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ed synthesis of carbon
encapsulated Ni nanoparticles for efficient alkaline
hydrogen oxidation reaction

Yanan Chen,a Aiqing Cao,b Yongsheng Wang,a Jiaxin Wang,a Hao Wang,a

Qingqing Lv,a Shuxin Zhang,a Chengjin Chen,a Yaping Li, b Wei Zhu *ac

and Zhongbin Zhuang *ac

The development of high performance non-precious metal-based hydrogen oxidation reaction (HOR)

catalysts under alkaline conditions is important for achieving low cost hydroxide exchange membrane

fuel cells (HEMFCs). Herein, we report a high performance Ni-based HOR catalyst through engineering

of the ligand of its precursor. Carbon encapsulated Ni nanoparticles are synthesized through pyrolysis of

the Ni complex. It is found that the nitrogen content in the ligands determines the nitrogen doping level

in the final catalysts, which controls the hydrogen binding energy of the catalysts. The position of

functional groups in the ligands regulates the electronic state of Ni, which controls the metallic Ni

content in the final catalysts. Ni-Py-3-AO synthesized using pyridine-3-amidoxime as the ligand achieves

a high HOR exchange current density of 138 mA cmNi
−2 and a mass activity of 94.1 A gNi

−1 at 50 mV of

overpotential. A high peak power density of 554 mW cm−2 is achieved for the HEMFC using Ni-Py-3-AO

as the anode. Mechanistic studies reveal that its superior HOR activity originates from modulated

hydrogen binding energy as well as well-structured interfacial water.
Introduction

Hydroxide exchange membrane fuel cells (HEMFCs, also known
as anion exchange membrane fuel cells, AEMFCs) represent an
emerging fuel cell technology that employs hydroxide ion-
conducting membranes to achieve efficient energy conversion
in alkaline environments.1 Compared with proton exchange
membrane fuel cells (PEMFCs), HEMFCs offer the advantage of
compatibility with non-precious metal catalysts as well as
stainless steel bipolar plates, signicantly reducing the costs.2,3

With the development of high performance hydroxide exchange
membranes, the performance of state-of-the-art HEMFCs rivals
the performance of PEMFCs. However, high performance
HEMFCs still rely on platinum groupmetal catalysts.4 Especially
for the anodic hydrogen oxidation reaction (HOR), its kinetics
on the platinum group metal catalysts in alkaline electrolyte is
2–3 orders of magnitude lower than that in acidic electrolyte,
making a much higher anode platinum group metal loading
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requirement for HEMFCs than that for PEMFCs.5,6 Conse-
quently, developing high-performance non-precious metal
based HOR catalysts is essential for realizing the low cost of
HEMFCs.

Nickel-based HOR catalysts have emerged as promising
candidates for replacing platinum group metals under alkaline
conditions.7,8 However, the intrinsic HOR activity and stability
of Ni lag behind that of platinum group metals. The HOR
activity of Ni typically reaches only 1/1000 to 1/100 of the activity
of Pt.9 The unsatisfactory HOR activity of Ni stems primarily
from Ni's overly strong hydrogen binding energy (HBE),10 which
slows down the Volmer step kinetics. Recent studies also
suggest that the hydroxide adsorption strength and the inter-
facial water structures have a signicant impact on the HOR
kinetics under alkaline conditions.11–13 Efforts have been made
to optimize these properties to improve the HOR kinetics of Ni-
based catalysts, by alloying,14–16 heteroatom doping,17–20 support
interface engineering,21–23 encapsulation,24–27 etc. For example,
Li et al. demonstrated that alloying Ni with Mo can effectively
weaken HBE,16 and enhance the adsorption of hydroxyl species,
leading to an enhanced HOR activity. Yan et al. demonstrated
that the HBE of Ni could be tuned by the support, and the N-
doped carbon nanotube-supported Ni nanoparticles illustrate
high HOR activity.17 Wang et al. demonstrated that the metallic
Ni and MoBTx MBene (Ni/MoBTx) heterostructure catalyst
exhibits high HOR activity through the metal–support interac-
tion to achieve modulated HBE.22 Recent advances show that
© 2026 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
encapsulated Ni nanoparticles have conned surface structures
with adjusted HBE as well as enhanced stability, illustrating
high promise for the HOR.28–31 Hu et al. reported Ni nano-
particles embedded within nitrogen-doped carbon to reach
balanced hydrogen and hydroxide binding, exhibiting an elec-
trochemically active surface area-normalized exchange current
density of 70 mA cm−2 and a peak power density of 628 mW
cm−2 in the HEMFC test.32 Zhuang et al. synthesized a Ni@C
core–shell catalyst via controlled H2/Ar annealing of Ni2EDTA
precursors.33 By controlling the etching of the carbon shell, high
HOR activity is achieved. Wei et al. conned Ni nanoparticles
within carbon-doped-MoOx/MoOx, which exhibits a quantum
well-like structure and can selectively transfer external electrons
from the HOR while remaining metallic, resulting in high
activity and stability.34

Here, we report carbon encapsulated Ni nanoparticles
synthesized by pyrolysis of a Ni complex. Six different ligands
are employed to synthesize the Ni complex, and their impacts
on the HOR performances are studied. It is found that the
nitrogen content in the ligands and the position of the func-
tional groups are important. The catalyst obtained by using
pyridine-3-amidoxime as the ligand (Ni-Py-3-AO) achieves a high
HOR performance with an exchange current density of 138 mA
cmNi

−2 and a mass activity of 94.1 A g−1 at 50 mV. By using Ni-
Py-3-AO as the anode, the fabricated HEMFC delivers a high
peak power density of 554 mW cm−2, surpassing most reported
HEMFCs using non-precious metal based anodes. The high
HOR activity is attributed to its optimized HBE and regulated
interfacial water structures. These results illustrate that high
performance HOR catalysts could be synthesized by regulating
the coordination structure of the precursor.

Results and discussion
Synthesis and characterization of catalysts

A pyrolysis method is employed to synthesize the Ni based
catalysts. Ni complex precursors are synthesized rst, and then
pyrolyzed at high temperature to obtain the catalysts (Fig. 1a).
By selecting different ligands, the structures of the obtained Ni-
based catalysts are regulated, and the HOR performances are
modulated. In order to understand the ligand structure–HOR
performance relationship, a series of ligands are studied.

Due to the strong coordinating ability of the N-related groups,
nitrogen heterocycle compounds are selected as the ligands, and
the structures of the ligands used are listed in Fig. 1a. The N
atoms in the ligands may maitain in the pyrolyzed carbon
products, resulting in N doped catalysts and providing tuning
effects. Amidoxime, amino and oxime groups are further con-
nected on the nitrogen heterocycle to provide multiple sites to
coordinate with Ni2+. Pyridine functionalized with amidoxime is
employed, and the positional isomerism of functional groups on
aromatic rings (i.e., pyridine-2-amidoxime (Py-2-AO), pyridine-3-
amidoxime (Py-3-AO), and pyridine-4-amidoxime (Py-4-AO)) is
employed to study the geometric effect of the ligands. Pyrazine
functionalized with amidoxime (pyrazine-2-amidoxime (Pa-3-
AO)) is used to study the effect of additional N in the hetero-
cycle. Additionally, pyridine functionalized with aldoxime
© 2026 The Author(s). Published by the Royal Society of Chemistry
(pyridine-3-aldoxime (Py-3-O)) is employed as a control to eluci-
date the effect of the amino group on the oxime. 2-Amino-
pyridine-3-carbaldehyde oxime hydrochloride (Py-2A-3O), with
both amino and aldoxime substitutions on the pyridine, is also
employed to study the effect of the position of the amino group.
The catalysts obtained by using the corresponding Ni complex
are named Ni-ligand, where the abbreviations of the ligands are
used.

The X-ray diffraction (XRD) patterns are shown (Fig. 1b) for
the catalysts obtained by pyrolysis of precursors with different
ligands. Metallic Ni is observed for all the catalysts, indicated by
the characteristic peaks at 44.4°, 51.8°, and 76.4° corresponding
to the Ni(111), (200), and (220) facets, respectively. The broad
peak at 26° arises from carbon, suggesting that carbon residue
also exists in the catalysts. Transmission electron microscopy
(TEM) analysis (Fig. 1c) reveals that all the catalysts are Ni
nanoparticles encapsulated with carbon. However, the size of
the Ni nanoparticles as well as the morphologies of the encap-
sulated carbon are different for the catalysts synthesized using
different ligands, indicating the important role of the ligands.
For Ni-Py-3-AO, Ni-Py-2-AO, Ni-Py-4-AO and Ni-Pa-3-AO, small
nanoparticles supported on carbon are obtained. For Ni-Py-3-
AO, uniform Ni nanoparticles with an average size of 6.6 nm
(size distribution shown in Fig. S1a) are obtained, and the
nanoparticles are evenly distributed on carbon supports. The
sizes of the Ni nanoparticles are larger, with an average size of
11.8 nm, 13.1 nm and 9.4 nm for Ni-Py-2-AO, Ni-Py-4-AO and Ni-
Pa-3-AO, respectively (Fig. 1d–f and S1b–d). In contrast, for Ni-
Py-3-O, large Ni nanoparticles with a size of hundreds of
nanometers (Fig. 1g and S1e) are supported on carbon. For Ni-
Py-2A-3O, the particle size is smaller (Fig. 1h and S1f), but
a large amount of carbon residue exists and the nanoparticles
are embedded in the carbon substrates. The particle sizes of the
catalysts are also estimated using the Debye–Scherrer formula
based on the XRD data, and are summarized in Table S1. The
particle sizes calculated from the XRD pattern are in agreement
with the sizes observed in TEM images.

The carbon residue in the products is characterized using
Raman spectra (Fig. S2). The carbon related Raman peaks could
be divided into 4 categories: the D1 band at ∼1350 cm−1,
attributed to A1g breathing mode related to structural defects;
the D3 band at ∼1500 cm−1, attributed to tetrahedral amor-
phous carbon from organic molecules and fragments; the D4
band at ∼1181 cm−1, attributed to sp3-hybridized carbon/
surface functional groups; and the G band at 1580 cm−1,
attributed to graphitic carbon.35,36 It is found that the defects in
the carbon, which are represented by the intensity ratio ID1/IG,
are controlled by the number of heteroatoms in the ligands.
Using Py-3-O, which contains 2 N and 1 O, the product Ni-Py-3-O
has a low ID1/IG of 2.00. Using the ligands with 3 N and 1 O, the
products show the ID1/IG of 2.14, 2.16, 2.25 and 2.12 for Ni-Py-2-
AO, Ni-Py-3-AO, Ni-Py-4-AO, and Ni-Py-2A-3O, respectively. Pa-2-
AO has 4 N and 1 O, resulting in the highest ID1/IG of 2.69 for the
obtained Ni-Pa-2-AO. The amount of the incompletely pyrolyzed
ligands is determined by the ID3/IG ratio.

For Ni-Pa-3-AO and Ni-Py-3-O, they show high ID3/IG of 1.13
and 0.93, respectively. The incompletely pyrolyzed ligands may
Chem. Sci., 2026, 17, 5256–5263 | 5257
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Fig. 1 (a) Schematic illustration of the synthetic procedure. (b) XRD patterns of the catalysts. (c–h) TEM images of the catalysts. (c) Ni-Py-3-AO,
(d) Ni-Py-2-AO, (e) Ni-Py-4-AO, (f) Ni-Pa-3-AO, (g) Ni-Py-3-O and (h) Ni-Py-2A-3O.
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block the active sites, resulting in decreased catalytic activity.
Ni-Py-3-AO is taken as an example for detailed analysis. The
high-resolution transmission electron microscopy (HRTEM)
image of Ni-Py-3-AO (Fig. 2a) reveals well-dened lattice fringes
with an interplanar spacing of 0.206 nm corresponding to the
Ni(111) facet. The nanoparticles are encapsulated by few-layer
carbon shells with a characteristic spacing of 0.34 nm, consis-
tent with the graphite (002) facet. Elemental mapping via EDS
(Fig. S3) conrms the presence of Ni, C, N, and O throughout
the catalyst. HAADF-STEM analysis (Fig. 2b) further demon-
strates homogeneous dispersion of Ni nanoparticles on
a uniformly distributed carbon matrix, with N and O species
predominantly localized at nanoparticle peripheries. Ni mass
content is 64% in Ni-Py-3-AO measured by ICP-MS.
HOR activity of catalysts

Catalyst performance for the HOR was evaluated using
a rotating disk electrode in H2-saturated 0.1 M KOH. The Ni/C
5258 | Chem. Sci., 2026, 17, 5256–5263
catalyst synthesized via an impregnation method was tested
for comparison (TEM image shown in Fig. S4).14 Clear anodic
current is observed when using Ni-Py-3-AO, Ni-Py-2-AO and Ni-
Py-4-AO as the catalysts, and the current densities are higher
than that using Ni/C (Fig. 3a). Ni-Pa-3-AO shows similar activity
to that of Ni/C, while Ni-Py-3-O and Ni-Py-2A-3O show worse
activity than that of Ni/C. The kinetic current densities are
worked out using the Koutecký–Levich equation and summa-
rized in Table S2. Ni-Py-3-AO displays the highest activity,
indicated by the rapid increase of the current density with
potential. Its activity approaches that of Pt/C with lower load-
ings (Fig. S5). The anodic current disappears when switching
the electrolyte to an Ar-saturated one, conrming that the
anodic current observed in the H2-saturated electrolyte origi-
nates from the HOR (Fig. S6). Fig. S7 and S8 show the Koutecký–
Levich plots of the current density at 25 mV obtained at various
rotating speeds, and the slope is 4.68 cm2 mA−1 s1/2, consistent
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) HAADF-STEM image of Ni-Py-3-AO. (b) HAADF-EDS mapping of Ni-Py-3-AO.

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 4
/1

3/
20

26
 2

:5
1:

49
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
with the theoretical value of 4.87 cm2 mA−1 s1/2 for the two-
electron transfer HOR process.

To understand the intrinsic activities of the catalysts, the
mass activities using HOR kinetic current densities (jk,m) at
Fig. 3 (a) Polarization curves of the catalysts in H2-saturated 0.1 M KOH s
catalyst loading was 230 mgcat cm

−2. The potentials were iR corrected. (b
jk,m at 50mV for Ni-Py-3-AO and the reported Ni-based singlemetal cata
of Ni-Py-3-AO and Ni/C tested in H2-saturated 0.1 M KOH with a rotatio
or Ni/C as the anode catalyst. The anode Ni loading was controlled at 4m
cell, anode and cathode humidifier temperatures were 95, 92 and 95 °C,
H2 and 0.5 L min−1 of O2, respectively. The backpressure was 250 kPaG
density of 0.75 V with Ni-Py-3-AO (3 mgNi cm

−2) or Ni/C as the anode an
and cathode humidifier temperatures were 80, 78 and 80 °C, respectively
L min−1 of O2, respectively. The backpressure was 100 kPa for both side

© 2026 The Author(s). Published by the Royal Society of Chemistry
50 mV (versus RHE, the same hereaer) and the electrochemi-
cally active surface area (ECSA) normalized exchange current
densities (j0,s) are calculated. The ECSA is estimated through the
charge integration during the Ni(OH)2 reduction to Ni (Fig. S9).
olution with a rotation rate of 1600 rpm and a scan rate of 1 mV s−1. The
) The specific exchange current density (j0,s). (c) Summary of the j0,s and
lysts. (d) The relative exchange current density evolution in the ADT test
n rate of 1600 rpm. (e) H2/O2 HEMFC performances using Ni-Py-3-AO
gNi cm

−2. The cathode for all the HEMFCs was 0.4 mgPt cm
−2 Pt/C. The

respectively. The anode and cathode were supplied with 0.5 L min−1 of
for both sides. (f) H2/O2 HEMFC durability test at a constant current

d Pt/C (0.4 mgPt cm
−2) as the cathode. Test conditions: the cell, anode

. The anode and cathode were supplied with 0.3 L min−1 of H2 and 0.3
s.

Chem. Sci., 2026, 17, 5256–5263 | 5259
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The exchange current densities are tted using the Butler–
Volmer equation (Fig. S10) and summarized in Fig. 3b and
Table S2. Ni-Py-3-AO achieves a high jk,m of 94.1 A g−1 and j0,s of
138 mA cmNi

−2, which are 10.8-fold and 5.2-fold higher
compared with that of Ni/C (jk,m = 8.7 A g−1; j0,s = 27 mA
cmNi

−2). Ni-Py-2-AO, Ni-Py-4-AO, and Ni-Pa-3-AO exhibit j0,s of
97, 55, and 35 mA cmNi

−2, respectively. They are lower than that
for Ni-Py-3-AO but better than that for Ni/C. Ni-Py-3-O and Ni-Py-
2A-3O exhibit j0,s of about 27 mA cmNi

−2, similar to that of Ni/C.
This demonstrates that no advantage is gained by using Py-3-O
and Py-2A-3O as the ligands. Ni-Py-3-AO positions itself as the
highest-performing nickel-based single metal HOR catalyst re-
ported (Fig. 3c and Table S3).

The stability of Ni-Py-3-AO is estimated by accelerated
degradation testing (ADT) by cycling between−0.05 and 0.1 V at
a scan rate of 0.1 V s−1, and chronoamperometry (CA) at 50 mV
in H2-saturated 0.1 M KOH. Fig. S11–S14 show the polarization
curves for Ni-Py-3-AO and Ni/C aer 0, 5000, 10 000 and 20 000
ADT cycles, and Fig. 3d summarizes the calculated exchange
current densities. Ni-Py-3-AO retains 78.1% of its initial
exchange current density aer 20 000 ADT cycles, much better
than that for Ni/C (30.8%). The CA curves for Ni-Py-3-AO and Ni/
C are shown in Fig. S15. Aer 50 h of testing, the relative current
density decays by only 20% for Ni-Py-3-AO. By comparison, Ni/C
suffers 20% of degradation within 5 h. The calculated decay rate
for Ni-Py-3-AO is only 0.39% h−1, which is an order of magni-
tude lower than that of Ni/C (4% h−1). Moreover, post-stability
characterization conrms that Ni-Py-3-AO retains its original
morphological structure (Fig. S16 and S17). These results
demonstrate the much-improved stability of Ni-Py-3-AO
compared with that of Ni/C.

Membrane electrode assemblies (MEAs) were fabricated using
Ni-Py-3-AO or Ni/C (3 mgNi cm−2) as the anode catalyst and
commercial 40% Pt/C (0.4 mgPt cm

−2) as the cathode. Fig. 3e
shows the polarization curves as well as the power density curves.
The Ni-Py-3-AOHEMFC displays an open-circuit voltage of 1.06 V.
Its peak power density reached 554 mW cm−2, which is much
higher than that of the Ni/C HEMFC (99 mW cm−2). The peak
power density of the Ni-Py-3-AO HEMFC exceeds the values of
most reported HEMFCs using Pt-free anodes (Table S4). Addi-
tionally, the Ni-Py-3-AO HEMFC can deliver a current density of
428mA cm−2 at 0.65 V, which is also higher than that of Ni/C (153
mA cm−2). The Ni-Py-3-AO HEMFC also shows enhanced stability
compared with the Ni/C HEMFC. Fig. 3f shows the current
density curves of the HEMFC working at 0.75 V. The Ni-Py-3-AO
HEMFC shows an average decay rate of 0.27% h−1, in a 35 h
test. In contrast, the Ni/C HEMFC shows a much higher decay
rate of 3.5% h−1. The uctuation of the current density in the
stability test might result from temporal ooding.
Theoretical calculations and mechanism investigation

The HOR proceeds through the activation of the H2 molecules to
form adsorbed hydrogen (*H), followed by electron transfer and
combination with OH− to complete the reaction. The binding
energy of the key intermediate *H (i.e., hydrogen binding energy,
HBE) is considered to control the kinetics of the HOR, in the form
5260 | Chem. Sci., 2026, 17, 5256–5263
of the well-established HBE volcano plot.10 Ni is located on the
branch with too strong HBE; therefore, the weakened HBE of the
catalysts benets improvement of the HOR activity. Beyond HBE,
the interfacial water structure is also found to be important for
the HOR under alkaline conditions. The hydrogen-bonding
network is a well-structured network that facilitates efficient
proton–electron transfer.11,12 The transfer of hydrogen from the
bulk solution to the electrode surface to form *H strongly
depends on the orientation of interfacial water molecules and the
integrity of the hydrogen-bonding network. A well-structured
hydrogen-bonding network can lower the energy barrier for
proton transfer, thereby accelerating the reaction.35 Conversely,
a disrupted network impedes proton transfer, thereby hindering
the HOR process.

The chemical environments of the Ni nanoparticles in the
catalysts are investigated by XPS. Fig. 4a shows the high reso-
lution Ni 2p3/2 XPS spectra of the 4 HOR catalysts with higher
HOR activity (i.e., Ni-Py-2-AO, Ni-Py-3-AO, Ni-Py-4-AO, and Ni-Pa-
3-AO), as well as Ni/C for comparison. For the 4 pyrolyzed
catalysts, a peak located at 852.9 eV corresponding to Ni0

species and a peak located approximately at 855 eV corre-
sponding to Ni2+ species are observed. Compared with the Ni0

peak for Ni/C (853.3 eV), the peaks exhibit a negative shi of
approximately 0.4 eV, suggesting that the N-doped carbon shell
modulates the electronic structure of Ni.

The peak positions of the Ni0 species of these four catalysts
do not show signicant differences, indicating their similar
chemical environments. However, the highest Ni0 content
(38%) is observed for Ni-Py-3-AO compared with Ni-Py-2-AO
(32%), Ni-Py-4-AO (30%) and Ni-Pa-3-AO (28%). Due to the
metallic Ni being generally considered as the active sites for the
HOR, the highest Ni0 content of Ni-Py-3-AO is attributed to its
best HOR performance. The highest Ni0 content of Ni-Py-3-AO is
likely to originate from its precursor structures. Fig. S18 shows
the high resolution Ni 2p3/2 XPS spectra of the corresponding
precursors of the 4 catalysts. It is found that the Ni 2p binding
energy of the precursors is determined by the structure of the
ligands, especially the position of the functional groups. The Ni-
Py-3-AO precursor displays the lowest Ni 2p binding energy,
indicating the coordination-induced electron donation from
heteroatoms to Ni2+. A correlation between the Ni 2p binding
energy in the precursor and Ni0 content in the nal pyrolyzed
catalysts is found (Fig. S19). The increased electron density of
Ni2+ in the Ni-Py-3-AO precursor promotes the formation of
metallic Ni0 during pyrolysis, resulting in the highest Ni0

content in Ni-Py-3-AO.
As demonstrated by the HRTEM images, the Ni nano-

particles are capped within carbon shells. It has been reported
that the carbon shell inuences the adsorption of the *H
intermediates, thereby tuning the HBE. The composition of the
carbon shell correlates with the HBE. The N 1s XPS spectrum of
the catalysts demonstrates that the carbon shells are doped
with N (Fig. 4b). The deconvolution results indicate that
pyridinic N dominates the nitrogen species. The pyridinic N
content in the carbon shell differs among the catalysts. For the
two catalysts with higher HOR activities (i.e., Ni-Py-2-AO and Ni-
Py-3-AO), the pyridinic N contents are approximately 5 at%. And
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 High resolution XPS spectra of (a) Ni 2p3/2 and (b) N 1s. (c) The hydrogen adsorption free energy on the Ni(111) surface, Ni@C–N, and
Ni@C–2N.

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 4
/1

3/
20

26
 2

:5
1:

49
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
for the two catalysts with moderate HOR activities (Ni-Py-4-AO
and Ni-Pa-3-AO), the pyridinic N contents are approximately 8
at%. To understand the role of carbon and N doping in the HOR
performance, we calculated the hydrogen adsorption free
energy (DG*H) using the DFTmethod (Fig. 4c). Three models are
employed in the DFT calculations (Fig. S20), the pristine Ni(111)
surface, the Ni(111) surface covered with a carbon layer with 1
doped N (Ni@C–N), and the Ni(111) surface covered with
a carbon layer with 2 doped N (Ni@C–2N). The Ni(111) surface
Fig. 5 (a) Electrochemical in situ ATR-SEIRAS of Ni-3-Py-AO. The backg
AO, Ni-Py-3-AO, and Ni-Py-4-AO. (c) Deconvolution results of the OH
3570 cm−1 (free water), 3430 cm−1 (weakly hydrogen-bonded water), an
Ni-Py-2-AO, Ni-Py-3-AO, and Ni-Py-4-AO in 0.1 M Ar-saturated KOH.

© 2026 The Author(s). Published by the Royal Society of Chemistry
exhibits a low DG*H of −1.00 eV, consistent with its experi-
mentally observed overly strong hydrogen binding (Fig. 4c).
Both Ni@C–N and Ni@C–2N show weakened hydrogen
adsorption, suggesting that the capped carbon layer optimizes
the DG*H on Ni. Ni@C–N demonstrates a more optimized DG*H

of −0.23 eV than that of Ni@C–2N (−0.56 eV).
It suggests that the carbon shell with moderate N doping

would give the best HOR activity, and too much N is not helpful
for further improving the HOR activity. The high activity of Ni-
round spectra were obtained at 0.2 V. (b) The Stark effect of Ni-Py-2-
stretching vibration peak at 0 V. Three water peaks were identified at
d 3250 cm−1 (strongly hydrogen-bonded water). (d) The LSV curves of

Chem. Sci., 2026, 17, 5256–5263 | 5261
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Py-2-AO and Ni-Py-3-AO originates from their carbon shell with
moderate N doping, which optimize the hydrogen binding.

The interfacial water structure is also important for the HOR
activity, as it modulates the proton transfer kinetics.37 The
interfacial water structures are estimated by in situ ATR-SEIRAS
performed between −0.15 and 0.15 V (Fig. 5a and S21). The
progressive blue-shiing vibrational peaks with decreasing
potential imply the inuence of the electric eld on the inter-
facial water structure. Ni-Py-3-AO exhibits the steepest Stark
slope of 201 cm−1 V−1 (Fig. 5b), indicating the most pronounced
voltage-dependent OH adsorption strength. We also deconvo-
luted the peak in the range of 3000–3600 cm−1 into three water
congurations: strongly hydrogen-bonded water (3250 cm−1),
weakly hydrogen-bonded water (3430 cm−1), and free water
(3570 cm−1) (Fig. 5c).38,39 With more strongly hydrogen-bonded
water, the hydrogen-bonding network is more complete,
therefore promoting the HOR process. Ni-Py-3-AO shows the
highest proportion of strongly hydrogen-bonded water (29.3%)
compared with other catalysts, i.e., Ni-Py-2-AO (27.1%), Ni-Py-4-
AO (20.2%) and Ni-Pa-3-AO (25.4%). With the optimized
hydrogen-bonding networks, the Volmer step is accelerated on
Ni-Py-3-AO, thereby exhibiting superior HOR kinetics.

The interfacial water structures are correlated with the
surface conditions of the catalysts. It has been reported that the
adsorbed OH on the surface could induce the water to orient
towards the O-down conguration, which is benecial to
connect with other water molecules as strongly hydrogen-
bonded water. The OH adsorption strength is determined via
cyclic voltammetry in Ar-saturated electrolyte. Ni-Py-3-AO shows
a low OH− adsorption at 0.292 V (Fig. 5d), suggesting its
increased *OH coverage on the catalyst surface. The *OH
induced the interfacial water, forming strong hydrogen-bond
water, and thus promoting the HOR.

Conclusions

In conclusion, this work establishes ligand engineering as an
effective strategy for developing high-performance Ni-based HOR
catalysts. The nitrogen contents of the ligands control the doping
level in the carbon shell, and the position of the functional group
in the ligand regulates the metallic Ni content in the pyrolyzed
catalysts. The Ni-Py-3-AO catalyst achieves high HOR activity and
HEMFC performance. Mechanistic insights reveal that the
enhanced kinetics originate from the optimized HBE derived
from the carbon shell structure and a restructured interfacial
water network. This study provides an efficient strategy for
designing cost-effective catalysts for HEMFC devices.
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