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The development of low-cost and high-performance electrocatalysts remains a challenge for the hydrogen
oxidation reaction (HOR) in alkaline membrane fuel cells. Here, we have reported novel Ni@h-BN core—
shell nanocatalysts consisting of nickel nanoparticles encapsulated in few-layer h-BN shells. The Ni@h-
BN catalysts exhibit an improved HOR performance compared with the bare Ni nanoparticles. In situ
characterization experiments and density functional theory calculations indicate that the interactions of

the O, H, and OH species with the Ni surface under the h-BN shell are weakened, which helps to
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Accepted 9th June 2017 maintain the active metallic Ni phase both in air and in the electrolyte and strengthen the

processes occurring at the h-BN/Ni interfaces. These results suggest a new route for designing high-

DOI: 10.1039/c75c01615h performance non-noble metal electrocatalysts with encapsulating two-dimensional material overlayers

rsc.li/chemical-science for HOR reactions.

Introduction

Alkaline polymer electrolyte fuel cells (APEFCs) which employ
an alkaline polymer as the primary electrolyte have received
extensive interest."* Compared with proton exchange
membrane fuel cells (PEMFCs), APEFCs possess some advan-
tages,>® such as the facile use of non-precious metal catalysts
and alleviated corrosion of the metal components. However,
kinetic processes of hydrogen oxidation reactions (HORS)
occurring at the anodes of APEFCs are inherently slow in alka-
line media compared with those in acid electrolytes.”® For
example, platinum (Pt) is considered to be the best catalyst for
this reaction, while its HOR activity is at least two orders of
magnitude lower in alkaline media than in acid media.
Accordingly, two main challenges need to be solved in APEFC
technology. One is to develop high-performance non-noble
metal catalysts which can replace platinum group metals. The
other is to find an effective way to improve the HOR reaction
kinetics in alkaline media.

Nickel (Ni) is considered as one of the most effective non-
noble metals for the HOR and has been subjected to extensive
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research in the past few years.>*** It has been found that Ni
surfaces are easily oxidized and become less active for the HOR
reaction. Therefore, effective ways to prevent the Ni surfaces
from oxidation both in air and in electrolytes have to be
explored.” Lu et al.® attempted to decorate Ni nanoparticles
(NPs) with CrO,, which suppressed surface oxidative passivation
and retained the metallic Ni activity. Furthermore, it has been
recognized that HOR activity is correlated with the hydrogen
binding energy (HBE) on the catalyst surface according to the
volcano curve.”'**> Hydrogen binds with Ni too strongly, which
is located at the left side of the volcano curve. It is highly
desirable to weaken the hydrogen adsorption on Ni such that
the HBE can be shifted close to the apex and the optimum HOR
activity can be achieved.'®"” For instance, Yan and co-workers*
have prepared a high-performance Ni catalyst supported on
nitrogen doped carbon nanotubes, in which the nitrogen
dopants modulate the d-orbitals of the surface Ni atoms and
weaken the H adsorption on the top. Overall, an ideal Ni elec-
trocatalyst for HORs in alkaline media should present weak-
ened HBEs and a high resistance to surface oxidation.
Recently, the interface between metal surfaces and two-
dimensional (2D) material overlayers, such as graphene and
hexagonal boron nitride (h-BN), has been be considered as
a nanoreactor.®2° Small molecules such as CO, O,, and H,
intercalate the 2D overlayers and adsorb on the metal
surfaces.’**?® In the confined nanospace, the adsorption
strengths of many molecules on the metal surface have been
weakened.?”*®* Enhanced catalytic reactions such as CO oxida-
tion were observed at graphene/Pt(111) and h-BN/Pt(111)
interfaces due to the alleviated CO poisoning effect on the Pt
surface under graphene and h-BN covers.** Placing a 2D cover
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on a metal surface has been regarded as an efficient route to
modulate the surface reactivity and enhance metal-catalyzed
reactions.”*" Inspired by the weakened adsorption effect
under the 2D overlayers, the interaction of the H, O, and OH
species on the Ni surfaces may be modulated by covering the Ni
nanoparticles with h-BN shells as well.

In this work a simple synthesis strategy was developed to
encapsulate Ni NPs with few-layer h-BN shells. We have found
that the h-BN shells not only protect the Ni cores from oxidation
in air and in the electrolyte but also weaken the hydrogen
adsorption on the Ni surface. Accordingly, the Ni-catalyzed HOR
reaction has been significantly improved by coverage with the h-
BN shells. Our results demonstrate that nanocatalysts with
ultrathin 2D material shells can present high activity and
stability, which are significant for the design of highly efficient
HOR electrocatalysts.

Results and discussion

A facile method was developed to prepare Ni@h-BN core-shell
nanocatalysts. Firstly, a carbon support (Ketjen Black EC-600]D)
was mixed with nickel nitrate (Ni(NO3),) and boric acid (H;BO;)
solutions, and the mixture was heated in an autoclave at 120 °C.
The obtained product was then annealed in NH; at 700 °C. For
the preparation of the support-free catalysts, the carbon support
was not added in the synthetic process. The molecular ratio of
Ni to H3BO; was varied from 3:1 to 1:1, and the corre-
sponding samples were denoted as Niz@(h-BN);/C-700NH3,
Ni;@(h-BN),/C-700NH;, Ni;@(h-BN);-700NH;, and Ni;@(h-
BN);-700NH3, respectively. For comparison, the carbon support
was only impregnated with Ni(NO3), solution and then reduced
in NH; at 500 or 700 °C (Ni/C-500NH; and Ni/C-700NH3).

Transmission electron microscopy (TEM) images of the
Ni@h-BN/C-700NH; and Ni/C-500NH; samples (Fig. 1a and S17)
show the uniform distribution of the Ni NPs with an average
diameter between 10 and 15 nm. In the Ni@h-BN/C samples
most NPs had been covered by graphitic overlayers, as revealed
by high resolution TEM (HRTEM) (Fig. S2t). To avoid interfer-
ence of the carbon support, the samples were calcinated in air at
550 °C for 2 h and then heated again in NH; at 700 °C for 1 h,
which could remove the support. HRTEM analysis (Fig. 1b) of
the calcinated sample indicated that the metal NPs were
encapsulated by defective and few-layer graphitic shells with
a layer spacing of 3.40 A, which is consistent with the (002)
interplanar distance in the h-BN structure.®* The Ni cores
exhibit a layer spacing around 2.03 A, in agreement with the
(111) plane of metallic Ni.** The calcinated Ni;@(h-BN),/C-
700NH; sample (Fig. S3T) contains similar core-shell nano-
structures but with thicker h-BN overlayers. The Ni@h-BN
nanostructures were also prepared using the same prepara-
tion procedure but without adding the carbon supports. The
HRTEM images acquired from the support-free NPs confirm the
formation of the Ni@h-BN core-shell nanostructures as well
(Fig. S47).

X-ray diffraction (XRD) patterns (Fig. 1c) of the Ni/C-500NH3,
Ni/C-700NH3;, Niz@(h-BN),/C-700NH;, and Ni;@(h-BN),/C-
700NH; samples all contain peaks from the metallic Ni phase.
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Using the Scherrer equation, the Ni particle sizes in the four
samples were calculated to be 12.0, 38.1, 12.1, and 8.6 nm,
respectively. Strong particle sintering takes place in the Ni/C-
700NH; sample, in which the Ni NPs grow at temperatures up to
700 °C. In contrast, in the Ni@h-BN/C-700NH; samples the Ni
NPs encapsulated with the h-BN shells have a similar or even
smaller size compared with the Ni/C sample treated at a lower
temperature (500 °C). TEM and XRD results indicate that the Ni
NPs with the h-BN shells remain highly dispersed on the carbon
support after the high temperature treatment in NH;.

The chemical state of the supported Ni NPs was investigated
by X-ray photoelectron spectroscopy (XPS). The XPS Ni 2p3,
spectrum (Fig. 1d) from the Ni/C-500NH; sample has a main
peak at 855.6 eV with a shoulder peak at 852.8 eV, which orig-
inate from the dominant surface nickel oxide phase with an
underlying metallic Ni structure.’** This result is well expected
since bare Ni surfaces are easily oxidized in air. The Ni 2p3,
spectra recorded from the Niz;@(h-BN);/C-700NH; and Ni;@(h-
BN),/C-700NH; samples have main peaks at 852.8 eV, which
suggest that the Ni NPs encapsulated with the h-BN shells
mainly maintain a metallic state. Meanwhile, the Ni,;@(h-BN),/
C-700NH; sample contains much less of the Ni oxide compo-
nent than the Niz;@(h-BN);/C-700NH; sample because of the
thicker h-BN shells in the former sample. All of the data suggest
that the h-BN shells can effectively prevent the Ni NPs from
oxidation in air.*®

The XPS B 1s spectra (Fig. 1e) from the Ni@h-BN/C samples
have main features at 190.6 eV which are from the B atoms in h-
BN. In the corresponding N 1s spectra (Fig. 1f), the main
features are located at 398.2 eV which are characteristic for h-BN
as well.**®” The B/N atomic ratios calculated from the B 1s
feature (190.6 eV) and N 1s feature (398.2 eV) are around 1,
confirming the formation of the h-BN structure in the Ni@h-
BN/C samples. There are small features from B-O and N-H
bonds at higher binding energy positions in the B 1s and N 1s
spectra, which are due to defects in the h-BN layers or BO,
species.*** In the Ni/C-500NH; sample no B 1s signal and little
N 1s signal were observed. It is known that h-BN structures
present two strong characteristic absorption bands near 1398
and 771 ecm™ ' in infrared (IR) analysis,***! which have been
observed in the IR spectra from the Ni;@(h-BN);-700NH; and
Ni; @(h-BN);-700NH; samples (Fig. S5T). Overall, we conclude
that the graphitic h-BN shells can be synthesized through the
reaction between H;BO; and NH; at 700 °C.

In order to understand the formation mechanism of the h-
BN structure, reactions of Ni(NOj), and H3;BO; with NH; at
450 and 700 °C were investigated by XRD and IR (Fig. S67)
techniques. Both the nickel salt and H;BO; are decomposed to
the corresponding oxides (NiO and B,03) at 450 °C. Metallic Ni
formed upon heating in NH; at 700 °C, and meanwhile B,0;
was transformed to h-BN, probably with the aid of the catalytic
effect of the Ni surface.

In situ Raman measurements were carried out to study the
structural transformation of the Ni NPs in the Ni/C and Ni@h-
BN/C samples upon oxidation treatment in air. Characteristic D
and G bands of the carbon supports at 1350 and 1600 cm ™" are
present in the Raman spectra from the Ni/C-500NH; and
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Fig. 1

(a) TEM image of the Niz@(h-BN);/C-700NHz sample. (b) HRTEM image of the Niz@(h-BN);/C-700NH3z sample calcinated in air. The inset

in (b) shows the lattice structure of the Ni particles. (c) XRD patterns of the Ni/C and Ni@h-BN/C samples treated in NHz at 500 or 700 °C. XPS Ni
2p (d), B 1s (e), and N 1s (f) spectra of the Ni/C-500NHs, Niz@(h-BN);/C-700NHs, and Ni;@(h-BN);/C-700NH3 samples.

Niz;@(h-BN);/C-700NH; samples.”” When the Ni/C-500NH;
sample was heated up to 397 °C a new peak at 510 cm '
appeared which could be assigned to NiO (Fig. 2a).**** Mean-
while, the D and G bands were strongly weakened above 400 °C
and disappeared completely up to 444 °C. In contrast, no NiO
peaks were observed when annealing the Niz@(h-BN),/C-
700NH; sample up to 467 °C and the D and G bands kept their
original intensity (Fig. 2b). In situ Raman measurements

indicated that most Ni NPs covered by the h-BN shells kept their
metallic phase at temperatures as high as 500 °C and the carbon
supports were more stable than those in the Ni/C-500NH;
sample.

In carbon-supported metal catalysts the oxidation of the
carbon supports can be facilitated by the catalytic role of the
metal NPs.***” Such an effect may be blocked by the h-BN shells
in the Ni@h-BN/C samples in which the carbon supports are

a b c
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Fig. 2

Raman shift (cm™)

Temperature (°C)

In situ Raman spectra of the Ni/C-500NH5 (a) and Niz@(h-BN);/C-700NHj3 (b) samples oxidized at the indicated temperatures in air. (c)

TPO spectra of the carbon supports, and Ni/C-500NH= and Niz@(h-BN);/C-700NH3 samples.
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physically separated from the Ni NPs and the burning of the
carbon supports in air requires higher temperatures. In order to
confirm this assertion, temperature programmed oxidation
(TPO) experiments were performed over the pure carbon
support, and Ni/C-500NH; and Niz@(h-BN);/C-700NH;
samples. As shown in Fig. 2c the oxidation temperatures of the
Niz@(h-BN);/C-700NH; and pure carbon samples are similar
(640 vs. 630 °C), suggesting that the encapsulated Ni NPs play
almost no role in the support oxidation. However, the oxidation
peak of the Ni/C-500NH; sample is located at 426 °C and the
oxidation reaction has been significantly enhanced by the bare
Ni NPs. Based on the TEM, XRD, in situ Raman, and TPO data,
we conclude that Ni@h-BN core-shell nanostructures consist-
ing of Ni cores and h-BN shells have been well constructed and
the Ni NPs with the h-BN shells present better resistance to
oxidation and sintering at higher temperatures.

The HORs were carried out in H,-saturated 0.1 M NaOH
solution with the rotation rate of 2500 revolutions per minute
(rpm). Fig. 3a shows the HOR curves from the Ni/C-500NHj,
Ni;@(h-BN),;/C-700NH3;, and Ni;@(h-BN);/C-700NH; catalysts.
The Ni;@(h-BN);/C-700NH; catalyst exhibits a much better
performance than the Ni,;@(h-BN);/C-700NH; and Ni/C-500NH;
samples. In the electrochemical reactions the relationship
between the kinetic current density and the overpotential can be
described by the Butler-Volmer equation:®

aF (a=D)F
Jx = jo(eﬁn — e RT 7]).

Jx is the kinetic current density, j, is the exchange current
density, « is the transfer coefficient, F is the Faraday constant, R
is the universal gas constant, T is the temperature, and 7 is the
overpotential. When 7 is in the micro regime, the Butler-Volmer
equation can be simplified to
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. JoF
Jk = ﬁn

The exchange current can be obtained by the linear fitting of
the polarization curve in the micro-polarization region (—10 to
10 mV). The Ni specific surface areas of the Niz;@(h-BN),/C-
700NHj3, Ni; @(h-BN);/C-700NH3, and Ni/C-500NH; catalysts are
15.20, 13.20, and 15.34 m® gy ', respectively, which were
determined by a H, chemisorption experiment (see ESIT).
According to these data j, of the Ni;@(h-BN);/C-700NH; catalyst
was calculated to be 0.023 mA cmy; %, which is two times higher
than that of the Ni;@(h-BN),/C-700NH; sample (0.011 mA
cmy; %) and around six times higher than that of the Ni/C-
500NH; sample (0.004 mA cmy; ) (Fig. 3b). The exchange
current density of the Niz@(h-BN);/C-700NH; catalyst is
comparable to that of a Ni/N-CNT catalyst (0.028 mA cmy; )
which has been reported to be the most active non-noble metal
catalyst for the HOR in 0.1 M KOH."” The Ni;@(h-BN),/C-
700NH; sample possesses thicker and more compact h-BN
shells than the Niz;@(h-BN);/C-700NH; sample, and has a rela-
tively lower HOR activity than the latter one. Therefore, the
defects in the few-layer h-BN shells function as open channels
for reactant diffusion onto the Ni surfaces under the h-BN
shells, which is critical for the reactions.

Accelerated durability tests (ADTs) over the three catalysts
have been conducted by scanning the potential from —0.05 to
0.50 V (vs. RHE, 100 mV s~ ') for 10 000 cycles. Polarization
curves of the Ni/C-500NH;, Niz;@(h-BN),/C-700NH;, and
Ni; @(h-BN),;/C-700NH; catalysts after the ADTs are shown in
Fig. 3a (dashed lines), in which the two Ni@h-BN/C catalysts
still present quite high HOR activities. After the ADTs the j,
values of the Ni;@(h-BN),/C-700NH; and Ni;@(h-BN),/C-
700NH; catalysts were 0.015 and 0.006 mA cmy; 2, which were
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(a) Polarization curves from the Ni/C-500NH3, Niz@(h-BN);/C-700NHs, and Ni;@(h-BN);/C-700NHs catalysts in H,-saturated 0.1 M

NaOH solution at 5 mV s~ with a rotation rate of 2500 rpm. All of the catalysts have a loading of 0.25 mgy; cm 2. The solid and dashed lines
represent HOR activity data before and after the accelerated durability tests (ADTs), respectively. (b) Exchange current densities from the Ni/C-
500NHs;, Niz@(h-BN);/C-700NH=, and Ni;@(h-BN);/C-700NHs samples before (black) and after (red) the ADTs, respectively. (c) Cyclic vol-
tammetry curves of the Ni/C-500NHs;, Niz@(h-BN);/C-700NHs, and Nij@(h-BN);/C-700NH3s samples in N,-saturated 0.1 M NaOH solution at

20 mVs L
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(a) Adsorption free energies of H atoms (AGy) on the Ni(111) (blue) and h-BN/Ni(111) (green) surfaces with H coverage at 1/4, 1/2, and 1 ML.

The optimal value of AGy for the best HOR activity is shown by the red dashed line. (b) Adsorption energies of OH atoms (AEgy) on the Ni(111)
(blue) and h-BN/Ni(111) (green) surfaces with OH coverage at 1/4, 1/2, and 1 ML. (c) Adsorption energies of O atoms (AEg) on the Ni(111) (blue) and

h-BN/Ni(111) (green) surfaces with O coverage at 1/4, 1/2, and 1 ML.

65% and 54% of their initial j, values (Fig. 3b). In contrast, j, of
the Ni/C-500NH; sample was only 0.001 mA cmy; 2 after the
ADTs, indicting the severe deactivation of the bare Ni NPs.

Cyclic voltammetry (CV) curves of the three catalysts are
shown in Fig. 3c. The Ni oxidation peaks of the Ni;@(h-BN),/C-
700NH3, Ni; @(h-BN),/C-700NHj3, and Ni/C-500NH; catalysts are
located at 0.30, 0.28, and 0.22 V, respectively, which indicates
that the h-BN shells can effectively improve the oxidation
resistance of the Ni NPs under the HOR working conditions.
The CV curves of the three catalysts before and after the ADTs
(Fig. S771) indicate that the h-BN shells prevent the aggregation
and dissolution of the Ni NPs. Our XPS and CV results confirm
that the h-BN shells in the Ni@h-BN/C catalysts not only help
the Ni NPs to maintain their metallic state in air but also hinder
their oxidation under HOR reaction conditions. For the HOR
reactions in practical devices, more positive polarization would
be applied in order to obtain a larger current. However, non-
noble metal catalysts are easily oxidized at higher potentials,
which results in strong deactivation.® A catalyst with a higher
oxidation potential is more practical.

In alkaline solutions the microscopic steps of the HOR
follow the Tafel-Volmer or Heyrovsky-Volmer mechanisms:*?

Tafel step: Hy < 2H,q4
Heyrovsky step: H, + OH™ < Hy,y + e + H,O

Volmer step: Hyy + OH™ < H,O + ¢~

It has been demonstrated that interaction between the Ni
surface and H,q is too strong such that the Volmer process
becomes the limiting step for the HOR in alkaline media.*® Any
way of weakening the H adsorption on the Ni surface could
promote this reaction. Herein, density functional theory (DFT)
calculations were carried out to explore the hydrogen adsorp-
tion on the bare Ni(111) surface and at the h-BN/Ni(111) inter-
face. The adsorption free energy of H atoms (AGy) is a widely
accepted descriptor for the HOR activity on various catalytic
materials, and is determined by the adsorption energy of the H

5732 | Chem. Sci., 2017, 8, 5728-5734

atoms (AEy) using the relationship of AGy = AEy + 0.24 eV.*
The optimum activity can be achieved with AGy around zero
(~0 eV) to compromise the adsorption and desorption
processes. As shown in Fig. 4a, AGy on the bare Ni(111) surface
is around —0.5 eV, which is too strong for the reaction. The
presence of the h-BN shell can significantly decrease AGy,
which depends on the coverage of H atoms. In the case of
a practical coverage of 1/2 of a monolayer (ML) AGy reaches the
optimal value of ~0 eV. The corresponding atomic structure
diagrams of H,q on h-BN/Ni(111) with different H atom cover-
ages are shown in Fig. S8.7 The calculations indicate that the
HOR activity on the Ni surface can be improved by the h-BN
shell, and confirm the experimental results.

Adsorption energies of OH (AEqy;) and O atoms (AE) on the
Ni(111) and h-BN/Ni(111) surfaces are given in Fig. 4b and c. For
all coverages, the h-BN overlayer weakens the adsorption of the
OH groups and O atoms on the Ni surface (Fig. S9 and S107),
indicating that the h-BN cover can improve the resistance to
oxidation of the Ni surface by OH groups and O atoms. Overall,
the h-BN overlayer weakens the Ni-H, Ni-OH, and Ni-O inter-
actions because of the confinement effect in the nanospace
between the 2D material cover and metal surface.”*® The
weakened O, OH, and H adsorption helps to maintain the
metallic Ni phase both in air and in the electrolyte environ-
ments, which enhances the HOR activity.

Conclusions

We reported a non-noble metal HOR catalyst which consists of
nickel cores and ultrathin h-BN shells. In comparison with bare
Ni NPs, the Ni NPs covered with few-layer h-BN shells exhibit
high HOR activity in alkaline electrolytes. The exchange current
density of the Niz@(h-BN),/C-700NH; sample is six times higher
than that of the Ni/C-500NH; sample based on the similar Ni
particle size. In situ characterization experiments and theoret-
ical investigations revealed that the enhanced HOR activity is
attributed to the confinement effect from the few-layer h-BN
shells. Ni NPs under the h-BN overlayers possess appropriate
Ni-O, Ni-OH, and Ni-H interaction strengths which are the
critical factors for optimum HOR performance. Our results

This journal is © The Royal Society of Chemistry 2017
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show that the Ni@h-BN core-shell catalysts are promising in
APEFC technology.
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