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pported Ni0.5Co0.5O nanoparticles
with strong interfacial interaction to enhance the
hydrolysis of ammonia borane†

Yunpeng Shang,a Kun Feng,a Yu Wang,*b Xuhui Sun a and Jun Zhong *a

Ammonia borane (AB) is an ideal hydrogen-storage material for fuel cells but its application has been

strongly limited by using rare noble-metal-based catalysts. Here we have prepared a hybrid material of

Ni0.5Co0.5O nanoparticles on nitric-acid treated carbon nitride (NCN) for the hydrolysis of AB. The

Ni0.5Co0.5O-NCN catalyst achieves a high total turnover frequency (TOF) value of 76.1 (H2) mol per (Cat-

metal) mol min in pure water at room temperature, with a good stability by keeping 83.2% activity after 6

runs. The TOF is comparable to the best values ever reported for noble-metal-free catalysts without

extra conditions such as light illumination or a strong alkaline environment. Synchrotron radiation based

X-ray absorption spectroscopy reveals that the carbon nitride substrate has two reaction centers to form

stable interfacial interaction with the NPs, in which carbon can act as the electron acceptor while

nitrogen acts as the electron donor. Thus the NP-NCN system has a hybridized electronic structure

which is favorable for the catalytic reaction to produce hydrogen. In-depth understanding of the

interfacial interaction between NCN and NPs may also shed light on the mechanism study of various

energy-related applications based on carbon nitride.
Introduction

Hydrogen has been used as a clean and sustainable energy
source for fuel cells.1–3 However, its storage and release under
mild conditions are still big problems.3–9 Ammonia borane (AB)
is considered as an excellent hydrogen-storage material with
a high hydrogen content (19.6 wt%). Moreover, AB is nontoxic
and stable in aqueous solutions at room temperature.3–13 The
release of hydrogen from AB under mild conditions has been
widely studied, which is convenient and very efficient when
using catalysts based on noble metal elements (such as Ag, Pt,
or Ru). However, the consumption of expensive and rare noble
metals strongly limits the practical applications.6–14 The inves-
tigation of non-noble metal-based catalysts for the hydrolysis of
AB is thus highly required.6–14

Various methods were reported to prepare efficient catalysts
with low cost.7–16 For example, Ni nanoparticles (NPs) with more
active sites were synthesized by removing the surfactant, and
showed a total turnover frequency (TOF) value of 30.7 (H2) mol
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per (Cat-Ni) mol min.7 The combination of non-noble metal and
phosphorus was also reported as an excellent catalyst for the
hydrolysis of AB.8,15,16 In particular, Chen et al. recently reported
a very efficient Ni–Co–P catalyst on graphene oxide (GO) to
achieve a high TOF value of 109.4 (H2) mol per (Cat-metal)
mol min.15 The high TOF value also beneted from the strong
alkaline environment.15–18 Except for the optimized catalyst
content and special reaction environments, the selection of
a good substrate for the catalysts was also very important for the
performance.19–22 For example, recently we showed that GO was
a good supporting material to anchor the NPs with strong
interfacial interaction, which could lead to a high TOF value of
70.0 (H2) mol per (Cat-metal) mol min for the hydrolysis of AB in
water.19

Currently, carbon nitride (C3N4) is widely studied as an
excellent supporting material for various energy related appli-
cations.23–25 Carbon nitride was also used to support NPs for the
hydrolysis of AB.25–28 For example, Au–Co NPs on carbon nitride
were reported to remarkably enhance the catalytic hydrolysis of
AB with a favorable Motty–Schottky effect at the metal–semi-
conductor interface.26 Recently, Su et al. reported the deposition
of CuCo NPs on C3N4 to get a TOF value of 40.5 (H2) mol per
(Cat-metal) mol min.27 Moreover, the TOF value could be greatly
enhanced to 75.1 (H2) mol per (Cat-metal) mol min under
visible light illumination due to the charge transfer from C3N4

to NPs. The charge transfer could be further enhanced by
modifying C3N4 with enlarged surface area or extended light
absorption.28 Although carbon nitride was widely used for the
This journal is © The Royal Society of Chemistry 2019
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hydrolysis of AB,25–28 it was mainly considered as a good light
absorption material to enhance the electron density, while the
substrate effect and the interfacial interaction between NPs and
carbon nitride have been rarely studied.

Here we prepare a hybrid material of Ni0.5Co0.5O NPs
deposited on nitric-acid treated carbon nitride (NCN) for the
hydrolysis of AB. Interestingly, the NCN substrate shows
a strong interfacial interaction with the Ni0.5Co0.5O NPs
according to synchrotron radiation based X-ray absorption
spectroscopy (XAS), in which the carbon atoms in NCN may act
as the electron acceptor while the nitrogen atoms act as the
electron donor to anchor the NPs. Thus the NP-NCN system has
a hybridized electronic structure favorable for the catalytic
reaction to release hydrogen. Actually, the Ni0.5Co0.5O-NCN
catalyst achieves a high TOF value of 76.1 (H2) mol per (Cat-
metal) mol min in pure water at room temperature, with
a good stability by keeping 83.2% activity aer 6 runs. It should
be noted that this value was obtained without any extra condi-
tions such as light illumination or strong alkaline environment,
indicating that the high efficiency of this catalyst might be used
for the practical condition in fuel cells. Moreover, the strong
interfacial interaction between NCN and NPs may also shed
light on the mechanism study of various applications based on
carbon nitride.
Experimental section
Materials preparation

Bulk carbon nitride was synthesized by calcining melamine (10
g) at 823 K (10 K min�1 ramp rate) for 4 h in a muffle furnace.
Exfoliated carbon nitride was obtained via the thermal exfolia-
tion of bulk carbon nitride (3 g) at 773 K (5 K min�1 ramp rate)
for 2 h in air. Nitric-acid treated carbon nitride was prepared as
reported in the literature.29 In brief, 1 g bulk carbon nitride
powder was put into the solution of 100 mL HNO3 (5 mol L�1)
and reuxed for 24 h at 125 �C. Aer cooling to room temper-
ature, the product was centrifuged and washed until pH ¼ 7.
The product was nally freeze-dried at �80 �C. To deposit
Ni0.5Co0.5O NPs on NCN, 0.01 mmol NiCl2$6H2O and 0.01mmol
CoCl2.6H2O were mixed with 2.5 mg NCN powder and 2 mL
deionized water in a ask. Then the solution was sonicated for
30 minutes. 0.5 mL solution with ammonia borane (0.5 mmol)
and sodium borohydride (0.02 mmol) was then slowly added in
the mixture. The obtained powder was washed and freeze-dried
in air for 12 hours. Then the nal product was labeled as
Ni0.5Co0.5O-NCN (0.5 : 0.5 stands for the precursor ratio, which
is similar to the ICP data; O means an oxidized state of the NPs
due to the exposure to air, which has been revealed by XPS and
XAS). Different metals (such as Cu, Ni, Co) with various
precursor ratios (for example, NixCo1�xO-NCN) were also used
to prepare the NPs on NCN for comparison.
Structural characterization

High-resolution transmission electron microscope (HRTEM)
(FEI Tecnai G2 F20 S-TIWN), Fourier transform microscopy
infrared spectrometer (FTIR, VERTX 70), X-ray diffraction (XRD,
This journal is © The Royal Society of Chemistry 2019
PANalytical B.V. Empyrean powder diffractometer equipped
with PIXcel3D detector) and X-ray photoelectron spectrometer
(XPS, Kratos AXIS UltraDLD) were used for the structure char-
acterization. X-ray absorption spectroscopy (XAS) experiments
were performed at the Shanghai Synchrotron Radiation Facility
(SSRF, 14W and 08U), the National Synchrotron Radiation
Laboratory (NSRL, XMCD and Photoemission beamlines) and
the Taiwan Light Source (TLS, 01C and 17C). Themetal contents
were measured by an inductively coupled plasma optical
emission spectrometer (ICP-OES, VISTA-MPX (CCD Simulta-
neous ICPOES), Varian).
Catalytic activity measurement

A round-bottom ask with one sealed neck (25 mL) connected
to a gas-collection tube was used for the hydrolysis reaction.19,20

In a typical case, 5.0 mg catalyst powder with 2 mL deionized
water was put into the ask and sonicated for 30 minutes. Then
0.5 mL AB (1 mmol mL�1) water solution (for Ni0.5Co0.5O-NCN,
nmetal : nAB ¼ 0.04 according to the ICP data) was quickly
injected into the ask. The reaction temperature was controlled
at room temperature. The reaction time was recorded when
observing the rst bubble in a few seconds. The hydrogen
amount was measured by recording the displaced water. Typi-
cally, the hydrolysis reaction follows the formula: NH3BH3 +
4H2O ¼ NH4

+ + B(OH)4
� + 3H2 and the TOF numbers can thus

be calculated according to another formula: TOF¼ nH2
/(nmetal �

t). nH2
is the mole number of H2 and nmetal is the total mole

number of metal (Ni and Co). t represents the completed reac-
tion time (min).
Results and discussion

The catalytic property of Ni0.5Co0.5O-NCN for the hydrolysis of
AB is shown in Fig. 1. The hydrogen evolution curves of
Ni0.5Co0.5O-NCN with a comparison to that of single metal
based materials CoO-NCN and NiO-NCN are shown in Fig. 1a
while Fig. 1b shows a comparison of various NixCo1�xO-NCN
samples with different Ni : Co precursor ratios. The hydrolysis
process of Ni0.5Co0.5O-NCN can be quickly nished in about 1
minute (3 mole hydrogen produced from 1 mole AB, nmetal : nAB
¼ 0.04). The TOF values of various samples are calculated
according to the measured ICP data and shown in Table S1.†
Pure NCN shows no catalytic activity for the hydrolysis of AB
(TOF ¼ 0). When loading with different kinds of NPs, the NP-
NCN hybrids exhibit different catalytic performance. For the
samples with only Co or Ni metals (only Co or Ni precursor with
the same preparation process), both CoO-NCN and NiO-NCN
show a relatively low activity in Fig. 1a (TOF values are 5.5 and
13.3 (H2) mol per (Cat-M) mol min in Table S1,† respectively).
However, when two metal elements are used to form the
bimetallic NPs, a synergistic effect can be observed and the
catalytic activity can be greatly enhanced.19 All the NixCo1�xO-
NCN samples show a TOF value higher than 35 (H2) mol per
(Cat-M) mol min (also see Fig. 1b). Moreover, the Ni0.5Co0.5O-
NCN with a balance Ni : Co ratio shows the best performance
with an excellent TOF value of 76.1 (H2) mol per (Cat-M)
RSC Adv., 2019, 9, 11552–11557 | 11553

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra01743g


Fig. 1 (a) Hydrogen evolution curves of the hydrolysis of AB aqueous
solution catalyzed by Ni0.5Co0.5O-NCN, CoO-NCN and NiO-NCN. (b)
Hydrogen evolution curves catalyzed by the NixCo1�xO-NCN samples
with different Ni : Co ratios (the first bubble can be observed in a few
seconds). The inset also compares the TOF values.

Fig. 2 Stability test of Ni0.5Co0.5O-NCN in 6 runs for the hydrolysis of
AB. The TOF value decreases from 76.1 to 63.3 (the 6th cycle, 83.2%
left).
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View Article Online
mol min, which is also comparable to the best values ever re-
ported in the literatures for noble-metal-free catalysts (without
light and strong alkaline solution). A comparison of the TOF
values with the literatures is also shown in the ESI Table S2.† As
reported in the literatures,19–22 the excellent catalytic perfor-
mance of the hybrids could be attributed to the synergistic
effect of the two metal elements and the interfacial interaction
between NPs and the supporting material. However, only GO
based supporting materials have been widely studied while the
interfacial interaction between NPs and carbon nitride based
materials has not been clearly understood yet.

The stability curves of Ni0.5Co0.5O-NCN are shown in Fig. 2.
Aer 6 cycles, the TOF value can remain at a good value of 63.3
(H2) mol per (Cat-M) mol min (83.2%, Fig. 2 and Table S3†),
suggesting a good stability of Ni0.5Co0.5O-NCN. Various metal
compositions such as Cu and Co or Cu and Ni are also used to
get the optimized catalyst. The catalytic performances are
shown in Fig. S1a† while the combination of Ni and Co in
11554 | RSC Adv., 2019, 9, 11552–11557
Ni0.5Co0.5O-NCN shows the best performance. Fig. S1b† also
compares the catalytic performance by using different
substrates such as CN and NCN and the sample with NCN
substrate shows a much better performance.

The temperature dependence of the catalytic reaction is also
shown in Fig. S2.† The catalytic performance sharply increases
with the increased temperature, which is consistent with the
literatures.8,19 The inset shows the Arrhenius plot and the acti-
vation energy of Ni0.5Co0.5O-NCN can thus be calculated to be
a low value 43.18 kJ mol�1, which may also favorite the
performance.8 It should be noted that since the reaction can be
quickly nished at a higher temperature, in this test we only use
2.5 mg catalyst powder for the hydrolysis. Fig. S3a and S3b†
show the hydrolysis reaction evolution on Ni0.5Co0.5O-NCN/AB
molar ratios when keeping the AB amount constant at 298 K,
while in Fig. S3c and S3d† the amount of Ni0.5Co0.5O-NCN keeps
a constant value to probe the relationship between hydrogen-
generating rate and AB concentration. In Fig. S3b† the loga-
rithmic plot of the calculated initial reaction rate versus the
concentration of the catalyst shows a positive slope of 0.994,
suggesting a rst-order kinetics similar to the literatures.8,19

Interestingly, the hydrolysis reaction with respect to AB
concentration does not follow the zero-order kinetics (a positive
slope of 0.064), which might be attributed to the interaction
between water and the catalyst.8,19

The structure characterization of Ni0.5Co0.5O-NCN has been
shown in Fig. 3 with the HRTEM image and elemental
mappings. Nitric-acid treated carbon nitride has been used as
the supporting material and the deposition of Ni and Co based
NPs on NCN can be clearly observed in Fig. 3a. The average
particle size in Fig. 3a is 2.8 nm and the particle size distribu-
tion is also shown in the ESI Fig. S4.† Dark eld TEM image and
the corresponding elemental mappings are shown in Fig. 3,
which strongly conrm the uniform distribution of both Ni and
Co in the NPs. The similar elemental mappings of Ni and Co
suggest that Ni and Co may form a bimetallic alloy structure in
the NPs. However, it could be an oxidized alloy structure as
discussed with further characterizations such as XPS and XAS.
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) HRTEM image of Ni0.5Co0.5O-NCN. (b), (c) and (d–g) Dark
field TEM images and the corresponding elemental mappings of
Ni0.5Co0.5O-NCN: C (red), N (yellow), Ni (blue) and Co (green).

Fig. 4 XAS spectra of Ni0.5Co0.5O-NCN and the reference samples at
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The carbon nitride structure as supporting material in
Ni0.5Co0.5O-NCN is also conrmed by the XRD spectra in
Fig. S5.† The original CN shows a feature at around 13.2� cor-
responding to the (100) plane.30 A sharp feature at around 26.4�

can also be observed for the (002) plane, which can be attributed
to the stacking of the conjugated aromatic system.30–32 The XRD
spectrum of CN is very similar to the data in literatures, con-
rming the carbon nitride structure. NCN and Ni0.5Co0.5O-NCN
show similar XRD spectra as that of CN. Slight shis of the (002)
peak for NCN and Ni0.5Co0.5O-NCN can also be observed, which
can be attributed to the nitric acid treatment leading to a dense
packing.32 No additional XRD peaks for Ni or Co based mate-
rials in Ni0.5Co0.5O-NCN can be observed, which can be attrib-
uted to the small particle size of NPs on NCN. FTIR spectra of
CN and NCN are also shown in Fig. S6† to conrm the carbon
nitride structure. The broad band at 3165 cm�1 can be attrib-
uted to the intermolecular hydrogen bonding of the primary
and secondary amines and the O–H bonds of water.33 The
features located in the range of 1239–1647 cm�1 can be
assigned to the C–N stretching of g-C3N4 and the feature at
810 cm�1 can be related to tri-s-triazine.34 The FTIR spectrum of
Ni0.5Co0.5O-NCN also shows similar features as that for CN and
NCN (data not shown). Both XRD and FTIR conrm that the
supporting material used here has the carbon nitride structure.

XPS and synchrotron radiation based XAS are used to probe
the electronic structure of Ni0.5Co0.5O-NCN. From the TEM
image it is clear that Ni and Co are uniformly distributed in the
NPs suggesting a bimetallic structure. However, it is still not
clear about the chemical states. Here in Fig. S7c and S7d† the
XPS spectra of Ni0.5Co0.5O-NCN at Ni and Co 2p edges are
shown, respectively. Interestingly, both Ni and Co show
oxidized chemical states similar to that of NiO and CoO, sug-
gesting the formation of an oxidized hybrid structure. The XAS
spectra at Ni and Co L-edges in the ESI Fig. S8† also conrm the
oxidized chemical states of Ni and Co in Ni0.5Co0.5O-NCN.
According to the similar contents of Ni and Co in the NPs
(from ICP and the similar distribution), we thus assign the NPs
This journal is © The Royal Society of Chemistry 2019
as Ni0.5Co0.5O. The electronic structure of supporting material
is also revealed in Fig. S7a and S7b† at the C and N 1s edges,
respectively. In Fig. S7a† the sharp peak at 287.8 eV can be
attributed to the graphitic carbon in carbon nitride with typical
C–N–C bonds.35–37 The weak feature at 284.6 eV can be attrib-
uted to the possible defect sites with sp2 carbon structure. The
two features located at around 398.2 eV and 400.5 eV in
Fig. S7b† can be assigned to the pyridinic type and graphitic
type N species in the C3N4 ring structure, respectively.35,36 The
XPS spectra is consistent with the XRD and FTIR results con-
rming the carbon nitride structure in the Ni0.5Co0.5O-NCN
sample.

More information can be obtained from the XAS spectra at C
and N K-edges in Fig. 4. Fig. 4a shows the C K-edge XAS spectra
of pure NCN and Ni0.5Co0.5O-NCN. There are mainly three
features labeled as A (A1 and A2), B and D for pure NCN.
According to the literatures,36–39 the main features B (around
288.2 eV) and D (around 294 eV) can be attributed to the p* and
s* excitations of C–N–C bonds in the C3N4 structure, respec-
tively. The C K-edge XAS spectrum suggests that NCN has a good
carbon nitride structure. The features A1 and A2 at around
285.4 eV are very weak, which can be attributed to the p* exci-
tation of C]C bonds at the defect sites.36–39 Ni0.5Co0.5O-NCN
C K-edge (a) and N K-edge (b), respectively.

RSC Adv., 2019, 9, 11552–11557 | 11555
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shows similar XAS features suggesting a similar substrate
structure as that of NCN. However, a decreased intensity of
feature B for Ni0.5Co0.5O-NCN can be observed when compared
to that of NCN, suggesting the interfacial interaction between
Ni0.5Co0.5O NPs and NCN. Typically, the XAS feature stands for
the intensity of unoccupied state in the material and the
decrease of feature B suggests the lling of electrons to the
unoccupied state of carbon.37,39 It means that carbon in NCN
may get some electrons from the Ni0.5Co0.5O NPs with the
formation of interfacial interaction between NPs and NCN.

Interestingly, from the N K-edge XAS spectra in Fig. 4b we
can also nd the similar interfacial effect. According to the
literatures,36–39 features A and B at N K-edge can be assigned to
the p* excitations of pyridinic type and graphitic type N species
in the C3N4 ring structure, respectively. A broad feature D can
also be observed, which can be attributed to the s* excitation of
C–N–C or C–N (N–3C bridgings) bonds.36–39 It is clear that
Ni0.5Co0.5O-NCN shows increased intensity of features A and B
when compared to that of NCN, suggesting increased unoccu-
pied states at the N sites. N may lose electrons with the inter-
facial interaction. The XAS results at both N and C K-edges
reveal that in Ni0.5Co0.5O-NCN the N sites may act as the elec-
tron donor to the NPs while the C sites can act as the electron
acceptor from the NPs. Thus a stable interfacial interaction with
the hybridized electronic structure can be constructed between
NPs and NCN, which may signicantly favorite the catalytic
reaction.19 It could also be the reason for carbon nitride to act as
a good supporting material in various applications. The two
elements of C and N in carbon nitride can thus act as two
different bonding sites to anchor the NPs with enhanced
performance.

Fig. S8† also shows the XAS spectra of Ni0.5Co0.5O-NCN at Ni
and Co L-edges with a comparison to the reference samples.
However, since the particle size in Ni0.5Co0.5O-NCN is obviously
smaller than that in the bulk reference samples (NiO or CoO),
we cannot clearly identify the interfacial interaction from the
size effect in the metal L-edge XAS spectra. We also show the
XAS spectra of Ni0.5Co0.5O-NCN at Ni and Co K-edges with
a comparison to the reference samples in Fig. S9.† The chemical
states of Ni and Co in Ni0.5Co0.5O-NCN before the hydrolysis
reaction are very similar to that of NiO and CoO, conrming our
results. It should be noted that it is still hard to observe the
interfacial interaction from the hard X-ray XAS spectra. Thus the
so X-ray XAS study at both C and N K-edges seems to be a very
Fig. 5 Illustration of the AB hydrolysis on Ni0.5Co0.5O-NCN.

11556 | RSC Adv., 2019, 9, 11552–11557
suitable tool to probe the possible interfacial interaction
between carbon nitride and the supported NPs, which can not
be easily detected in the literatures. The chemical state of
Ni0.5Co0.5O-NCN aer the reaction is also probed by XAS in
Fig. S9.† Both Co and Ni are partly reduced aer the hydrolysis
reaction (decreased feature A and increased feature B) but still
keep some oxidized contents. In the preparation process the
reduction solution was slowly dropped in the mixture, then the
NPs were deposited on NCN and might be only slightly reduced
(mainly oxidized). The exposure to air of NPs might also lead to
the oxidized states. Thus the prepared NPs are oxidized.
However, the hydrolysis reaction is a fast process with all AB
solution quickly injected into the ask, then the NPs on NCN
can be partly reduced with large amounts of H2 and are not easy
to be fully oxidized by the exposure to air. The hydrolysis
process is also a further reduction when compared to the initial
synthesis process, which is easier for the reduction of NPs. Then
the NPs aer reaction can be partly reduced. The partial
reduction of Ni0.5Co0.5O could be the reason for the decreased
TOF efficiency as shown in Fig. 2. Metal oxides could be the
active reaction sites in the hydrolysis, which show a strong
interfacial interaction with NCN to enhance the performance.
However, the produced hydrogen will partly reduce the metal
oxides and then lower the performance with the formation of
less active metal compositions. The TEM images of Ni0.5Co0.5O-
NCN aer the rst cycle and the 6th cycle are also shown in
Fig. S10,† in which the aggregation of NPs can be observed with
the formation of metals.

The working mechanism of Ni0.5Co0.5O-NCN can thus be
illustrated in Fig. 5. Ni and Co form oxidized NPs of Ni0.5Co0.5O
on the substrate of NCN, which has a typical carbon nitride
structure. The C and N sites in NCN can act as two different
bonding sites to anchor the metal elements with a suitable
interfacial interaction, in which C is the electron acceptor
while N is the electron donor. Thus a stable interfacial inter-
action in Ni0.5Co0.5O-NCN can form and then accelerate the
hydrolysis of AB. The synergistic effect of two metal elements of
Ni and Co in the NPs can also facilitate the reaction. Moreover,
Ni and Co have similar but different electronegativities, which
may also help to form the stable interfacial interaction. The two
reaction center structure in carbon nitride may also shed light
on the mechanism study of various applications using carbon
nitride as the substrate.

Conclusions

In this work we report a Ni0.5Co0.5O-NCN nanostructure for the
hydrolysis of AB. The hybrid material shows an excellent TOF
value of 76.1 (H2) mol per (Cat-metal) mol min with a good
stability. X-ray absorption spectroscopy reveals that the carbon
nitride substrate exhibits a strong interfacial interaction with
the NPs, in which C may act as the electron acceptor while N
may act as the electron donor. A stable interfacial interaction in
Ni0.5Co0.5O-NCN can thus form and then accelerate the hydro-
lysis of AB. The synergistic effect of two metal elements of Ni
and Co in the NPs can also facilitate the reaction. The two
reaction center structure in carbon nitride may also shed light
This journal is © The Royal Society of Chemistry 2019
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on the mechanism study of various applications using carbon
nitride as the substrate.
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