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e of a bridging oxygen in a carbon
shell coated Ni interface for enhanced alkaline
hydrogen oxidation reaction†

Pengyu Han,‡ Xinyi Yang,‡ Liqing Wu,‡ Hongnan Jia and Wei Luo *

Encapsulating metal nanoparticles inside carbon layers is a promising approach to simultaneously

improving the activity and stability of electrocatalysts. The role of carbon layer shells, however, is not

fully understood. Herein, we report a study of boron doped carbon layers coated on nickel nanoparticles

(Ni@BC), which were used as a model catalyst to understand the role of a bridging oxygen in a carbon

shell coated Ni interface for the improvement of the hydrogen oxidation reaction (HOR) activity using an

alkaline electrolyte. Combining experimental results and density functional theory (DFT) calculations, we

find that the electronic structure of Ni can be precisely tailored by Ni–O–C and Ni–O–B coordinated

environments, leading to a volcano type correlation between the binding ability of the OH* adsorbate

and HOR activity. The obtained Ni@BC with a optimized d-band center displays a remarkable HOR

performance with a mass activity of 34.91 mA mgNi
−1, as well as superior stability and CO tolerance. The

findings reported in this work not only highlight the role of the OH* binding strength in alkaline HOR but

also provide guidelines for the rational design of advanced carbon layers used to coat metal

electrocatalysts.
Introduction

The anion exchange membrane fuel cell (AEMFC) has been
regarded as a promising cost-effective alternative to state-of-the-
art proton exchange membrane fuel cells (PEMFCs), because of
the development of efficient non-precious metal electrocatalysts
for cathodic oxygen reduction reactions (ORR) in alkaline
media.1–3 Unfortunately, when the operating environment
switched from acidic to alkaline, anodic hydrogen oxidation
reaction (HOR) kinetics become very sluggish due to the pH
effect.4,5 Even for platinum-group-metals (PGMs), such as Pt and
Pd, alkaline HOR activities decrease by about two orders of
magnitude when compared to that in acid,6–8 which results in
a higher consumption of preciousmetal to achieve the applicable
peak power of AEMFC, thus offsetting advantages obtained by
adopting low-cost PGM-free cathodes.9,10 To date, nickel-based
catalysts have been regarded as the most promising non-
precious metal-based electrocatalysts for alkaline HOR.11,12

However, their activities and stabilities are far lower than those of
PGM-based catalysts.13,14 Consequently, several strategies have
been endeavouring to improve the HOR performance of Ni, such
as alloying,15,16 doping,17,18 constructing heterostructures,19,20 and
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regulating the metal-support interaction (MSI).21–24 Despite the
fact that great efforts have been achieved, it is still a great chal-
lenge to precisely design Ni-based electrocatalysts with high
activity and stability for alkaline HOR.25,26

Recently, encapsulating metal nanoparticles in carbon layers
was found to be an effective approach to simultaneously
increase the activity and stability of catalysts.27 However, the
exact role of coated carbon layers during electrocatalysis still
remains debatable.28,29 The conventional view considers that the
outer carbon layer of carbon possesses a physical and chemical
shielding effect, which protects core active metals and improves
the stability.30–32 Moreover, the porous carbon layer with defects
and a certain porosity can act as a molecular sieve to prevent the
adsorption of poisoning species on the surface of metal active
sites, while not interfering with the mass transfer of reactants,
thus improving the anti-poisoning ability of the catalyst.28,33,34

Conversely, the other primary view states that the surface on the
outer carbon shell should be where real active sites are during
electrocatalysis, because it is directly in contact with the elec-
trolyte.35,36 The charge transfer from the metal core to carbon
shell will alter the electronic state of the carbon surface, thereby
leading to optimal adsorption energy for reaction intermediates
and enhanced catalytic activity.37–39 Furthermore, it has been
reported that the catalytic performance of carbon coated metal
nanoparticle catalysts can be further enhanced by heteroatom
doping.40–42 Introducing heteroatoms, such as nitrogen and
boron, with great differences of electronegativity into the sp2

lattice of graphitic carbon will alter the local electronic structure
Chem. Sci., 2024, 15, 5633–5641 | 5633
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of the carbon material and affect the extent of the p electron
delocalization, thus breaking the electrical neutrality and
creating favorable sites for catalysis.43 However, in most of
precursors, metal ions and organic compounds are connected
by oxygen atoms, which will result in the inevitable presence of
oxygen at the interface between the carbon layer and core metal
nanoparticles during pyrolysis.44–46 The oxygen atoms at the
interface can act as a bridge to inevitably impact the electronic
structure of the carbon layer and metal nanoparticles, but this
inuence has been investigated rarely.

In this study, carbon coated nickel nanoparticles (Ni@C)
were prepared by the pyrolysis of a Ni-BDC metal organic
framework (MOF) precursor. X-ray photoelectron spectroscopy
(XPS) and X-ray absorption spectroscopy (XAS) results indicate
that the carbon layer and Ni nanoparticles are connected by
bridging oxygen atoms, thereby leading to the regulated surface
electronic state of Ni through Ni–O–C interfaces. Furthermore,
boron doped carbon coated Ni nanoparticles (Ni@BC) with an
Ni–O–B interface were successfully synthesized by replacing
some terephthalic acid ligands with 4-carboxylphenylboronic
acid. Experimental results and density functional theory (DFT)
calculations demonstrate that the presence of bridging oxygen
coordinated environments (Ni–O–C and Ni–O–B) can precisely
tailor the electronic structure of Ni, leading to a volcano-type
Fig. 1 (a) Schematic diagram of the structure and synthesis route of the
(c)–(e) HRTEM images of the Ni@BC. (f) Energy-dispersive X-ray (EDX) e
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correlation between the binding ability of OH* adsorbate and
alkaline HOR activity. The resultant Ni@BC with an optimal d-
band center and adsorbed hydroxyl binding energy (OHBE)
displays a remarkable HOR performance with an alkaline elec-
trolyte, showing a mass activity of 34.91 mA mgNi

−1 at 50 mV
and a specic activity of 0.045 mA cmNi

−2, outperforming most
of the reported Ni-based electrocatalysts.
Results and discussion
Synthesis and characterization of prepared samples

As illustrated in Fig. 1a, carbon coated nickel (Ni@C) and boron
doped carbon coated nickel (Ni@BC) with abundant Ni–O–C(B)
interfaces were synthesized by a two-step approach. First, the Ni-
BDC is assembled from terephthalic acid (H2BDC) and nickel
ions (Ni2+) via a solvothermal method, resulting in many Ni–O–C
congurations in the structure. Aer 4-carboxyphenylboronic
acid partially replaced the H2BDC to coordinate with Ni2+, the Ni–
O–B interface may also be constructed, and the obtained
precipitate was denoted as Ni-BDC-BA.47,48 Subsequently, Ni@C
and Ni@BC samples were prepared by pyrolyzing Ni-BDC and Ni-
BDC-BA precursors at 400 °C in an N2/H2 mixed atmosphere,
respectively. During this process, the Ni nanoparticles were
gradually conned in the carbonmatrix, and Ni–O–C(B) link sites
Ni@C and Ni@BC catalysts. (b) XRD patterns of the Ni@C and Ni@BC.
lemental mappings of the Ni@BC.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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can be transferred to interfacial-O on the surface of nickel.45

Moreover, the number of Ni–O–B motifs can be controlled by
varying the feeding molar ratio of terephthalic acid and 4-car-
boxyphenylboronic acid. Among the samples tested, Ni@BC 5 : 5
derived fromNi-BDC-BA 5 : 5 exhibits the best HOR performance;
therefore, it is denoted as Ni@BC when compared with Ni@C
and Ni in the text and used for further characterizations. As
shown in Fig. S1,† XRD patterns verify the successful synthesis of
the Ni-BDC, which corresponded well with simulated patterns.
Aer the ligand was partially replaced, the XRD pattern indicates
that the Ni-BDC-BA 5 : 5 still roughly maintained the structure of
the Ni-BDC (Fig. S2†). As shown in Fig. 1b, the XRD patterns of
the Ni@C and Ni@BC show the formation of the metallic nickel
crystalline phase, and peaks located at 44.5°, 51.8° and 76.4°
correspond to the (111), (200), and (220) planes of the face-
centered cubic (fcc) Ni (PDF#04-0850). As shown in Fig. S3 and
S4,† transmission electron microscopy (TEM) images reveal that
the Ni@C and Ni@BC are composed of small-sized nickel
nanoparticles distributed on the carbon matrix due to the
conned effect of the carbon layers generated in situ.49,50 For the
Ni@BC, high-resolution TEM (HRTEM) images shown in Fig. S5†
and 1c clearly display the carbon coated nickel structure, and the
interface can be apparently observed. The interfacial lattice
fringes with interplanar spacings of 0.34 and 0.20 nm can be
assigned to the (002) plane of graphite carbon and the (111) plane
of fcc Ni (Fig. 1d and e), respectively.51 Furthermore, the high-
angle annular dark-eld scanning TEM (HAADF-STEM)-energy
Fig. 2 High-resolution XPS spectra of (a) Ni 2p, (b) O 1s and (c) C 1s in the
(e) Ni K-edge XANES spectra of the Ni@C, Ni@BC, Ni foil and NiO. (f) Fou
and NiO. (g)–(j) Wavelet transforms of Ni K-edge EXAFS for the Ni foil, N

© 2024 The Author(s). Published by the Royal Society of Chemistry
dispersive X-ray mapping images conrm that O, C and B
elements are uniformly distributed around Ni (Fig. 1f), which
roughly follows the prole of the Ni@BC structure.

The XPS was performed to further investigate the valence
states and interfacial structures of the Ni@C and Ni@BC. As
shown in Fig. 2a, the high-resolution Ni 2p3/2 spectrum of the
Ni@C can be deconvoluted to three peaks. The peaks located at
853.1 eV and 855.5 eV can be assigned to metallic Ni (Ni0) and
oxidized Ni (Ni2+), respectively.52 Compared with the Ni@C, the
Ni0 of the Ni@BC exhibits a negatively shied binding energy,
suggesting the regulation of the electron structure of nickel
aer the introduction of a boron-containing ligand. The O 1s
spectra of the Ni@C and Ni@BC can be shared to three different
carbon–oxygen congurations (Fig. 2b). The peaks located at
531.5 and 532.2 eV correspond to C–O–C and C]O, respec-
tively, and the peak located at 529.8 eV of the Ni@C is attributed
to the Ni–O–C bond, suggesting the existence of the Ni–O–C
structure at the carbon coated interface.45,53,54 Moreover, it can
be found that the Ni–O–C peak of the Ni@BC shis to a negative
binding energy when compared to the Ni@C, which is mainly
from the substitution of the partial carbon with boron and
formation of the Ni–O–B structure. It is worth noting that the O
1s spectra of the Ni@C and Ni@BC are signicantly different to
that of NiO. The peaks situated at 529.2, 530.8 and 531.7 eV in
the NiO can be assigned to Ni–O, Ni–OH and adsorbed water,
respectively, (Fig. S6†).55,56 As shown in Fig. 2c, there are four
different carbon bonds (C–C, C–O, C]O and O–C]O) existing
Ni@C and Ni@BC. (d) High-resolution XPS spectra of B 1s in the Ni@BC.
rier-transform EXAFS k3-weighted spectra of the Ni@C, Ni@BC, Ni foil
i@C, Ni@BC and NiO.

Chem. Sci., 2024, 15, 5633–5641 | 5635



Fig. 3 (a) HOR polarization curves of the Ni, Ni@C and Ni@BC in H2-
saturated 0.1 M KOH solution measured at the rotational speed of
2500 rpm. (b) Polarization curves of the Ni@BC in H2-saturated 0.1 M
KOH solution with a scan rate of 5 mV s−1 at the rotational speeds
varying from 2500 to 400 rpm. Inset shows the Koutecky–Levich plot
at 30 mV (vs. RHE). (c) Tafel plots derived from the HOR polarization
curves of the Ni, Ni@C and Ni@BC normalized kinetic current densities
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in the Ni@C and Ni@BC samples, whereas the B–C can be
observed in the Ni@BC.57–59 For the B 1s spectrum in the
Ni@BC, two distinct peaks located at 191.5 and 192.3 eV can be
assigned to BC2O and BCO2, respectively (Fig. 2d).22,58

The local electronic feature and atomic structure of the
samples were further investigated using XAS. As shown in
Fig. 2e, the Ni K-edge X-ray absorption near edge structure
(XANES) spectra show that the oxidation states of Ni in the
Ni@C and Ni@BC are between the Ni foil and NiO, suggesting
that Ni species are partial oxidated.23,60 Furthermore, the
average oxidation states of all the samples (Fig. S7†) indicate
that the valence state of Ni in the Ni@BC is slightly lower than
that of the Ni@C sample, which demonstrates that the
decreased oxidation state is derived from the construction of
the Ni–O–B structure, and this agrees well with XPS results. The
extended X-ray absorption ne structure (EXAFS) spectra were
further measured to determine the local coordination environ-
ment around Ni sites (Fig. 2f). The dominant peaks of the Ni@C
and Ni@BC at ∼2.10 Å are ascribed to the metallic Ni–Ni
coordination, which shows a slight shi to the le side due to
the presence of the Ni–O–C and Ni–O–B structures.61,62 More-
over, weak peaks at about 1.3 Å further indicate that the surface
Ni species of the Ni@C and Ni@BC are partially oxidized to
produce the Ni–O–C(B) interface. The wavelet transform (WT)
analyses were also conducted to further investigate the coordi-
nation conguration. As shown in Fig. 2g–j, the maximum
intensities of Ni@C and Ni@BC are approximately the same as
that of the Ni foil but different to that of the NiO, suggesting
that their main components are metallic Ni, and this was
consistent with EXAFS results. In addition, the chemical state of
carbon was explored by X-ray absorption near edge structure
(XANES), as shown in Fig. S8.† Clearly, the C K-edge XANES
spectra of Ni@C and Ni@BC show two typical peaks at 285.6 eV
(A) and 288.6 eV (B), corresponding to the p* states of the
carbon ring (C]C) and carbon–oxygen bond (C]O), respec-
tively.46,63,64 The occurrence of peak B hints at the presence of
the interfacial chemical interaction between Ni and the carbon
matrix via the Ni–O–C bond.46 Compared with the Ni@C, the
decreased intensity of the A peak and increased intensity of the
B peak in the Ni@BC are probably due to the introduction of
boron to the graphite carbon structure and enhanced strength
of the carbon–oxygen bond. For comparison, the Ni-BDC-BA
with different feeding molar ratios were synthesized, and their
carbonized products (Ni@BC 8 : 2 and Ni@BC 2 : 8) were also
characterized as shown in Fig. S9–S16.† The XPS results verify
that the element content of boron on the sample surface were
constantly grown with the increased 4-carboxyphenylboronic
acid feeding (Table S1†). It should be noted that as the added
amount of boron increased, the valence state of Ni0 gradually
shis towards a negative binding energy, further demonstrating
that the Ni–O–B structure can continuously modulate the
surface electron states of Ni (Fig. S17†).
(jk) via Butler–Volmer fittings. (d) Linear fitting curves in the micro-
polarization region. (e) Comparison of metal mass-normalized kinetic
current densities (jk,m) at an overpotential of 50 mV and ECSA-
normalized exchange current densities (j0,s) of the three catalysts. (f)
Comparison of mass-normalized jk at 50 mV and ECSA-normalized j0

for Ni@BC with those of the recently reported Ni-based catalysts.
Catalytic performance evaluation

The HOR performances of the obtained samples were evaluated
using a rotating disk electrode (RDE) measurement system in
5636 | Chem. Sci., 2024, 15, 5633–5641
a standard three-electrode system with H2-saturated 0.1 M KOH
as the electrolyte. For comparison, pure Ni without carbon
coated catalysts was also prepared, and its XRD patterns are
shown in Fig. S18.† The HOR polarization curves of the Ni,
Ni@C and Ni@BC were reordered by linear sweep voltammetry
(LSV) with a rotation rate of 2500 revolutions per minute (rpm)
at a scan rate of 5 mV s−1. As shown in Fig. 3a, the current
density of the Ni@C is signicantly enhanced when compared
with pure Ni, indicating that the presence of the Ni–O–C
interface promotes the HOR activity of Ni. Moreover, the Ni@BC
sample exhibits a much superior HOR performance when
compared to the Ni@C, which suggests that the Ni–O–B motifs
could further optimize the alkaline HOR kinetics of nickel. To
avoid the contribution of the non-faradaic current, the steady-
state polarization curve of the Ni@BC was also obtained for
comparison to determine the hydrogen electrocatalytic
response (Fig. S19†). It was observed that these two polarization
curves are almost consistent, demonstrating that the anodic
current is mainly derived from hydrogen oxidation.52 Typically,
HOR kinetic current densities (jk) could be acquired using the
Koutecky–Levich equation by eliminating the effect from the
mass transfer of hydrogen. As shown in Fig. 3b, the HOR
polarization curves of Ni@BC were collected at different rota-
tional speeds from 2500 rpm to 400 rpm. The Koutecky–Levich
© 2024 The Author(s). Published by the Royal Society of Chemistry
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plot can be constructed at the overpotential of 30 mV, and the
calculated slope is calculated to be 13.93 cm2 mA−1 rpm1/2,
which is close to the theoretical value of 14.8 cm2 mA−1 rpm1/2

for the two-electron HOR process (Fig. 3b, inset).20 In addition,
the Koutecky–Levich plots of Ni@C and Ni are established, and
their results are shown in Fig. S20 and S21.† Accordingly,
kinetic current densities (jk) of these HOR catalysts can be ob-
tained from the Koutecky–Levich equation and later used for
Butler–Volmer tting (Fig. 3c).6 Aer normalization by the metal
loadings of the catalysts obtained using inductively coupled
plasma atomic emission spectroscopy results (Table S2†), the
mass activity denoted as jk,m at the overpotential of 50 mV of the
Ni@BC is 34.91 mA mgNi

−1, which is 2.6-fold and 7.8-fold
greater than those of the Ni@C (13.45 mA mgNi

−1) and Ni (4.46
mA mgNi

−1), respectively, and these surpass most of the previ-
ously reported mass activities for the Ni-based HOR catalysts
(Fig. 3e and f and Table S3†). The sharply increased HOR activity
implies that the construction of the Ni–O–C and Ni–O–B inter-
faces signicantly promotes the alkaline HOR kinetics of nickel.
As shown in Fig. S22,† the Tafel slopes of the Ni, Ni@C and
Ni@BC were calculated to be 141.0, 122.5 and 79.4 mV dec−1,
respectively, suggesting that the HOR process on these catalysts
are conducted via a Tafel–Volmer mechanism, with the Volmer
step being the rate-determining step.23,50 In addition, the
decreased Tafel slope of Ni@BC compared to that of the Ni and
Ni@C suggests it has faster HOR kinetics. Conversely, the
exchange current density (j0) is an outstanding criterion to
estimate the intrinsic activity of electrocatalysts and can be
acquired by the nonlinear tting via the Butler–Volmer equa-
tion (Fig. 3c).6 Simultaneously, the value of j0 could also be
estimated from the micro-polarization region within a small
potential window from −10 to 10 mV according to the simpli-
ed Butler–Volmer equation (Fig. 3d),21 and these two results
are almost the same. Furthermore, electrochemical active
surface area (ECSA) was measured by integrating the charge
quantity from the OH desorption from the surface of Ni via
cyclic voltammetry (CV) (Fig. S23†).21 Aer normalizing by ECSA,
the exchange current density (j0,s) of the Ni@BC is calculated to
be 0.045 mA cmNi

−2, which is 1.6 times and 3.5 times higher
than that of the Ni@C (0.028 mA cmNi

−2) and Ni (0.013 mA
cmNi

−2), respectively and is also superior to most of the previ-
ously recorded Ni-based materials (Fig. 3e–f and Table S3†).
This signicantly enhanced intrinsic activity demonstrates that
the establishment of the Ni–O–C and Ni–O–B motifs are bene-
cial to optimize the HOR performance of nickel. Meanwhile,
the mass activities (j0,m) of these catalysts, namely, the exchange
current densities normalized by the corresponding metal mass,
are also calculated and shown in Fig. S24† that in fact, the j0,m of
the Ni@BC (10.03 mA mgNi

−1) is much higher than those of the
Ni (2.46 mA mgNi

−1) and Ni@C (5.96 mA mgNi
−1). Additionally,

the samples obtained from other Ni-BDC-BA precursors with
different feeding molar ratios were analyzed by electrochemical
tests, as shown in Fig. S25–S28.† Among them, the Ni@BC
exhibits the best HOR performance with the highest mass
activity (jk,m) and the largest specic activity (j0,s) (Fig. S25d†). It
is worth noting that a volcanic type relationship can be estab-
lished when all the prepared samples are compared together
© 2024 The Author(s). Published by the Royal Society of Chemistry
(Fig. S29†), where the Ni@BC is located at the peak of the
volcano and possesses the best intrinsic activity. This volcanic
relationship may imply that the binding energy between the
reaction intermediates and surfaces of different catalysts are
optimized.

Because the stability is an important parameter to assess the
catalysts, the accelerated durability testing (ADT) of the catalysts
were carried out by conducting 1000 CV measurements in a H2-
saturated KOH electrolyte.65 As shown in Fig. S30a,† LSV curves
indicate a signicant decrease in the HOR activity for Ni aer
1000 CV scans, and the value of j0 is decreased by more than
86%. In contrast, the LSV curves show that the exchange current
density of the Ni@BC can remain at about 75%, suggesting that
it has good HOR stability (Fig. S30b†). Furthermore, the dura-
bility of the samples was evaluated by performing 1000 CV
cycles with the potential range between −0.08 V and 0.42 V in
Ar-purged 0.1 M KOH solutions, which includes the complete
redox process of Ni/Ni2+.20 By comparing the CV and LSV curves
before and aer the ADT testing (Fig. S32†), it can be observed
that the CV and specic activity for the Ni@BCmostly remained
stable whereas those for Ni are seriously decreased (Fig. S31†),
suggesting the superior stability of the Ni@BC. Moreover, the
characterizations conducted aer the accelerated durability test
demonstrate that the morphology and structure of the Ni@BC
are maintained well (Fig. S33†). Presently, carbon monoxide is
inevitably contained in most of the commercially available
hydrogen; therefore, CO tolerance experiments were conduct-
ed.24,66 Fig. S34† shows the polarization curves of the catalysts
recorded in H2 (containing 100 ppm CO) saturated 0.1 M KOH
electrolyte. Compared with the Ni@BC, the HOR activities of
commercial Pt/C and Ni catalysts decreased signicantly, indi-
cating the excellent CO tolerance of the Ni@BC. Additionally,
the chronoamperometry test was employed to examine the CO
tolerance of the catalysts. As shown in Fig. S35,† the Ni@BC
shows a much more superior anti-CO poisoning capability than
Pt/C. The apparently improved CO tolerance can originate from
two possibilities. On the one hand, compared with platinum,
the adsorption ability for Ni is stronger,61 which is benecial to
the oxidation of CO in alkaline media.67 Meanwhile, the
hydroxyl binding energy of the Ni@BC is further enhanced
when compared to that of Ni (vide infra). On the other hand, the
carbon shell of the Ni@BC can also prevent the adsorption of
CO species on the surface of the inner Ni nanoparticles, pro-
tecting them from poisoning.28,68

As the reverse reaction of the HOR, the hydrogen evolution
reaction (HER) activity of the Ni@BC was also studied because
of its good HOR performance. As shown in Fig. S36a,† the
Ni@BC exhibits remarkable HER activity with an overpotential
of 65 mV to reach a current density of 10 mA cm−2, which is
close to that of Pt/C (43 mV) and superior to that of the Ni@C
(91 mV) and Ni (170 mV), indicating its great potential for
hydrogen electrocatalysis. Moreover, from their Tafel slopes in
Fig. S36b,† the Ni@BC has a smaller slope (87 mV dec−1), than
the Ni@C (118 mV dec−1) and Ni (130 mV dec−1), which
suggests that the Ni@BC possesses faster HER kinetics. In
addition, to identify the real active sites for HOR catalysis, the
poisoning test was conducted. As shown in Fig. S37,† the HOR
Chem. Sci., 2024, 15, 5633–5641 | 5637
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activity of the Ni@BC is decreased severely aer introducing
KSCN into the KOH electrolyte because the SCN− can poison the
surface of the Ni nanoparticles, demonstrating that the active
sites for HOR is the Ni core rather than the carbon shell.69
Theoretical calculations and reaction mechanism
investigation

To further understand the role of Ni–O–C and Ni–O–B local
environment on the superior alkaline HOR activity of the
Ni@BC, DFT calculations were conducted (see the ESI† for
further details). Herein, the (111) face of fcc Ni was chosen for
use in the subsequent theoretical calculations due to the results
of former structural characterization and crystal facet stability
(Fig. S38†).17 First, the electronic structures of the pristine Ni,
Ni@C, and Ni@BC are calculated using Mulliken charges
analysis (Fig. 4a). It is clear that the average charge of Ni atoms
in the Ni@BC is calculated to be 0.12 eV, higher than that in Ni
(0.00 eV), but lower than that in Ni@C (0.16 eV), suggesting that
there is moderate electronic interaction, which is consistent
with the previous XPS and XANES results.70 In addition, the
orbital analysis of the projected density of states (PDOSs) for the
pristine Ni, Ni@C, and Ni@BC demonstrates that the d-band
Fig. 4 DFT calculations. (a) Mulliken charges based on the DFT calcula
Ni@C, Ni@BC, and pristine Ni. (b) Projected density of states of Ni 3d or
Gibbs free energy of absorbed H* on the surfaces of the Ni@C, Ni@B
adsorption sites of H* on the Ni@C, Ni@BC, and pristine Ni. Ni, C, B, O, an
respectively. (d) CO-strippingmeasurements on the Ni@C, Ni@BC, and pr
the surfaces of the Ni@C, Ni@BC, and pristine Ni and anodic peak position
models of the adopted adsorption sites of OH* on the Ni@C, Ni@BC, an
pink, red, and white spheres, respectively. (f) Zeta potential of the Ni@
adjustment for the adsorption strength of OH* on the surface of the Ni sit
activity (j0,s) as a function of the DGOH* for the Ni@C, Ni@BC, and pristin

5638 | Chem. Sci., 2024, 15, 5633–5641
center of the Ni atom in the Ni@C is closest to the Fermi level
when compared with the pristine Ni, suggesting that there is
a strong adsorption for the reaction intermediates.71,72 However,
compared to the Ni@C, the d-band center of the Ni atom in the
Ni@BC is slightly far away from the Fermi level (Fig. 4b). As
shown in Fig. 4c and S39,† it is surprising that the calculated
adsorption free energies of the H* (DGH*) values of the Ni@C,
Ni@BC, and pristine Ni are similar, suggesting that the
hydrogen binding energy (HBE) may not play a decisive role in
the enhancement of the alkaline HOR performance.73 CO
stripping experiments and zeta potential tests are powerful ways
to reveal the hydroxyl binding energy (OHBE).61,74 Associated
with the CO stripping electrochemical experiments, it can be
found that the CO oxidation peak of the Ni@BC is 0.499 V (vs.
RHE), which is more negative than that of the Ni catalyst
(0.516 V vs. RHE), but more positive than that of Ni@C (0.486 V
vs. RHE) (Fig. 4d), which were in good agreement with the
theoretical calculation results of the Gibbs free energy of
absorbed OH* (DGOH*) on the surfaces of the Ni@C, Ni@BC,
and pristine Ni (Fig. 4e and S40†). Moreover, as shown in Fig. 4f,
the zeta potential of the Ni@BC is −10.9 mV, which is lower
than that of the pristine Ni catalyst (−2.26 mV), but higher than
tions and the valence states obtained from XANES results of Ni in the
bitals in the Ni@C, Ni@BC, and pristine Ni, respectively. (c) Calculated
C, and pristine Ni. Inset: optimized structure models of the adopted
d H atoms are denoted by silver, dark gray, pink, red, and white spheres,
istine Ni catalysts. (e) Calculated Gibbs free energy of absorbedOH* on
s (Epeak) in the CO-stripping measurements. Inset: optimized structure
d pristine Ni. Ni, C, B, O, and H atoms are denoted by silver, dark gray,
C, Ni@BC, and pristine Ni catalysts. (g) Schematic illustration of the
es in Ni@C, Ni@BC, and pristine Ni. (h) Volcano plot of the HOR intrinsic
e Ni catalysts.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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that of Ni@C (−20.6 mV). Based on above-mentioned charac-
terizations, it is clear that the OHBE of the Ni@C, Ni@BC, and
Ni catalysts is in the order of Ni@C > Ni@BC > Ni, indicating
that the moderate OHBE favors the optimal activity.

According to the illustration in Fig. 4g, understanding the
role of OHBE and the way of adjustment among the Ni@C,
Ni@BC, and Ni can be more intuitive. Compared with the
pristine Ni, the introduction of the Ni–O–C local environment to
realize the primary regulation on the Ni active sites in the Ni@C
can upshi the d-band center of Ni, greatly enhancing the
binding energy of OH*, leading to an increased activity.
Subsequently, the synergistic effect between the Ni–O–C and
Ni–O–B local environments to realize the secondary regulation
of the Ni active sites in the Ni@BC can further optimize the d-
band center, resulting in a moderate OHBE and much
improved activity. More importantly, to summarize the rela-
tionship between the electrocatalytic activity and key reaction
intermediate, a volcano plot of the HOR intrinsic activity (j0,s) as
a function of DGOH* can be obtained for the Ni@C, Ni@BC, and
pristine Ni catalysts (Fig. 4h). In light of this volcano relation-
ship between j0,s and DGOH* for the Ni@C, Ni@BC, and pristine
Ni catalysts, it shows that the active catalysts have an optimal
binding energy; in other words, a moderate adsorption strength
of the intermediates that is neither too strong nor too weak.75

In fact, the adsorption behaviors of H* and OH* on the active
sites are competitive, and excessive OHBE will result in high
coverage of hydroxyl on the catalyst surface, and this will hinder
the adsorption of hydrogen during the alkaline HOR process.76,77

To gain deeper insight into the volcanic relationship of the HOR
activity with the introduction of increasing boron (Fig. S29†),
calculation models with a slight proportion of the Ni–O–B inter-
face (Ni@BsC) and a large proportion of the Ni–O–B interface
(Ni@BrC) were also constructed to investigate the relationship
between the alkaline HOR activity and OHBE (Fig. S41–S43†).
Based on the DFT calculations, the calculated DGH* values of the
Ni, Ni@C,Ni@BsC, Ni@BC, andNi@BrC are a little different from
each other, whereas the calculated DGOH* values are obviously
different (Fig. S44 and S45†). It is essential to correlate the
adsorption strength of OH* with the HOR activity.78 As expected,
the intrinsic activity (j0,s) shows a volcano plot as a function of the
DGOH* for Ni@C, Ni@BsC, Ni@BC, Ni@BrC, and pristine Ni
catalysts (Fig. S46†). By regulating the proportion of the Ni–O–C
and Ni–O–B local environments, there was an optimal OHBE for
the active catalyst. Consequently, the regulation of the synergistic
effect between the Ni–O–C and Ni–O–B local environments on the
Ni active sites in the Ni@BC is realized by optimizing the d-band
center and optimizing the binding ability of the OH* adsorbate,
which promotes the HOR performance.

Conclusions

In summary, the boron doped carbon layers encapsulating
nickel nanoparticles (Ni@BC) with rich bridging oxygen coor-
dinatedmotifs were successfully synthesized. We found that the
coordinated environment of Ni can be precisely regulated by
introducing Ni–O–C and Ni–O–B local environments, thereby
leading to an optimum binding ability of the OH* adsorbate,
© 2024 The Author(s). Published by the Royal Society of Chemistry
which is responsible for the enhanced alkaline HOR perfor-
mance. The experimental results and theoretical calculations
reveal that the presence of the Ni–O–C interface between the
carbon layer and Ni nanoparticles can alter the electron density
of Ni by the bridging oxygen, thereby shiing up the d-band
center of nickel and mainly enhancing its hydroxyl binding
energy. Subsequently, the local chemical environment of Ni can
be further regulated by the construction of the Ni–O–B coordi-
nated environment, leading to an optimized d-band center and
a volcano-type correction between the OHBE and HOR perfor-
mance, highlighting the key role of the optimal binding ability
of the OH* adsorbate in boosting the alkaline HOR kinetics.
Specically, the obtained Ni@BC exhibits a remarkable HOR
performance with a mass activity of 34.91 mA mgNi

−1 at an
overpotential of 50 mV and a specic activity of 0.045 mA
cmNi

−2 in 0.1 M KOH, as well as superior stability and CO
tolerance. This study not only revealed the key role of the
bridged oxygen coordinated environment between the metal
nanoparticles and coated carbon layer for precise tailoring of
the electronic structure of active metal center but also provided
a new design principle for rationally regulating the OHBE for
use with advanced HOR catalysts.
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