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Abstract: The design of high-performance electrocatalysts for
the alkaline hydrogen evolution reaction (HER) is highly
desirable for the development of alkaline water electrolysis.
Phase- and interface-engineered platinum–nickel nanowires
(Pt-Ni NWs) are highly efficient electrocatalysts for alkaline
HER. The phase and interface engineering is achieved by
simply annealing the pristine Pt-Ni NWs under a controlled
atmosphere. Impressively, the newly generated nanomaterials
exhibit superior activity for the alkaline HER, outperforming
the pristine Pt-Ni NWs and commercial Pt/C, and also
represent the best alkaline HER catalysts to date. The enhanced
HER activities are attributed to the superior phase and
interface structures in the engineered Pt-Ni NWs.

Efficient hydrogen (H2) production from water could
potentially lead to a clean and renewable energy system.[1,2]

Electrochemical water splitting to produce H2 offers a reliable
and sustainable solution for this purpose.[3, 4] The catalysts are
important components of water electrolysis cells and largely
govern their performance.[5, 6] To date, noble metals, such as
Pt-based catalysts, are the most effective catalysts for HER
with desirable performance, specifically in acidic electro-
lytes.[7, 8] Despite excellent performance having been achieved
on Pt-based catalysts in acidic water electrolysis, recently
alkaline electrolysis is receiving extensive attention owing to
its advantages, such as broad reactant availability and high
product purity.[9] Unfortunately, the HER performance of Pt-
based catalysts in alkaline electrolysis so far are not as good as
that in acidic conditions,[10] which leads to high overpotential
associated with large energy consumption for alkaline elec-
trolysis.[11, 12]

One strategy that has been used to address this tremen-
dous challenge is integrating Pt nanostructures with the metal
hydroxides,[13–16] since the edges of the metal hydroxides can
promote the dissociation of water and the production of
hydrogen intermediates, which subsequently adsorb on the
nearby Pt surfaces and finally recombine into molecular
hydrogen. This type of hybrid materials have exhibited much
enhanced HER activity in basic conditions,[13–15] indicating

that the sluggish kinetics of HER can be addressed via
rationally constructing hybrid materials and fully exploiting
the synergetic interactions between Pt and metal hydrox-
ides.[13,17] In the past years, researchers have created various
hybrid systems,[15, 18] such as growth of noble metal NPs on the
layered metal hydroxide[15] with improved water electrolysis
kinetics in alkaline system. Despite these advances, the
alkaline HER catalytic activities is still far from satisfac-
tory.[19, 20] At present, although some catalysts in alkaline
condition can exhibit better HER activity than that of
commercial Pt/C, the enhancement is only moderate.[15] The
difficulty lies in the fact that the lattice spacing of metal
hydroxides is usually larger than that of Pt, making it
unfavorable to form intimate interface between metal
hydroxides and Pt, which hinders the enhancement of HER
activity.[14] Another challenge of current catalysts for alkaline
HER is the unsatisfied durability, which is presumably due to
the limited capability to resist the detrimental corrosive
alkaline conditions.[20]

Herein, we develop a phase- and interface-engineered Pt-
Ni NWs/C electrocatalyst through a simple yet effective post-
annealing treatment under controlled atmosphere, with
unprecedented HER activity. The Pt3Ni3 NWs/C-air have
exceptional HER performance that is much better than the
commercial Pt/C in alkaline solutions. In particular, the Pt3Ni3

NWs/C-air delivers unprecedented low overpotential of
40 mV at current densities of 10 mAcm@2 in 1m KOH, which
is the best activity among all the available HER electro-
catalysts. Moreover, under long time durability test, the Pt3Ni3

NWs/C-air can maintain its catalytic activity for at least 3 h
with only small activity loss.

We prepared the composition-segregated Pt-Ni NWs in
high yield by modifying a previous method.[21] The composi-
tions of Pt-Ni NWs were readily tuned by controlling the
amount of Ni(acac)2 supplied. It was found that all the
prepared Pt-Ni NWs with various compositions have high
yields, as revealed by TEM (Supporting Information, Fig-
ure S1). The Pt/Ni atomic ratio is determined to be 41.4:58.6
for Pt3Ni4 NWs, 48.9:51.1 for Pt3Ni3 NWs, 59.1:40.9 for Pt3Ni2

NWs, and 75.5:24.5 for Pt3Ni1 NWs by scanning electron
microscopy energy-dispersive X-ray spectroscopy (SEM-
EDS; Supporting Information, Figure S2). The Pt-Ni NWs
were further characterized by powder X-ray diffraction
(PXRD; Supporting Information, Figure S3). It is revealed
that while the PXRD patterns of the Pt-Ni NWs display
distinct face-centered cubic (fcc) patterns, each peak has
a shoulder peak in the higher degree, indicating the presence
of composition segregation in the Pt-Ni NWs. Associated with
higher content of Ni, the presence of shoulder peak in each
peak become more distinct. The highly composition segre-
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gated feature was further characterized by the high-angle
annular dark-field scanning transmission electron microsco-
py-EDS (HAADF-STEM-EDS) elemental mapping analysis
(Figure 1a), where the Pt is rich in the shell and Ni is
concentrated in the inner region.

Considering that the highly composition-segregated met-
allic nanostructures are sensitive to the exposed atmos-
phere,[22] we turned our attention to the engineering of Pt-Ni
NWs through thermal annealing at different atmospheres. To
avoid aggregation during thermal annealing, we loaded the
composition-segregated Pt3Ni3 NWs on C by mixing Pt3Ni3

NWs and C in cyclohexane, and then washed them with
cyclohexane and ethanol. After mixing, the shape, composi-
tion, and the distribution of Pt3Ni3 NWs on C did not show
obvious changes, as confirmed by the TEM and SEM-EDS
(Supporting Information, Figure S4). The Pt3Ni3 NWs/C were
then subjected to thermal annealing in the air at 250 88C for 1 h
(termed as Pt3Ni3 NWs/C-air) and in the H2/N2 (5/95) at
300 88C (termed as Pt3Ni3 NWs/C-H2), respectively. There are
negligible composition changes of Pt3Ni3 NWs/C after ther-
mal annealing in both air and H2/N2 (5/95), as characterized
by SEM-EDS (Supporting Information, Figures S5,S6). To
further analyze their structures, PXRD characterization for
the Pt3Ni3 NWs/C, Pt3Ni3 NWs/C-air and Pt3Ni3 NWs/C-H2

was carried out (Figure 1b). While the PXRD pattern of
Pt3Ni3 NWs/C-H2 is almost the same with that of the pristine
Pt3Ni3 NWs/C, the PXRD pattern of Pt3Ni3 NWs/C-air is
significantly different, which displays the distinct fcc pattern
precisely matching with the Pt3Ni.[23] To carefully analyze the
PXRD results, we enlarged the PXRD patterns between 36.588
to 43.588 (Figure 1c). The peak of Pt3Ni3 NWs/C-air is sym-

metrical without shoulder peak, which can be indexed to the
Pt3Ni phase. On the contrast, the peaks of Pt3Ni3 NWs/C and
Pt3Ni3 NWs/C-H2 have shoulder peaks and can be separated
into low-degree and high-degree peaks, which indicates the
existence of Pt3Ni and PtNi phase, respectively, as calculated
by VegardQs law.[24] In addition to the phase, we further
studied the chemical states of different nanomaterials by X-
ray photoelectron spectroscopy (XPS). As shown in Fig-
ure 1d, the Pt and Ni in the pristine Pt3Ni3 NWs/C have both
metallic and oxidized states with the ratio of 2.81/1 for Pt0/
Pt2+ and 1/1.05 for Ni0/Nix+. After being annealed in H2/N2 (5/
95), the ratio of Pt0/Pt2+ in Pt3Ni3 NWs/C-H2 increases to 3.08/
1 associated with the ratio of Ni0/Nix+ decreases to 1/3.09,
which can be due to the reducibility of H2 accelerating the
electron transfer between Pt species and Ni species.[25] On the
other hand, the ratio of Pt0/Pt2+ after annealing in air
decreases to 2.55/1 and the metallic Ni almost disappears,
suggesting that the majority of Ni in the surface is oxidized.

The Pt3Ni3 NWs/C-air and Pt3Ni3 NWs/C-H2 were further
characterized by TEM and HAADF-STEM (Supporting
Information, Figures S5,S6). Figure 2a,b shows the
HAADF-STEM images of the Pt3Ni3 NWs/C-air and Pt3Ni3

NWs/C-H2, respectively. It clearly shows that the Pt3Ni3 NWs/
C-air shows bright in the interior core associated with dark in
their external surface, which is different from the pristine
Pt3Ni3 NWs. The dark external surface of the Pt3Ni3 NWs/C-
air with gaps suggests that the segregated-Ni in Pt3Ni3 NWs/C
diffuses outwards and results in a filmy NiOx shells after
annealing in air.[26] As a contrast, any obvious changes cannot
be observed for the Pt3Ni3 NWs/C-H2, as compared with the
pristine Pt3Ni3 NWs. As shown in Figure 2 c, Ni is rich in the

Figure 1. a) HAADF-STEM image and EDS elemental mappings of
Pt3Ni3 NWs. b) PXRD patterns of Pt3Ni3 NWs/C, Pt3Ni3 NWs/C-H2 and
Pt3Ni3 NWs/C-air. c) The fitted peak curves from the dashed region
marked in (b). XPS patterns of d) Pt 4f and e) Ni 2p of Pt3Ni3 NWs/C,
Pt3Ni3 NWs/C-H2 and Pt3Ni3 NWs/C-air.

Figure 2. HAADF-STEM images of a) Pt3Ni3 NWs/C-air and b) Pt3Ni3
NWs/C-H2. HAADF-STEM image and EDS elemental mappings of
c) Pt3Ni3 NWs/C-air and d) Pt3Ni3 NWs/C-H2. e) HRTEM image of
Pt3Ni3 NWs/C-air and f) the magnified HRTEM image recorded from
regions f marked in (e).
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outer surface and Pt is concentrated in the interior core after
the annealing treatment in air, which is dramatically different
from the pristine Pt3Ni3 NWs. As indicated in Figure 2 d, the
elemental mapping shows that the Pt3Ni3 NWs/C-H2 still
exhibit Pt-rich shell structure, which is similar to that of the
pristine Pt3Ni3 NWs. The HRTEM image clearly shows that
the NiOx shell with obvious gaps could not cover the Pt3Ni-
core completely (Figure 2e), which creates the exposed
interfaces between NiOx shell and Pt3Ni core. The HRTEM
image (Figure 2 f) clearly displays the lattice fringes with
interplanar spacing are 0.22 nm and 0.24 nm, which corre-
spond to the (111) plane of Pt3Ni and (101) plane of NiO,
respectively. After simple thermal annealing treatment in the
air, the phase and interface engineering have been achieved
to transform the Pt3Ni3 NWs into unique NiOx/Pt3Ni hetero-
structures.

The annealing treatment at controlled atmospheres was
also applied to Pt-Ni NWs/C with other compositions. Similar
to that of Pt3Ni3 NWs/C, the Pt-Ni NWs with other
compositions were loaded on the C (Supporting Information,
Figure S7), and thermal annealed in air and H2/N2 (5:95),
respectively. Since Pt3Ni1 NWs is a stable alloyed structure,[27]

the TEM images, SEM-EDS and PXRD patterns of Pt3Ni1

NWs/C-air and Pt3Ni1 NWs/C-H2 are similar to each other
(Supporting Information, Figure S8). However, both the
Pt3Ni2 NWs/C-air and Pt3Ni4 NWs/C-air display Pt3Ni-core
NiOx-shell structures, as confirmed by TEM and elemental
mappings (Supporting Information, Figures S9a,c, S10a).
Meanwhile, the shoulder peaks in PXRD of Pt3Ni2 NWs/C-
air and Pt3Ni4 NWs/C-air have been vanished after thermal
annealing in air (Supporting Information, Figures S9e,S10d).
With the Ni content in Pt-Ni NWs/C-air increasing, the NiOx

shell becomes denser and denser, which indicates the density
of NiOx/Pt3Ni interfaces can be readily controlled.

To study the effect of the engineered interface and phase
on HER catalysis of the Pt3Ni3 NWs/C-air, the HER electro-
catalytic activity of the Pt3Ni3 NWs/C-air was thoroughly
evaluated in both alkaline and acidic solution at scan rate of
10 mVs@1 and room temperature (Figure 3). Figure 3a,b
shows the HER polarization curves of four different catalysts
in 0.5m and 0.05m H2SO4, respectively. In general, all of the
catalysts have similar activities in 0.5m and 0.05m H2SO4. In

contrast, all PtNi NWs/C displays higher HER activities than
commercial Pt/C in 0.1m and 1m KOH (Figure 3 d,e). More
significantly, in the higher alkaline solution (1m KOH), the
HER activity of Pt3Ni3 NWs/C-air is largely enhanced,
representing the maximum performance (Figure 3e). To
quantitatively compare the activities of these four catalysts,
the current densities at @0.07 V versus RHE in 0.05m&0.5m
H2SO4 and 0.1m and 1m KOH are summarized in Figure 3c
and Figure 3 f, respectively. It is clear that the activity of
Pt3Ni3 NWs/C-air is humble in acidic solution but very
promising in alkaline condition, particularly in the 1m KOH.
For example, the current density of Pt3Ni3 NWs/C-air at
@0.07 V in 0.5m H2SO4 is almost the same as that of the Pt/C,
while the current density of Pt3Ni3 NWs/C-air at @0.07 V in
1m KOH is 19.8 mA cm@2, which is 6 times higher than that of
the Pt/C (3.3 mAcm@2). Unexpectedly, the activity of Pt3Ni3/
C-air in 1m KOH is much higher than that of in 0.1m KOH,
which is contrary to Pt/C. It is generally accepted that the
HER catalysis has strong dependence on pH and low pH is
beneficial for HER catalysis,[28] however it was not observed
on the Pt-Ni/C-air.

Besides pH effects, we also studied the composition
dependent HER activities in alkaline condition. Figure 4a
shows the HER activity of Pt-Ni NWs/C-air with different
compositions in 1m KOH without IR compensation. It is clear
that the HER activity of these four catalysts follows the
sequence as: Pt3Ni3 NWs/C-air>Pt3Ni2 NWs/C-air>Pt3Ni1

NWs/C-air>Pt3Ni4 NWs/C-air. The activity of Pt3Ni4 NWs/C-
air has a large disparity compared with others, which
illustrates that the HER activity could not be promoted by
solely increasing the content of Ni. The HER activities in 0.1m
KOH also exhibit similar trend as that of in 1m KOH
(Figure 4b). However, the activity differences among the Pt-
Ni NWs/C-air in 0.1m KOH are smaller than those of in 1m
KOH. Moreover, the activities of Pt-Ni NWs/C-air in 1m
KOH are generally higher than their corresponding activities
in 0.1m KOH. To compare the HER activity of Pt-Ni NWs/C-

Figure 3. HER activities of different electrocatalysts in a) 0.5m H2SO4,
b) 0.05m H2SO4, d) 0.1m KOH and e) 1m KOH. Histograms of
activities at @0.07 V versus RHE from c) Figure 4a,b and f) Fig-
ure 4d,e. Geometric area of RDE is 0.196 cm2.

Figure 4. HER activities of different electrocatalysts in a) 1m KOH and
b) 0.1m KOH at room temperature. Normalized chronoamperometric
curves of different electrocatalysts under a constant potential of
@0.07 V versus RHE in c) 1m KOH and d) 0.1m KOH.
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air with previously reported electrocatalysts, we also tested
the HER performance with IR compensation in alkaline
media (Supporting Information, Figure S11). Pt3Ni3 NWs/C-
air exhibit the highest activity of 39.7 and 23.0 mA cm@2 at
@0.07 V in 1m and 0.1m KOH, respectively, which is 11.6 times
and 2.8 times higher than that of the commercial Pt/C
(3.42 mA cm@2 in 1m KOH and 8.1 mAcm@2 in 0.1m KOH). To
our best knowledge, by comparing the current densities at
@0.07 V versus RHE and overpotentials at 10 mAcm@2, the
Pt3Ni3 NWs/C-air outperform all the reported electrocatalysts
(Supporting Information, Table S1).

Durability is another important parameter to evaluate the
performance of HER catalysts; the stability of Pt-Ni NWs/C-
air was thus evaluated by using chronoamperometry. Fig-
ure 4c shows the normalized chronoamperometric curves at
the potential of @0.07 V in 1m KOH. It reveals that Pt3Ni3

NWs/C-air maintain 90.1% of its initial activity in 1m KOH
after 3 h test, while Pt3Ni3 NWs/C-H2 and Pt3Ni3 NWs/C keep
85.5% and 81.3% of their initial activity, respectively,
indicating an enhanced stability of Pt3Ni3 NWs/C-air in 1m
KOH. Similar stability trend was also observed in 0.1m KOH,
where the Pt3Ni3 NWs/C-air also displays the best stability
with 91.7 % activity maintained after 3 h, compared with
85.8% of Pt3Ni3 NWs/C-H2 and 81.8 % of Pt3Ni3 NWs/C
(Figure 4d). Such enhanced stability of Pt3Ni3 NWs/C-air can
be also confirmed by chronopotentiometry test (Supporting
Information, Figure S12). Therefore, the presence of proper
NiOx/Pt3Ni interfaces in Pt-Ni NWs/C-air can not only boost
the HER activity but also enhance the HER stability in
alkaline media (Supporting Information, Figure S13).

In general, the pathways of the HER in alkaline media can
be typically classified as Volmer–Tafel pathway and Volmer–
Heyrovsky pathway.[13] In the first step, the Volmer step
involves the water dissociation and formation of the inter-
mediate Hads. The intermediate Hads need a suitable driving
force and site to be absorbed and then generate H2. Although
Pt has been calculated to have the optimal H atom binding
energy so far, it is poor at cleaving the HO@H bond to
dissociate the water in the first step. Moreover, the OH@

generated by H2O splitting in Volmer step will also block the
active catalytic sites of Pt and thus influence the second step.
On the NiOx/Pt3Ni interface, the NiOx can accelerate the
water dissociation and it has a stronger electrostatic affinity
with OH@ than Pt due to the unfilled d-orbitals of Nix+. Thus,
while the OH@ produced by H2O splitting will adhere on NiOx

site at the interface, a nearby vacant Pt site would adsorb Hads

readily to produce H2. Such synergistic effect at the NiOx/
Pt3Ni interface enhances the HER performance in alkaline
media eventually.

To further understand the synergistic effect of NiOx/Pt3Ni
interfaces on the HER performance of our catalysts, an
illustration of the interface and phase engineering of Pt-Ni
NWs/C is shown in Figure 5. It is clearly shown that the Pt-Ni
NWs/C-H2 have minimum phase and structure changes and
limited NiOx/Pt3Ni interface after annealing in the H2/N2

(5:95). In sharp contrast, after thermal annealing in air the
Pt-Ni NWs/C with different compositions not only undergoes
the phase changes but also shows high density of NiOx/Pt3Ni
interfaces. As shown in Figure 5b, although the formation of

NiOx/Pt3Ni interfaces is observed in the Pt3Ni2 NWs/C-air,
there are limited NiOx/Pt3Ni interfaces on the surface of the
Pt3Ni2 NWs/C-air owing to the insufficient amounts of NiOx,
which may not able to absorb the OH@ efficiently, resulting in
limited enhancement of HER. With the increase of Ni in Pt-
Ni NWs/C-air (that is, Pt3Ni3 NWs/C-air), the NiOx shell
becomes denser, which will provide more sites to absorb the
OH@ in time and therefore enhance the HER performance.
However, If the NiOx-shell becomes too dense (that is, Pt3Ni4

NWs/C-air), the Pt3Ni-core would be coated too intact to
expose enough NiOx/Pt3Ni interfaces to electrolyte, which
results in moderate HER performance (Supporting Informa-
tion, Figure S14). Hence, proper composition with optimized
interfaces of NiOx/Pt3Ni are critical to the HER performance.

In summary, we have successfully created a new class of
Pt-Ni NWs/C-air with engineered interfaces and phases by
simple thermal annealing of the highly composition-segre-
gated Pt-Ni NWs/C in air. Benefitting from the unique 1D
structure, controlled interfaces and phases between the Pt3Ni
and NiOx, the Pt-Ni NWs/C-air exhibits promising activity for
alkaline HER. Particularly, the Pt3Ni3 NWs/C-air exhibits the
highest HER activity among all the Pt-Ni NWs/C-air in 1m
KOH solution. These Pt-Ni NWs/C-air catalysts also exhibit
enhanced durability with limited decay after long-term
chronoamperometry test. This study provides a new surface
and phase-engineering strategy for designing unique catalysts
with excellent electrocatalytic performance for HER and
beyond.
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Figure 5. a) The changes of Pt-Ni NWs/C-H2 by annealing the Pt-Ni
NWs/C in H2/N2(5/95). b) The changes of Pt3Ni2 NWs/C-air, Pt3Ni3
NWs/C-air, and Pt3Ni4 NWs/C-air by annealing the Pt-Ni NWs/C in air.
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