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Constructing synergistic active sites and optimizing the cooperative adsorption energies for hydrogen
and hydroxyl based intermediates are two essential strategies to improve the sluggish kinetics of hy-
drogen evolution reaction (HER) in alkaline medium. However, it is still in its infancy to simultane-
ously achieve these goals, especially for designing a well-defined carrier with multiple hydroxyl adsorp-
tion sites. Herein, the Ni(HCO3), nanoplates (NHC) with horizontal interfaces sites of Ni-terminated NiO,
NiOOH, NiCOO, and Ni(OH), were employed as the hydroxyl adsorption active sites, which could anchor
Pt particles with hydrogen adsorption active sites, constructing the synergistic active sites (NHC-Pt) for
HER catalysis. Evidenced by X-ray photoelectron spectroscopy (XPS) and extended X-ray absorption fine
structure (EXAFS), the NHC could affect the chemical state and electronic structure of Pt particles by
forming bond of Pt-O which could reduce the reaction energy barriers, facilitate the adsorption of hydro-
gen and establishment of H-H bond. Furthermore, density functional theory (DFT) theoretical calculation
revealed that the related process of hydroxide was the rate-determining step. It is demonstrated the hy-
droxyl group presents the lowest energy barrier for desorption in the process of HER when the gradual
desorption process could be described as a migration from Ni(HCO3),-OH directly or via other Ni-based
systems formed after partial decomposition of nickel hydrocarbonate to Ni(OH),---OH with following des-
orption. As a result, the NHC-Pt hierarchical nanostructure demonstrated superior activity towards HER in
a pH-universal solution. This enhancement can be attributed to the optimized electronic structure of Pt,
the migration of hydroxyl group on NHC substrates, and the synergistic effects between the NHC carrier

and Pt particles.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Hydrogen, as a clean energy carrier for fuel cells, has aroused
great attention for its reproducibility and zero-carbon emission.
The electrocatalytic hydrogen evolution reaction (HER) from water
splitting is a crucial method for obtaining hydrogen energy. How-
ever, it often involves complex reaction pathways, presents addi-
tional energy barriers, and consequently exhibits sluggish reaction
kinetics [1-5]. To enhance the kinetics, the catalysts are essential
and the mechanism of the HER is needed to be understood. In
acidic medium, the reaction (2H* — H,) is straightforward and ver-
ified by Sabatier’s principle and Butler-Volmer equation. The bind-
ing energies of hydrogen at the active sites on the catalyst surface
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are responsible for the HER activities. The catalysts, such as Pt and
Ir, with moderate hydrogen adsorption strength (AGy+ close to 0V)
could, consequently, give rise to the optimal catalytic HER activity
[6-9]. On the contrary, in alkaline medium, it is still debatable why
the reaction kinetics of the catalysts including Pt-group metals are
two to three orders of magnitude slower and more sensitive to the
catalysts’ surface structure than in acid solution [10,11]. Numerous
studies have reported the existence of volcano-shaped curves cor-
relating HER activities with the binding energy of hydrogen in al-
kaline media. This observation, in accordance with Sabatier’s prin-
ciple, suggests the presence of an optimal binding energy for hy-
drogen [12-15]. Research regarding the HER/HOR activities of Pt-
group metal catalysts has shown that these activities are primarily
influenced by the binding energy of hydrogen and are minimally
correlated to the adsorption of hydroxide. Accordingly, to enhance
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the HER performance of Pt-based materials, alloy methods have
been adopted to optimize the binding energy of hydrogen, and un-
der the circumstances, the second metal such as Ru is underneath
rather than on the Pt surface [16,17]. The second metal, such as
Ru or Ni, on the surface could promote the adsorption of hydrox-
ide but the enhanced performance can hardly be explained as an
oxyphilic effect [18-20].

However, an increasing number of experimental and theoreti-
cal research papers have indicated that the adsorption of hydrox-
ide also affects the HER kinetics [21-23]. This requires the sec-
ond active site to adsorb hydroxide and promotes H,O dissociation,
which consequently enhances the HER kinetics [24]. The alkaline
HER/HOR activities of Pt-Ru alloy catalysts were much higher than
the commercial Pt/C, which was partly due to the stronger adsorp-
tion of hydroxide [25]. This alloy metal makes it still uncertain how
the second metal affects the HER kinetics of Pt-based compound
from the theoretical research since the binding energy of hydroxide
is untoward to calculation by density functional theory. Moreover,
Pt-metal supported composites are increasingly gaining attention
in research as potential substitutes for alloying catalysts [26]. This
is due to their advantages such as high utilization of noble metal
atoms and robust Pt-support interactions. The support material can
not only disperse and anchor Pt particles to enhance the stability
but also can serve as active sites for hydroxyl species adsorption.
These synergistic active sites can concurrently increase catalytic ac-
tivity and stability. For example, Ni(OH),-Pt manifests an enhance-
ment of HER performance relative to state-of-the-art Pt catalyst,
ascribing to the Ni(OH), nanoparticles on Pt electrode surfaces
could induce the dissociation of H,O [23]. Hence, by construct-
ing Pt supported hierarchical nanostructure based on bi-functional
mechanism, the Pt and carriers have synergistic active sites to ad-
sorb the species of hydrogen and hydroxyl, respectively, which fa-
cilitate to the break of O-H in H,O molecules, and could simul-
taneously boost catalytic activity and stability. However, most of
the research is focused on the development of supports with sin-
gle active site. Compared with single active site, the multiple active
sites could exhibit various adsorption strengths of hydroxyl group
and it may bring further improvement to the electrocatalytic per-
formance.

Based on the above analysis, the synergistic active sites were
constructed to regulate the migration of intermediate species in
the process of HER in alkaline solution. The support with the abil-
ity to adsorb the hydroxide were employed as Ni(HCO3), (namely
NHC) nanoplates, which includes interfacial sites of Ni-terminated
NiO, NiOOH, NiCOO, and Ni(OH),. When compounding Pt with
NHC to forming NHC-Pt, Pt could act as the hydrogen adsorp-
tion active sites and obtain the synergistic active sites for HER
catalysis. The uniformly distributed NHC nanoplates could provide
an ideal platform for Pt nanoparticles (NPs) to be uniformly dis-
persed, making sure that the maximum exposure of active sites.
The NHC-Pt hierarchical nanostructure exhibits enhanced electro-
chemical active surface area and preferable activities toward HER
in pH-universal solution, which could be originated from the syn-
ergistic effect between the NHC carrier and Pt nanoparticles. The
density functional theory (DFT) based simulations have been car-
ried out to reveal the pathways and energetics of performed reac-
tions. This tendency found in our modeling provides the possibility
for further guiding the design of Pt hierarchical nanostructure with
synergistic active sites for HER in alkaline media.

The NHC-Pt-3 compound was prepared by anchoring Pt-based
nanoparticles to NHC nanoplates via a facile two-step method. In
detail, two-dimensional NHC nanoplates were firstly synthesized
by a simple solvothermal reaction, which was used as a template
to load and disperse the Pt nanoparticles. The synthesized NHC
and H,PtClg solution were dispersed in ethylene glycol solution
maintaining at 120 °C for 2 h under oil bath which resulted in the
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d(111)= 0.225 nm

Fig. 1. Structural characterization. TEM image of NHC-Pt-3 at the scale bar of (a)
100nm and (b) 20nm. (¢, d) HAADF-TEM images of NHC-Pt-3 nanomaterials. (e)
HAADF-STEM image and the corresponding EDS elemental mapping of NHC-Pt-3.

Pt nanoparticles in-situ grown on NHC nanoplates, defined as NHC-
Pt. By adjusting the mass ratio of Pt and NHC-Pt to 1%, 2%, 3%, 5%,
the NHC-Pt-1, NHC-Pt-2, NHC-Pt-3, NHC-Pt-5 were prepared, re-
spectively.

Transmission electron microscopy (TEM) image of NHC-Pt-3
showed the obtained nanoplates distributed isolated with a diam-
eter of 31-49nm (Fig. 1a, Figs. S1 and S2 in Supporting infor-
mation). Furthermore, AFM measurement indicated that the av-
erage thickness of the Ni(HCO3), nanosheets was ~13nm (Fig.
S3 in Supporting information). The Pt nanoparticles were evenly
distributed on the nanoplates, with sizes ranging from 1nm to
3nm (Fig. 1b, Figs. S4 and S5 Supporting information). This dis-
tribution suggests that the NHC could mitigate the aggregation
of Pt nanoparticles to some extent. High-angle annular dark-field
transmission electron microscopy (HAADF-TEM) showed the lattice
fringes of NHC and Pt. The interplanar spacing was calculated to be
0.593 nm, corresponding to the (110) crystal face of NHC (Fig. 1c).
While the lattice spacing of 0.225nm was relevant to the (111)
crystal face of Pt nanoparticles (Fig. 1d). The HAADF-STEM image
and the corresponding EDS elemental mapping of NHC-Pt-3 con-
firms that the Ni, O elements were well distributed throughout
the nanoplate while the Pt atoms are scattered dispersed on the
Ni(HCO3), nanoplates, indicating the loading of Pt was relatively
low (Fig. 1e). The X-ray diffraction (XRD) patterns give further ev-
idence for the small particles of Pt for the absent characteristic
peaks of Pt (Fig. S6 in Supporting information). The inductively-
coupled plasma mass spectroscopy (ICP-MS) was carried out as
shown in Table S1 (Supporting information) and the weight per-
cent of Pt for NHC-Pt-3 is 15.2%.

The chemical states and surface electronic structure of NHC-Pt-
3 were analyzed by X-ray photoelectron spectroscopy (XPS) and
compared with NHC and Pt/C. The XPS spectrum of Ni 2p;;, peaks
for NHC-Pt-3 are located at 855.96eV and 857.46eV, ascribing to
the Ni2* and Ni3*+ of Ni 2p (Fig. 2a) [27]. The high resolution XPS
Pt 4f spectrum of NHC-Pt-3 was shown in Fig. 2b and it displayed
two pairs of peaks located at 70.92/74.32eV and 72.01/75.71eV,
corresponding to the metallic Pt (4f,/4fs;) and Pt2* (4f;,/4f5);)
[27]. The binding energies of Pt 4f on the NHC-Pt-3 catalyst is no-
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Fig. 2. The XPS spectra of (a) Ni 2p, (b) Pt 4f, (c) C 1s and (d) O 1s on the surface of NHC-Pt-3 and NHC or Pt/C. Pt L-edge (e) XANES spectra and (f) EXAFS spectra of Pt

foil and NHC-Pt-3, respectively.

tably higher than that of the Pt/C catalyst. This indicates a down-
shift of the d-band center of Pt and a robust electronic interac-
tion between the NHC and Pt atoms. Such interactions could lower
the hydrogen binding energy and promote the kinetics of hydrogen
evolution reaction [28]. The another peak at 68.8 eV was assigned
to Ni2* 3p of Ni(HCO3), [29]. The C 1s spectrum of NHC-Pt-3 cat-
alyst showed four peaks at 290.15, 288.88, 285.95 and 284.80eV,
corresponding to the -HCO3, 0-C=0, C-O and C-C/C-H, respec-
tively [30,31]. The binding energy of 0-C=0, C-0 shifted to neg-
ative position for 0.23 eV and 0.35eV relative to the pristine NHC
(Fig. 2c). Meanwhile, the O 1s peak for 0-C=0 shifted to higher
binding energy after compositing NHC with Pt, providing further
evidence for the formation of Pt-O-C=0 and electronic transform
from Pt to NHC (Fig. 2d) [32,33]. The X-ray absorption near-edge
structure (XANES) and extended X-ray absorption fine structure
(EXAFS) were conducted and the results were analyzed to in-depth
understanding the chemical states and bonding situation of Pt be-
fore and after combination with NHC carrier. Fig. 2e compared the
Pt L-edge XANES of NHC-Pt-3 and Pt-foil. It could be seen that the
XANES edge data of NHC-Pt-3 presented a higher energy shift rel-
ative to Pt-foil, indicating the existence of higher oxidation state of
Pt and the electrons transform from Pt to NHC in NHC-Pt-3 com-
pound [34]. This phenomenon is in accordance with the XPS anal-
ysis that the binding energy of Pt shifts positive after accord with
NHC. Fig. 2f displayed the Pt L-edge EXAFS of NHC-Pt-3 and Pt-
foil. The peak position located at 2.5A in Pt-foil are corresponding

to the Pt-Pt bonding, which shifted to the lower value and weaker
intensity in NHC-Pt-3 compound, suggesting the bond strength of
Pt-Pt coordination is weaker in NHC-Pt-3 compared with that in
Pt-foil [35]. The NHC-Pt-3 compound also showed a peak at 1.6A
corresponding to Pt-O coordination [36,37], absent in the curve of
Pt-foil, indicating the bonding of Pt and O and strong interaction
between Pt and NHC. This could regulate the chemical state and
electronic structure of Pt, thereby decrease the hydrogen binding
energy and further optimize the HER catalytic activity of the NHC-
Pt [32].

The electrocatalytic performances toward HER of the NHC, NHC-
Pt-1, NHC-Pt-2, NHC-Pt-3 and NHC-Pt-5 samples were evaluated
and compared in 1mol/L KOH, 1mol/L PBS and 0.5 mol/L H,SO4
solution. The linear sweep voltammetry (LSV) curves of different
catalysts were conducted from 0.1V to —0.5V at 5mV/s in 1 mol/L
KOH aqueous solution (Fig. 3a). The current densities of different
samples were enhanced with the increase of overpotential. The
current density enhanced gradually for NHC samples while it in-
creased dramatically for NHC-Pt compound samples. The NHC-Pt-
1, NHC-Pt-2, NHC-Pt-3 and NHC-Pt-5 required an overpotential of
289mV, 121 mV, 51 mV and 37mV to obtain a current density of
10mA/cm?, indicating the HER activities were enhanced with the
increasing of the Pt loading. The overpotential of NHC-Pt-2, Pt-3
and NHC-Pt-5 are much smaller than that of Pt/C (122mV). The
corresponding Tafel slopes of NHC, NHC-Pt-1, NHC-Pt-2, NHC-Pt-
3 and NHC-Pt-5 achieves 1194.3, 117.6, 66.0, 37.2 and 30.6 mV/dec,
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Fig. 3. Electrocatalytic performances of the catalysts for HER. (a) The linear sweep voltammetry (LSV) curves of Pt/C, NHC, NHC-Pt-1, NHC-Pt-2, NHC-Pt-3 and NHC-Pt-5
samples tested in 1mol/L KOH. (b) The corresponding Tafel plots. LSV curves of different samples in (c) 0.5mol/L H,SO4 and (d) 1 mol/L PBS solution. (e) Mass activities
of NHC-Pt at overpotential of 0.05V in KOH, H,SO,4 and PBS solution. (f) The LSV curves of the NHC-Pt-3 sample before and after chronoamperometry test in 1 mol/L KOH,

1 mol/L PBS and 0.5 mol/L H,SO,4 solution.

respectively (Fig. 3b), demonstrating more favorable kinetics on the
NHC-Pt samples relative to the bare NHC carrier. This HER per-
formance is comparable to the reported materials in the litera-
ture for the values of overpotentials and Tafel slopes (Table S2 in
Supporting information). In 0.5 mol/L H,SO,4 and 1 mol/L PBS elec-
trolyte solution, the LSV curves (Figs. 3¢ and d) reveal that NHC
is absolutely inert for HER, contrary to the fact that NHC-Pt sam-
ples exhibit much enhanced electrochemical catalytic activity in
spite of the relatively low loading of Pt. The HER performance of
NHC-Pt-3 is much higher than that of Pt/C in 1mol/L KOH and
1 mol/L PBS (Fig. S7 in Supporting information). Meanwhile, Tafel
plots of different samples in Figs. S8 and S9 (Supporting infor-
mation) also showed that the evolvement of their value uncovers
the improved catalytic kinetics with the increase of Pt loading in
neutral-pH and acid media. It could be ascribed to that Pt nanopar-
ticles serve as abundant active centers to accelerate HER kinetics
and high Pt mass loading contributes to the enhanced HER activ-
ities. Furthermore, the mass activity of NHC-Pt samples normal-
ized to the Pt loading at 0.05V in 1 mol/L PBS, 0.5 mol/L H,SO,4 and
1 mol/L KOH electrolytes, respectively (Fig. 3e and Fig. S10 in Sup-
porting information). The specific activities (SA) according to the
CV curves were calculated and the SA of NHC-Pt-3 is 0.494 A/m?,
which is much higher than that of Pt/C (0.287 A/m?2) at —0.1V in

1mol/L KOH electrolytes (Fig. S11 in Supporting information). In
spite of the fact that the improvement of HER performance is in
line with the increasing of Pt loadings, the mass activity of NHC-
Pt-3 exceeds that of other NHC-Pt series catalysts. This indicates
that the usage of Pt in the NHC-Pt-3 sample is the highest in a pH-
universal solution. Furthermore, the electrical double-layered ca-
pacitance (Cy;) of different materials were evaluated according to
the slope of the curves which plotted the (j; —jc)/2 with scan rate
(ja, anodic current density; jc, cathodic current density). The j, and
Jjc were obtained from the cyclic voltammetry (CV) curves at 0.5V
in the non-Faraday region. It can be seen from the CV curves that
the current density was enhanced with the increasing of the scan
rate for all the tested catalysts (Fig. S12 in Supporting information).
As a result, the calculated Cy data were enhanced in accordance
with the Pt loading and the NHC-Pt-3 and NHC-Pt-5 showed the
similar values, indicating that more exposed active sites and en-
hanced HER performance.

Moreover, the long-term stability test was carried out by
chronoamperometry curves at the constant potential which was
corresponding to the current density of 10mA/cm?2 at LSV curves.
Fig. S13 (Supporting information) showed the chronoamperometry
curves of the NHC-Pt-3 composite for 10h in KOH, H,SO4 and PBS
solution. The current density went down at first and then main-



W. Xiao, Y. Chen, Q. Zhao et al.

XDOXIXD

Chinese Chemical Letters 35 (2024) 110176

IS
o
X

I

Free energy (eV/OH)
A N}
e

N

Steps of reaction
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diagram of the adsorption (red line), desorption (black lines) and migration of hydroxyl group over considered substrates (green line, see text), the letters of panel (f)
are corresponding with the structures reported on panels (a-e). (g) Schematic diagram of the possible pathways of electrocatalytic water splitting according to the DFT

calculations.

tained at a certain value. The LSV curves before and after durable
test were shown in Fig. 3f, where the current densities of the sam-
ples decreased slightly after 10 h of continuous reaction. The over-
potentials showed slight enhancement after durable test in pH-
universal environment, indicating the relatively stable of NHC-Pt-3
compound (Fig. S14 in Supporting information). The TEM images
were conducted to analyze the morphological changes before and
after stabilization as shown in Fig. S15 (Supporting information). It
can be seen that the NHC was still retained its original structure
and the size of the nanosheet is increased. The Pt nanoparticles
were still distributed uniformly on NHC surface after 10h stabi-
lization.

The density functional theory (DFT) calculations were employed
to unravel the mechanism of hydrogen production and the inter-
action between Pt and NHC carrier in NHC-Pt for efficient HER.
For the modeling of catalytic activity of NHC-Pt co-catalyst, we
take realistic structure of this material (Fig. 4a). Both XPS mea-
surements (Fig. 2a) and the relative reference have evidenced the
instability of Ni(HCO3), to a certain degree and reveals the pres-
ence of multiple interface areas [38,39]. These Ni-centers in dif-
ferent states were located and we used different Ni-based com-
pounds to simulate these areas. In other words, a catalytic sub-
strate can be described as a system of multiple horizontal inter-
faces. Thus, migration of the hydroxyl group occurs on neighboring
active sites across these interfaces from the active sites of one Ni-
based compound to the active site of another compound. Thus we
will also consider other Ni-based structures such as Ni-terminated
(111) surface of NiO (Fig. 4b), which is discussed as one decompo-
sition product of Ni(HCOs3),, and (001) surfaces of NOOH, NiCOO
and Ni(OH), (Figs. 4c-e). Note that atomic structure of these Ni-
based compounds can also be a proper model of multiple facets
of Ni(HCO); and NiOOH can also be used as a model of oxygen-
terminated surface of NiO. The next step after choosing the proper
model is the choosing of reaction pathways.

In contrast to the HER in acidic media where the first step is
unambiguous (Eq. 1):

H* — cH (1)

where “c” is notation for catalyst, in alkaline media this first step
can be realized via three different routes (Eqs. 2a-c):

H,0 - ¢-H+ OH™ or (2a)

H,0 — ¢-H + c—OH or (2b)

H,0 — c1-H + c2-OH (2¢)

where c1 and c2 are different co-catalyst located in close proximity
(Figs. 1c and d). The first route (Eq. 2a) is the least energetically fa-
vorable due to high energy cost of the formation of free OH~ group
(Fig. 4f). In other steps, this energy is reduced to the intermedi-
ate adsorption of hydroxyl group on other site of the same catalyst
that already interacts with hydrogen (Eq. 2b) or on other catalyst
(co-catalyst, Eq. 2c). Note that the reaction shown in Eq. 2b re-
quires simultaneous reduction and oxidation of the same catalyst
and hence can be discussed only for alloys which have different
active sites. Note that potential irreversible oxidation of active sites
Eq. 2b can limit the performance of the catalyst over time. Resent
successes in employment of co-catalyst for HER in alkaline media
suggest preferred ability of the third route. In all three pathways
of (Eqs. 2a-c) adsorption of hydrogen on catalyst is similar to the
Volmer step of HER in acidic media (Eq. 1). Therefore, further evo-
lution of hydrogen on Pt surface will be realized through the Hey-
rovsky step (Eq. 3):

cH+H" - H, (3)

This process has been discussed in previous works and the en-
ergy cost of this step is about 0.1 eV [40,41] which is much smaller
than the magnitudes of the energies corresponding with hydroxyl
group (Fig. 4f and Fig. S16 in Supporting information). Hence hy-
droxyl related processes determine the reaction rates in HER in al-
kaline media.

Based on discussions above we performed calculations of the
energetics of the adsorption of hydroxyl groups after water decom-
position (Eq. 2c) on various substrates. These energies also deter-
mine the energy of desorption of hydroxyl groups from the sub-
strates (Eq. 4):

c2-OH +e~ — OH (4)

In results of the calculations, we have found a large deviation
of the magnitudes of desorption energies. The adsorption energy
in the case of Ni(HCO)3 is moderate and negative while it is also
negative but with larger magnitude in the case of NiO. Thus we
should rule out NiO from further consideration because adsorption
of hydroxyl groups on the nickel oxide surface leads to irreversible
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oxidation of the surface and formation of NOOH-like structure with
Ni(Ill). Taking into account experimental evidences of the atomic
oxygen migration over surfaces of metals, oxides and perovskites
even at moderate temperatures [42-44], Eq. 4 can be rewritten as
the chain of reactions (Eq. 5):

2-OH - c3-OH — ...cx-OH + e~ — OH (5)

Eq. 5 describes a migration of hydroxyl group from one Ni-
based substrate to other with the magnitude of the energy
cost of the reaction much smaller than for hydroxyl group des-
orption until the energy cost of former process became neg-
ligible (Fig. 4f). This process of gradual migration and finally
desorption of hydroxyl group with involving of all considered
Ni-based systems (except NiO) can be described by further
way: Ni(HCO3),---OH (Fig. 4a) — NiOOH.--OH (Fig. 4c) — NiCOO..-OH
(Fig. 4d) — Ni(OH),---OH (Fig. 4e)— OH~. The formation of the ro-
bust Ni-OH bonds leads to the favorability of the initial step of
the process corresponding with Eq. 2c and step marked by let-
ter “a” on Fig. 4f. Further formation of weaker Ni-O-OH bond re-
quires payment of the moderate energy costs (steps marked by let-
ter “c” and “d” on Fig. 4f) with further migration of hydroxyl group
to Ni(OH), host with formation of rather weak hydrogen bonds
with Ni-OH-Ni bridges. At the last step of the process hydroxyl
group desorbed from Ni(OH), substrate is almost barrierless. Thus
Ni(OH), can be described as the final destination in the process
of hydroxyl groups migration over the mix of considered Ni-based
structures.

Note that the proposed three step migration process is the only
pathway corresponding with involving of all considered Ni-based
structure. Since the local combinations of the Ni-based structure
are definitively different, the steps of migration of the hydroxyl
group from Ni(HCO3), to Ni(OH), is also different. However, the
energy costs of each step of the migration are smaller than the
energy of hydroxyl group desorption. Even in straightforward mi-
gration of the hydroxyl group from Ni(HCO3), to Ni(OH), is about
0.4 eV more energetically favorable than desorption of the hydroxyl
group from Ni(HCO3),. Thus possible migration pathways can be
realized in different parts of the same catalysts and the possible
pathways of electrocatalytic water splitting are shown in Fig. 4g.
The synergetic effect of Pt and mix of Ni-based systems found in
our modeling makes possible further guided devise of composite
co-catalysts for HER in alkaline media.

In conclusion, the alkaline performance improvement mecha-
nism of HER was explored by NHC-Pt hierarchical nanostructure
based on theoretical and experimental research. The NHC could
affect the chemical state and electronic structure of Pt nanopar-
ticles, which could reduce the reaction energy barriers, facilitate
the adsorption of hydrogen and establish H-H bond. Moreover,
DFT calculations reveal that the related process of hydroxide is
the rate-determining step in the alkaline medium. The process
of hydroxyl group desorption can be described as gradual migra-
tion from Ni(HCOs3),---OH directly or via other Ni-based systems
to Ni(OH),---OH where the hydroxyl group desorbed almost bar-
rierless. As a result, the hierarchical nanostructure of NHC-Pt-5
demonstrated an overpotential of 37 mV to achieve a current den-
sity of 10mA/cm? and mass activities of 2.6 A/mgp; at 0.05V in a
1 mol/L KOH solution. This performance could be originated from
the cooperative adsorption of hydrogen and hydroxyl on NHC-
Pt with synergistic active sites. This work provided a new av-
enue to design the hierarchical nanostructure catalysts with en-
hanced HER performance by constructing the synergistic active
sites.
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