Fig. 2e. The spacings
between the Pt atoms (high-intensity peaks) are statistically larger than
those between the Ni atoms (low-intensity peaks), again displaying a
tendency of the lattice relaxation in the hcp-Pt phase. However, the
doooz spacing of the hcp-Pt phase is precisely the same as that of the
hcp-Ni phase (2.16 A), showing a substantial shrinkage of the lattice
spacing in the [0001] direction. The hcp-Pt skin thus possesses a

compressed hexagonal unit cell in the c direction (@a=b=2.89A4,
c=432A; ¢/a=149<1.633 for ideal hexagonal sphere packing).
Combining these observations, we conclude that the lattice size of the
Pt skin is anisotropically affected by the Ni substrate. While the Pt skin
tends to relax to its intrinsic spacing, the hcp-Pt skins on non-(0001)
facets of the nanobranches are significantly compressed by the Ni
substrate uniaxially in the [0001] direction. We expect the compres-
sive strain decreases AGy- by downshifting the d-band center of the
hep-Pt skin, which is desired for improving the HER activity> .

Thickness-dependent electronic properties of the hcp-Pt skins
Thanks to the effective suppression of the galvanic replacement
reaction, the thickness of the coherent hcp-Pt skin can be precisely
controlled by simply adjusting the amount of the Pt precursor in the
synthesis (Fig. 3, and Supplementary Fig. 6). The resulting core-shell
nanobranches are denoted as hcp-Ni@Pt,,, where n represents the
average atomic layers in the hcp-Pt skin. Figure 3a shows the Cs-cor-
rected HAADF-STEM images of the side edges of the hcp-Ni@Pt,,.
(n=2.6, 3.2, and 4.0) nanobranches. The n-values were counted sta-
tistically from the HR-STEM images, which are found to be linearly
related to the fraction of Pt in the nanobranches measured by induc-
tively coupled plasma mass spectrometry (ICP-MS) (Supplementary
Fig. 7). It is worth noting that Acp-Pt with even fewer atomic layers can
also be obtained (hcp-Ni@Pt, 3., estimated by ICP-MS, Supplementary
Fig. 7). However, the ultralow loading of Pt makes the Ni substrate
unstable and prone to oxidation in ambient air, forming a thick NiO
layer (-3 nm) (Supplementary Fig. 8), which may cause unexpected
inferences to the electronic properties of the Pt skins.

The electronic properties of the hcp-Pt skin in the Ni@Pt,_
(n=2.6,3.2, and 4.0) core-shell nanobranches were examined by X-ray
photoelectron spectroscopy (XPS) (Fig. 3b). The Pt 4 f spectra are fit-
ted by two sets of spin-orbit split 4f7,, and 4fs;, components, corre-
sponding to Pt° and Pt*, respectively. The peak of Pt* can be
attributed to the partial oxidation of the surface Pt atoms and may also
contain the contribution from the plasmon-energy loss. With
decreasing thickness of the Pt skins from n=4.0 to 2.6, the Pt° peak
shows a continuous shift in the binding energy from 70.93 to 70.69 eV,
suggesting an increase in the electron density in the Pt skins. This
observation can be rationalized by a progressive electron transfer from
the Ni substrate to the Pt skin due to the differences in work function
(Pty1, 5.93 eV; Nijy, 5.35¢€V) and electronegativity (Pt, 2.2; Ni, 1.91)%,
which leads to an upshift in the Fermi level position of the Pt skin and
therefore a decreased AGy- according to the d-band center theory.
Because electron transfer is a short-range interaction that is pro-
nounced between neighboring atoms (electronic “ligand effect”) and
significantly weakens to a third atom®, the electron density of the
surface Pt atoms decreases continuously with increasing thickness of
the hcp-Pt skins. By this means, the electronic property of the hAcp-Pt
skin can be precisely tuned, leading to programmable catalytic prop-
erties. Such precise control of electronic property of Pt could not be
achieved without suppression of Pt-Ni alloying in the Pt skins. In case of
core-shell structure with significant atomic interdiffusion, the degree
of Ni-Pt electron transfer becomes unpredictable due to random
coordination environments of the metal atoms, leading to a loss of
precise control over the electronic property of the Pt atoms in the
shells.

Electrocatalytic performance

Considering the metastable phase and the unique core-shell interac-
tions, we expect the coherent hcp-Pt skins on the hcp-Ni substrates
may show high activities in the alkaline HER. To verify it, we investi-
gated the activities of the hcp-Ni@Pt, catalysts compared to fcc-
Ni@Pt-skin and the commercial Pt/C. The fcc-Ni@Pt-skin catalyst was
obtained by phase transformation of the hcp-Ni@Pt-skin by thermal
annealing without obvious changes in the structure and morphology
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Fig. 3 | Thickness-dependent electronic properties of the coherent hcp-Pt skins on Ni substrates. a HAADF-STEM images of the hcp-Ni@Pt, 6 (top), hcp-Ni@Ptz 5,
(middle), and hcp-Ni@Pt4 o (bottom) nanobranches. b Pt 4 f XPS spectra of the hcp-Ni@Pt,_ nanobranches fitted by 4f7,, and 4fs;, components.

(Supplementary Fig. 9). All the nanocrystals were supported on carbon
nanotubes and transferred to a rotating disk electrode (RDE,
0.196 cm?) with a fixed Pt mass of 1.5ug. The HER activities of the
catalysts were evaluated by linear sweep voltammetry (LSV, 90% iR
compensation) in Ny-saturated 1M KOH in the potential range of O ~
-0.10V vs. a reversible hydrogen electrode (RHE) at a scan rate of
10 mV's™, with the current densities normalized to the mass of Pt and
the geometric area of the electrode, respectively (Fig. 4a, b; other
experimental parameters, Supplementary Figs. 10, 11). The mass
activities of the hcp-Ni@Pt 3, hcp-Ni@Ptog, hcp-Ni@Ptso, hcp-
Ni@Pty o1, fcc-Ni@Pt,61, and the commercial Pt/C are 2.24, 17.4, 12.1,
7.95, 3.26, and 1.11mA pgp, ", respectively, at -70 mV (Fig. 4c and
Supplementary Fig. 12). Notably, the hcp-Ni@Pt, ¢, catalyst showed the
highest mass activity among all shell thicknesses investigated, which is
15.7 times greater than that of the commercial Pt/C, making it com-
parable to or better than the state-of-the-art Pt-based catalysts repor-
ted to date (a survey of reported values with different test conditions,
Supplementary Table 1)72°¢*7! The catalytic activity of the hcp-
Ni@Pt, ¢ catalyst normalized to the geometric area of the electrode
reached 133 mA cmye, 2 at -70 mV with 1.5 pg of Pt, which is 15.6 times
greater than that of the commercial Pt/C (Fig. 4b). These results vali-
date the design of the metastable catalyst toward improved activities
for the alkaline HER.

The metastable hcp phase of the Pt skin plays a critical role in the
HER. Because both fcc- and hcp-phase Pt skins exist in the hcp-Ni@Pt
nanobranches, it is difficult to discriminate the contributions
from each component experimentally in the HER. Instead, we com-
pared the activities of the Acp-Ni@Pt nanobranches with their fcc
counterparts obtained by thermal phase transformation (Fig. 4a-c).
At -70mV vs. RHE, the activity values of the hcp-Ni@Pt,e,

nanobranches (17.4 mA pgp. ", 133 mA cmyg., ) are 5.3 times greater
than those of the fcc counterparts (3.26 mA pgp, ', 24.9 MA CMge, ),
albeit the similar core-shell structure, which unambiguously confirms
the critical role of the metastable hcp phase in improving the cata-
lytic activity of the Pt skins in the alkaline HER.

The effects of the modulated electronic structure of the Pt skins
on the HER activity are also clear. All the Ni@Pt nanobranches, despite
the phase and skin thickness, exhibit higher catalytic activities than the
monometallic Pt/C (Fig. 4c), which can be attributed to the compres-
sive strain in the Pt skins that lowers the AGy- for accelerating the
HER®*72, With decreasing thickness of the Pt skin, the mass activity
exhibits a volcano-shaped profile peaking at a thickness of 2.6 L (hcp-
Ni@Pt,¢6) (Fig. 4c). It is difficult to measure the electrocatalytically
active surface areas (ECSAs) of the catalysts directly by the under-
potential deposition (UPD) of hydrogen because the Ni cores are prone
to oxidation at positive potentials. However, given the atomic layer
number (n) of Pt obtainable statistically by Cs-corrected HAADF-STEM
imaging, the ECSA of the hcp-Ni@Pt, {01-11} catalysts can be estimated
to be 222.8/n m* g by geometrical calculations (Supplementary
Fig. 13). By this means, the ECSAs of the hcp-Ni@Pt, (n=1.3, 2.6, 3.2,
and 4.0) catalysts were calculated to be 171, 85.7, 69.6, and 55.7 m* g,
respectively. With these values, the specific activities of the catalysts at
-70 mV were estimated to be 1.31, 20.3, 17.3, and 14.3mA cmp 2,
respectively (Supplementary Table 2). Alternatively, the specific
activity can be evaluated by multiplying the mass activity by the atomic
layer number of the Pt skin, which contains fewer assumptions in the
calculation (details, Supplementary Information) (Fig. 3d). A similar
volcanic trend of the specific activity can be observed with decreasing
thickness of the Pt skin. The catalyst with a Pt skin of 2.6 atomic layers
shows the highest activity in the alkaline HER. It is reasonable that with
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Fig. 4 | Electrocatalytic performance of the hAcp-Ni@Pt-skin catalysts in the
alkaline HER, compared with fcc-Ni@Pt-skin and the commercial Pt/C. a, b LSV
curves of the catalysts with 90% iR compensation in N,-saturated 1 M KOH at a scan
rate of 10 mV s™. The current densities are normalized to the mass of Pt (1.5 ug) and
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three parallel measurements (Supplementary Fig. 12), with the error bars indicating
the standard deviations. d Specific activities (mass activity multiplies atomic layer
number of the Pt skin) of the catalysts at =70 mV vs. RHE. e Tafel plots of the
catalysts in the HER. f Chronopotentiometric curves of the Acp-Ni@Pt, ¢ catalyst at
constant current densities of 10 and 100 mA cmg, 2 The chronopotentiometric
curve of the commercial Pt/C was also listed for comparison. Inset: Chron-
opotentiometric curves in the first 10 h.

decreasing atomic layers of the Pt skin from 4.0 L to 2.6 L, the surface
Pt atoms possess increasing electron densities due to the layer-by-layer
core-shell electron transfer, which upshifts the Fermi level, decreases
AGy+, and thus accelerates the HER. When the thickness of the Pt skin is
decreased to 1.3 L, the Pt atoms are directly coordinated to Ni, which
may have changed the electron density of states at the Fermi level to
afford an unfavorable AGy-">". We also calculated the exchange cur-
rent densities with these catalysts, which further shows boosted

reaction kinetics with the core-shell catalysts, compared with the Pt/C
(Supplementary Fig. 14). All these results confirm the important role of
the delicately engineered electronic properties of the Pt skins on their
exceptional catalytic activities in the alkaline HER.

We further employed Tafel analysis to investigate the reaction
kinetics of the HER on the different catalysts (Fig. 4e). The Tafel slope
with the commercial Pt/C is 115mV dec’, suggesting the Volmer
reaction, i.e., the water dissociation reaction (* + H,O+e™ > H*+ OH"),
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is the rate-determining step, consistent with previous results (refer-
ence Tafel slope value, ~120 mV dec™)”>7. In contrast, the catalysts of
hep-Ni@Pt,. 6. and hcp-Ni@Pt; 5, show significantly lower Tafel slopes
of 51 and 50 mV dec™, respectively. These values are very close to the
theoretical value of ~40 mV dec™ when the Heyrovsky reaction, i.e., the
electrochemical hydrogen desorption reaction (H*+H,O+e -~
H, + OH"), becomes the rate-determining step”. It suggests that the
dissociation of H,O on these catalysts is no longer a huge obstacle for
the overall HER. The electrocatalytic hydrogen desorption being the
rate-determining step may have substantially accelerated the overall
hydrogen evolution rates. It is worth noting that the Tafel slopes with
the catalysts of hcp-Ni@Pt; 3 and hcp-Ni@Pty o are 66 and 65mV
dec™, respectively. These values are in between the typical values of
120 and 40 mV dec™ and are closer to the latter, suggesting that both
the Volmer and the Heyrovsky reactions are limiting the overall reac-
tion rate, with the latter being the dominant rate-determining step.

Therefore, we have successfully verified the strong effects of the
metastable phase and the modulated electronic structure of the hcp-Pt
skins on their catalytic activities in the alkaline HER. It is worth noting
that the abundant step sites on the hcp-Pt surface may have also
contributed to the enhanced activity, as these crystallographic defects
are well-known hotspots for further lowing the energy barriers in the
catalytic reactions®. As the defect-free counterparts are unavailable
experimentally, the effect of the steps on the catalytic properties of
the hcp-Ni@Pt-skin catalyst will be discussed later with the aid of DFT
calculations.

The hcp-Ni@Pt-skin catalyst exhibits improved stability in the
alkaline HER compared with the commercial Pt/C (Fig. 4f). In a typical
chronopotentiometric test (current density, 10 mA Cmge, ), the
overpotential (absolute value, and hereafter) rises rapidly from 130 to
380 mV (overpotential increase, 250 mV) in the first 10 h with the
commercial Pt/C. At the same current density, the overpotential with
the hcp-Ni@Pt, ¢ nanobranches rises from 17 to 67 mV within 60 h,
showing an overpotential increase by only 50 mV in this period, which
suggest substantially increased catalyst stability with the catalyst. We
also investigated the catalytic stability of the hcp-Ni@Pt, 6 nano-
branches at a high current density of 100 mA cmg., 2. The over-
potential showed a slow increase from 80 to 230mV in 50h,
suggesting satisfactory catalytic stability. TEM imaging reveals that the
Pt nanoparticles in the Pt/C catalyst became aggregated (Supplemen-
tary Fig. 15) while the hcp-Ni@Pt, . nanobranches maintained their
morphology and structure during the catalysis (Supplementary
Fig. 16). The fine structure of the hcp-Ni@Pt, ¢ nanobranches after
catalysis was further inspected by high-resolution TEM and Cs-cor-
rected HAADF-STEM (Supplementary Figs. 17 and 18). By carefully
examining the crystal structures of the nanobranches at different
domains, we can statistically conclude that the metastable Acp phase
has been largely retained during the long-term electrocatalysis even at
the high current density. We also observed minor local areas that
transformed into the more stable fcc phase, which, however, can only
be observed occasionally. Statistically, only ~3% of the hcp phase was
transformed into the more-stable fcc phase on the side facets of the
nanobranches. Moreover, the high-resolution electron microscopy
images also confirmed that the {01-11} facets and the step sites of the Pt
skins were largely retained. The structural integrity of the hcp-Ni@Pt
core-shell nanobranches contributes to the catalytic durability. Com-
pared with the pristine hcp-Ni@Pt, ¢ nanobranches, the ones after the
catalysis showed a relatively rough surface with less-uniform thick-
nesses of the Pt skins, suggesting a tendency of the Pt atoms to migrate
on the Ni surface to form large ensembles (Supplementary Fig. 18). The
surface reconstruction may have altered the electronic structure of
the Pt skin to an extent, which contributes to the observed increase in
the overpotential during the long-term catalysis. Moreover, a large
number of H, bubbles were observed to form on the electrode surface
due to the high current density (Supplementary Fig. 19). The bubbles

partially covered the catalyst surface and possibly peeled off the cat-
alyst from the electrode surface, which may also have contributed to
the overpotential increase in the catalysis.

DFT calculations

We carried out DFT calculations to better understand the relationship
between the structure of the hcp-Ni@Pt-skin nanobranches and their
alkaline HER performance (Fig. 5). A model was constructed with two
layers of 4 x 4 Pt atoms on top of two layers of 4 x 4 Ni atoms, following
an hcp arrangement with stepped {01-11} facets. The bottom two layers
of the metal atoms were fixed according to the lattice parameters of
hcp-Ni measured experimentally by electron microscopy (a, b=2.65A,
c=4.32A), while all the other atoms were relaxed during the energy
minimization. The vacuum layers were set up at least 15 A to minimize
possible interactions between the replicated cells. The atomic coor-
dinates with constraints are listed in Supplementary Information in the
VASP format. A model without atomic steps was also constructed to
decouple the effect of the metastable phase from that of the surface
steps on the catalytic property of the hcp-Pt skins.

First, we evaluated the effect of the metastable phase and
the surface structure of the hcp-Pt skins on their catalytic activities.
Figure 5a shows the free energy diagram of water dissociation (Vol-
mer reaction) on hcp-Ni@Pty;, hcp-Ni@Pt,, with step sites, and fcc-
Ni@Pt,,. The Volmer reaction on fcc-Ni@Pt,, needs to overcome the
highest energy barrier (1.41 eV). In contrast, the Acp-Ni@Pt,_showed a
significantly reduced energy barrier (0.84 eV), suggesting that the
metastable Acp phase played a vital role in reducing the energy barrier
of the Volmer reaction. The step sites on the hcp-Ni@Pt{01-10} sur-
face further decreased this energy barrier to 0.63 eV, confirming that
the step sites are particularly active sites for the Volmer reaction. We
also investigated the free energy diagrams of the H, formation, which
can proceed via either the Heyrovsky-type reaction or the Tafel-type
reaction. DFT calculation suggests that the Heyrovsky reaction is
more favorable (Supplementary Fig. 20). As shown in Fig. 5b, the
Heyrovsky reaction on the hcp-Ni@Pt,. surface shows an energy
barrier of 0.78 eV at -70 mV, which was lower than the energy barrier
on the fcc-Ni@Pt,, surface (1.0 eV) by 0.22 eV, suggesting that the
metastable hcp phase also substantially reduced the energy barrier of
the Heyrovsky reaction. All the energy barriers obtained from our
calculations are close to the reported values in the literature®””’%, By
comparing the energy barriers in the full HER pathway (Fig. 5a, b), we
can infer that the rate-determining step of the HER was the Volmer
reaction on the fcc-Ni@Pt,, surface and shifted to the Heyrovsky
reaction on the hcp-Ni@Pt, surface, which well agrees with our
experimental Tafel analysis. With the latter becoming the rate-
determining step, the HER kinetics is substantially accelerated due
to the reduced overall energy barrier. It is worth noting that although
the step sites on the hcp-Ni@Pt,, surface are particular hotspots for
the Volmer reaction, the subsequent Heyrovsky reaction at these sites
suffers from a higher energy barrier, suggesting that a hydrogen dif-
fusion to the adjacent terrace surface is necessary prior to H, for-
mation via the Heyrovsky reaction.

With the Heyrovsky reaction becoming the rate-determining step,
the reaction kinetics can be understood by using the binding energy of
hydrogen (AGy+) as a competent descriptor. This descriptor has been
widely used in the study of the HER to simplify the calculation. We
examined by DFT calculations the effects of the compressive strains
and the core-shell electron transfer on the catalytic activities of the
hcp-Ni@Pt catalysts in the HER (Fig. 5c, d). As discussed above, the Acp-
Pt skin was compressively strained by ~5% on non-(0001) facets of the
Ni substrates. To verify its effect, we calculated the AGy- on Acp-Ni@Pt
surfaces with a range of the compressive strains in the Pt skins (1%, 3%,
and 5% relative to the intrinsic lattice size of hcp-Pt; the intrinsic lattice
size of hcp-Pt was derived from fcc-Pt as they are both close-packed
structures) (Fig. 5c). During the simulations, the positions of the
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bottom two layers of the metal atoms were fixed with various lattice
sizes. The specific lattice sizes correspond to different compressive
strains (1%, 3%, and 5%) relative to the intrinsic lattice size of Pt. All the
other atoms were allowed to undergo relaxation during the energy
minimization. The results show that AGy- decreases continuously with
increasing strains, consistent with the prediction by the d-band center
theory, which confirms the contribution of the compressive strain to
the accelerated hydrogen desorption and thus the overall rate of the
HER. We further calculated the AGy- on hcp-Pt skins of different
thicknesses to verify the effect of the progressive Ni-Pt electron
transfer on their catalytic activities (Fig. 5d). The AGy- drops when the
thickness of the Pt skin decreases from 4 L to 2 L on the Ni substrate, in
line with the rising electron density. The AGy- further increases when

the thickness of the Pt skin decreases to a monolayer. Of all the models
investigated, the hcp-Ni@Pt, catalyst shows the lowest AGy-
(-0.11eV), which well explains the experimental results, i.e., Pt skins
with two atomic layers are particularly active for the HER. These results
verify the effectiveness of the electronic property modulation of the
hcp-Pt skins in optimizing their catalytic activities in the alkaline HER.

Upon a comprehensive exploration of all potential full HER reac-
tion mechanisms, DFT calculations indicate that the Volmer-Heyrovsky
mechanism is dominant on the hAcp-Ni@Pt,, surface. This prediction
effectively rationalizes the experimental Tafel slope of 51 mV dec™. The
DFT calculations further suggest that Acp-Ni@Pt,, is the optimal cat-
alyst due to its superior kinetics. These predictions are in accordance
with experimental observations.
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It is worth noting that our calculations of the hydrogen binding
energies were based on low surface coverage of H* on the Pt surfaces
(coverage, 1/16). Under HER conditions, H* fully covers the Pt surface.
To reveal the coverage effect on AGy-, we carried out calculations on
some benchmarks with 1 monolayer coverage of H* (Supplementary
Fig. 21). The AGy- on hcp-Ni@Pt,, was closest to O, indicating the
highest HER performance as observed experimentally, consistent with
the calculation results with low surface coverage of H*. Our DFT cal-
culations with the same benchmarks also revealed a rough correlation
between AGy- and the d-band center of the catalysts (Supplementary
Fig. 22). A downshift of the d-band center corresponded to a decrease
in AGy~ Based on prior research and our experimental results,
the closer proximity of AGy- to zero is indicative of improved perfor-
mance in the HER. Therefore, a downshift of the d-band center
corresponds to an increase in the HER activity, consistent with the
prediction by the d-band center theory.

Therefore, the HER process on our hcp-Ni@Pt-skin catalysts can
be understood as follows, based on the experiments and DFT cal-
culations (Fig. 5e). First, the water dissociation occurs preferentially
at step sites of the metastable hcp-Pt surface (Volmer reaction).
Then, the H* migrates to the terrace hcp-Pt surface, where it desorbs
from the Pt surface to form H, via the Heyrovsky reaction. In this
reaction, the metastable Acp phase of the Pt skin contributes to the
lowered energy barriers in both the water dissociation and the
hydrogen desorption processes. The step sites contribute to further
reduced water dissociation energy barrier. The core-shell strain and
electron transfer effectively modulate the electronic structure of the
hcp-Pt skin, showing substantially decreased hydrogen binding
energies that facilitate the hydrogen desorption process. As a result,
the HER on the hcp-Ni@Pt-skin surface shows significantly boosted
reaction kinetics.

Discussion

In summary, we have demonstrated the successful synthesis of Pt skins
of several atomic layers with an unconventional metastable hcp phase
on hcp-Ni nanocrystals by coherent crystal growth. The use of non-
noble 3d transition metal nanocrystals as the substrates significantly
decreases the amount of Pt used, leading to a reduced cost. More
importantly, such an approach allows for effective phase and elec-
tronic engineering of the Pt skins. We observe that the Acp phase of the
Ni substrates has been successfully replicated by the Pt skins on non-
(0001) facets. On these facets, the Ni substrate further endows the hAcp-
Pt skin with uniaxial compressive strains and thickness-dependent
electron density, leading to tailored electronic properties. Rich step
sites are also observed on these hcp-Pt surfaces. Our experimental and
DFT calculation results confirm that the Acp phase, the unique elec-
tronic property modulated by the core-shell interactions, and the
surface step sites effectively reduce the energy barriers associated with
the water dissociation and the hydrogen desorption processes. With
these features particularly preferred for the alkaline HER, the as-
designed catalyst (approximately two atomic layers of hcp-Pt on Ni)
demonstrates a high activity up to 133 mA cmge, >and 17.4 mA pgp, " at
-70 mV with 1.5 ug of Pt in 1M KOH. Our synthesis not only opens the
door to a family of core-shell nanostructured catalysts with high uti-
lization of noble metal atoms but also provides opportunities for
engineering the phase and electronic properties of ultrathin noble
metal skins, both of which are highly desirable for producing efficient
and cost-effective catalysts.

Methods

Materials

Chloroplatinic acid (H,PtClg), nickel acetylacetonate [Ni(acac),l,
polyvinylpyrrolidone (PVP, Mw 55000), oleylamine, oleic acid, olea-
mide, formaldehyde (30% in H,0), resorcinol, 1-heptanol, isopropanol,
ethanol, n-butylamine, potassium hydroxide (KOH), hydrochloric acid

(HCI, 37 wt%), and Nafion (5 wt% in H,O) were purchased from Aladdin.
All chemicals were used as received without purification.

Synthesis of hcp-Ni nanobranches

In a typical synthesis, 4 mL of oleylamine, 4 mL of oleic acid, 2 mL of
Ni(acac), (0.2 M in 1-heptanol), 80 pL of H,PtClg (0.1 M in 1-heptanol),
0.5 mL of formaldehyde (30 wt% in H,0), 0.4 mL of resorcinol 1Min1-
heptanol), and 75 mg of oleamide were added to 20 mL of 1-heptanol in
a100 mL-capacity Teflon-lined stainless autoclave and heated at 187 °C
for 5h. hcp-Ni nanobranches were obtained as a precipitate and
redispersed in 20 mL of 1-heptanol.

Synthesis of hcp-Ni@Pt-skin nanobranches

hcep-Ni@Pt-skin core-shell nanobranches were synthesized by a seeded
growth method. Typically, 4 mL of PVP (10 wt% in 1-heptanol) and 1 mL
of resorcinol (1M in 1-heptanol) were added to 20 mL of the hcp-Ni
nanobranches in 1-heptanol and heated to 144 °C in an N, atmosphere.
A growth solution, prepared by dissolving 0.3 mL of H,PtClg (0.1 M)
and 0.3 mL of oleylamine in 2.4 mL of 1-heptanol, was added into the
reaction system with a syringe pump at a rate of 0.8 mL min’, i.e.,
8umol Pt min™. The resulting hcp-Ni@Pt-skin nanobranches were
collected by centrifugation and washed with ethanol. The thickness of
the Pt skin depends on the amount of the growth solution: 2 mL for
Ni@Pt;3, 3mL for Ni@Ptye, 3.5mL for Ni@Pt35, and 4 mL for
Ni@Pt4.o1.

Synthesis of fcc-Ni@Pt-skin nanobranches and Pt nanoshells
fee-Ni@Pt-skin nanobranches were obtained by heating the hcp-
Ni@Pt-skin nanobranches in 1-heptanol at 280 °C for 20 h in an H,-
filled Teflon-lined autoclave. Pt nanoshells were obtained by etching
the hcp-Ni@Pt-skin nanobranches with 1M HCI.

Electrochemical measurements

All measurements were taken on a CHI760e electrochemical work-
station (CH Instruments) with a three-electrode configuration at 25 °C.
A rotating disk electrode (RDE, 0.196 cm?), a graphite electrode, and a
saturated calomel electrode (SCE, calibrated before use, Supplemen-
tary Fig. 23) were used as the working, counter, and reference elec-
trodes, respectively. The hcp-Ni@Pt-skin nanobranches were washed
with ethanol three times, maintained statically in n-butylamine for
24 h, and washed with ethanol three times to remove the surface
ligands”. The nanobranches were supported on carbon nanotubes and
dispersed in a mixture of H,O/isopropanol =1:1 (volume ratio) to form
a stable ink. Then, an aliquot of the ink (containing 1.5 ug of Pt for
activity measurements and 3 pg of Pt for stability tests) was dropped
and dried on an RDE, followed by 4 uL of Nafion (0.25wt% in iso-
propanol). During the electrocatalytic measurements, the RDE was
rotated at 1600 rpm to accelerate the mass transfer and effectively
remove H, bubbles from the electrode surface. LSV curves were col-
lected in Nj-saturated KOH (1M, pH 13.81+0.01, Supplementary
Fig. 24) in the potential range of O to —0.10V at a sweep rate of
10 mV s with 90% iR compensation. To evaluate the durability of the
catalysts, chronopotentiometry was measured at constant current
densities of 10 and 100 mA cm 2 with an L-type working glassy-carbon
electrode.

Characterizations

Low-magnification TEM images were taken on a Hitachi HT-7700
operated at 100 kV. Atomic resolution HAADF-STEM images and EELS
elemental mapping analyses were performed on a JEM-ARM300F
(GrandARM) equipped with double spherical aberration (C;) correc-
tors, ADF/BF/SAAF detectors, and an Electron Energy Loss Spectro-
meter with a direct detection camera (K2) and GIF spectrometer,
operated at 300 kV. XRD patterns were recorded on a Rigaku SmartLab
powder X-ray diffractometer equipped with Cu K, radiation. XPS

Nature Communications | (2023)14:2424



Article

https://doi.org/10.1038/s41467-023-38018-2

analysis was conducted on an ESCALAB Xi+ equipped with mono-
chromatic Al K, radiation. The binding energies were calibrated using
the C1speak (284.6 eV). The Pt 4 fpeaks were fitted by Pt 4f;,, and 4fs»
doublets with a binding energy difference of 3.33 eV, an area ratio of
4/3, and the same full width at half maximum (FWHM). Quantitative
elemental measurements were conducted by ICP-MS on a PerkinElmer
NexION 350D.

DFT calculations

DFT calculations were performed using the VASP (Vienna ab initio
Simulation Package, version 5.4.4)%°"%2, The solvation effect has been
included by VASPsol, which implements an implicit solvation model
that describes the effect of electrostatics, cavitation, and dispersion on
the interaction between a solute and solvent. The relative dielectric
constant was set to 78.4, corresponding to water at room temperature.
For reactions that can be influenced by the applied potential, such as
the Heyrovsky reaction, we conducted simulations by incorporating
both solvation effects and constant potential using joint density
functional theory as implemented in JDFTx. The pH effect was also
considered in the conversion from the standard hydrogen electrode
(SHE) to the reversible hydrogen electrode (RHE) scale. The exchange-
correlation interaction was described using the Perdew-Burke-
Ernzerhof (PBE) functional with the Becke-Johnson damping DFT-D3
correction for London dispersion (van der Waals attraction)®***. Cal-
culations based on a benchmark demonstrate that the hydrogen
binding energies by using the PBE and the B3LYP functionals were very
close (Supplementary Table 4). Therefore, all the calculations in this
work were carried out under the PBE level, which is ~300 times faster
than the B3LYP. The projector augmented wave (PAW) method was
used to account for the core-valence interactions®. The plane-wave
energy cutoff was taken as 400 eV. The Brillouin zone was sampled
based on the Monkhorst-Pack scheme with a3 x 3 x 1 k-point mesh. The
second-order Methfessel-Paxton smearing was applied with a width of
0.1eV. E,«is calculated as Ey- = Esurrstir — Esure — Ena/2, where Egyesi- and
Equrt are the total energies of the surface with and without the hydro-
gen adsorbate, respectively, and £, is the total energy of a hydrogen
molecule. Gy is calculated as G- = Ey- + Ezpg — T Sy’ and in this work, T
was set to 298.15 K. During the geometric optimizations, the two bot-
tom layers of the atoms were fixed at their bulk positions, whereas the
rest of the atoms were allowed to be relaxed in the structure.

Data availability

The data supporting the findings of this study are available within the
paper and the Supplementary Information. Source data are provided
with this paper.
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