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Optimization of metal–support interactions (MSIs) is at the core of heterogeneous catalyst design. For polar

reactants, electrostatic interactions resulting from MSIs can facilitate their activation. In this work, a feasible

in situ method has been employed to control the electrostatic properties at the interface of a noble-

metal-free Cu/CoĲOH)2 nanohybrid catalyst. On the Cu/CoĲOH)2 interface, the positively charged copper

enhances the polar molecule adsorption. By varying the metal/support ratio, a highly efficient catalytic ac-

tivity for the methanolysis of ammonia borane (AB) with an initial turnover frequency (TOF) of 61.63 mol(H2)

mol(catalyst)
−1 min−1 and long-term stability at ambient temperature were observed. Theoretical analysis un-

ravels the role of charge transfer in promoting the reactions and the metal/support ratio in manipulating

the catalytic activity via tuning electrostatic interactions.

Introduction
For supported metal heterogeneous catalysts, their electronic
and structural properties are modulated by metal–support in-
teractions (MSIs) and determine their activity, selectivity and
stability.1–3 On metal-oxide supports, MSIs induce the disper-
sion of metal nanoparticles (NPs) to gain better stability
against sintering and expose more active sites.4–6 The syner-
getic effects promoting activity arise from the structural and
charge transfer modifications occurring when the metal inter-
acts with the support on the interface7 and can be controlled
by suitable choice of the synthetic protocol and pre-
treatments.8–10 Furthermore, a rational design of candidates
acting as carriers of metal NPs would simplify the preparation
and promote the activity of catalysts via the dual functionali-
ties of improving the dispersion11,12 and regulating the
electronic structure of metal NPs.13,14

Electronically, the charge transfer from the metal to the
support results in electron depleted metal atoms which in re-
turn can facilitate the metal–reactant interactions. Molecules

regarded as promising candidates for portable hydrogen
chemical storage generally are non-polar without lone-
electron pairs, (methane, ethane) and polar without empty π

orbitals (methanol15,16 and aminoborane, AB17,18). Since di-
pole–dipole interactions mainly contribute to the adsorption
of these molecules on catalyst surfaces and the lack of stron-
ger electronic interactions, the weak binding character limits
their activation. However, for polar candidates, weak interac-
tions based on electrostatic interactions are crucial to en-
hance their activation. For instance, high-performance cata-
lysts in AB conversion are required to activate the B–N bond
efficiently.19,20 In our previous study, B–N bond breaking via
an SN2 mechanism was found to be the rate-limiting step in
the reaction network, thus stronger AB adsorption with acti-
vated B–N bonds would promote this step.21 As AB is a polar
molecule, positively charged surface atoms would facilitate
its adsorption and activation via electrostatic interactions,
thus promoting its conversion.

Since the overall transferred charge is metal nanoparticle
size dependent,22 the electrostatic interactions with polar
molecules can also be modulated by changing the amount of
metal deposited. Experimentally, the metal nanoparticle size
can be adapted via variable metal/support ratios, thus open-
ing a path to control adsorption. Copper is an abundant coin
metal and has been widely used in methanol synthesis.23 Be-
sides, Cu- and Co-based nanostructured materials24,25 have
been reported as good candidates for AB hydrolysis. How-
ever, the synergistic contributions of the Cu–support inter-
face are still unclear thus limiting the controllability of the
catalytic properties.
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In this work, a feasible in situ method which facilitates
MSIs has been applied to synthesize a Cu/CoĲOH)2 nano-
hybrid catalyst. For the CoĲOH)2 support, its 2D layered struc-
ture endows it with the capacity to be an excellent support.
Besides, the electron transfer or surface charges can be ma-
nipulated by varying the metal–support ratio. The optimized
nanohybrid exhibits a high catalytic performance for AB
methanolysis with an initial TOF of 61.63 mol(H2) mol(catalyst)

−1

min−1 and long-term durability at ambient temperature. Den-
sity functional theory (DFT) elucidates the promoting role of
electrostatic interactions in the catalytic activity via stabiliz-
ing the AB adsorption and reducing the rate-determining step
barrier for the OH− attack via the SN2 mechanism which initi-
ates the reaction. Besides, the total catalytic activity which re-
lies on the site activity and site numbers can be tuned via
changing the metal/support ratio.

Experimental section
All chemicals and solvents were obtained commercially and
used without further purification.

Synthesis of CuĲOH)2

CuĲOH)2 was synthesized by a simple precipitation method.
Typically, 1 g CuĲNO3)2·6H2O was dissolved in 20 mL deion-
ized water with ultrasound to form a clear solution. Then the
solution was slowly added dropwise into an 80 mL solution
containing 2 g NaOH and 250 mg sodium citrate with intense
magnetic stirring. After continuous magnetic stirring for 1 h,
a colloidal dispersion was obtained. Finally, the sample was
collected by centrifugation, then washed with water and etha-
nol, and dried in a vacuum at 60 °C for 6 h.

Synthesis of CoĲOH)2

The synthesis is the same as that of CuĲOH)2 just by
substituting CuĲNO3)2·6H2O with CoĲNO3)2·6H2O.

Synthesis of Cu/CoĲOH)2

Prior to the dehydrogenation experiment, CuĲOH)2 and
CoĲOH)2 with different mass ratios (the total mass weight of
CuĲOH)2 and CoĲOH)2 is 30 mg) were ground fully, recorded
as CuĲOH)2/CoĲOH)2. An AB solution with a certain concentra-
tion was injected into a 10 mL flask containing 10 mg
CuĲOH)2/CoĲOH)2 with a 5 mL syringe. Then the solution in
the flask was vigorously stirred to obtain Cu/CoĲOH)2, which
was used for further catalytic reaction. Catalysts with differ-
ent mass ratios were synthesized with the same method,
merely changing the mass ratio of CuĲOH)2 to CoĲOH)2. Cu
NPs were obtained with CuĲOH)2 as a precursor under identi-
cal conditions.

Structural characterization

Powder X-ray diffraction (XRD) patterns were recorded on a
Bruker AXS D8 X-ray diffractometer with Cu Kα (λ = 1.54056
Å, 100 mA and 40 kV). Raman spectroscopy measurements

were performed on an inVia-Reflex confocal laser micro-
Raman spectrometer using Ar+ laser excitation (λex = 532 nm).
For X-ray photoelectron spectroscopy (XPS) analysis, the sam-
ples were first deoxygenated in Ar for at least 1 h and then in-
vestigated on a ThermoScientific ESCALAB 250XI spectro-
scope equipped with an Al Kα X-ray source and a power of
250 W was used. The charge effect was calibrated using the
binding energy of C1s (284.8 eV). Transmission electron
microscopy (TEM) and high resolution TEM (HRTEM) were
conducted by using a JEM 2100F microscope with an acceler-
ating voltage of 200 kV. For all TEM, HRTEM, and corre-
sponding energy dispersive X-ray (EDX) analyses, the samples
were first dispersed in ethanol and sonicated for at least 0.5
h, followed by dropping onto an ultrathin carbon film and
leaving it to dry naturally at room temperature in air prior to
these measurements. The Cu K-edge and Co K-edge absorp-
tion spectra were collected at the X-ray absorption fine struc-
ture (XAFS) station of the 1W1B beamline of the Beijing Syn-
chrotron Radiation Facility.

Catalytic activity measurement

Dehydrogenation experiments in different solvents were
performed in a 10 mL two-necked round-bottom flask, in
which one neck was sealed with a rubber cap, while the other
was connected to a gas burette. The temperature in the reac-
tion system, which was confirmed by a thermometer, was
maintained using a constant-temperature bath. A certain
amount of catalyst was placed in the two-necked round-bot-
tom flask, and 5 mL AB solution was quickly injected using a
syringe. Before adding the catalyst, different amounts of
CuĲOH)2 and CoĲOH)2 were ground vigorously. The H2 gener-
ated by the system was identified using a gas chromatograph
(GC-14C, Shimadzu) equipped with a 5 Å molecular sieve col-
umn (3 m × 2 mm) and thermal conductivity detector; the
carrier gas was Ar. The amount of gas was measured quanti-
tatively, using a gas burette, to an accuracy of ±0.5 mL.

Computational details
A DFT study was employed by using the Vienna ab initio sim-
ulation package (VASP).26,27 The exchange–correlation ener-
gies were obtained via the generalized gradient approxima-
tion with the Perdew–Burke–Ernzerhof functional (GGA-
PBE).28 The projector augmented wave (PAW)29,30 with a cut-
off energy of 450 eV was chosen to represent the inner
electrons. A Γ-centered k-point mesh was generated through
the Monkhorst–Pack method31 with sampling denser than
0.03 Å−1. Gas phase molecules were relaxed in a 20 × 20 × 20
Å3 box. The optimized Cu bulk lattice parameter is 3.635 Å,
in agreement with the experimental value of 3.615 Å.32 A four
layer p(4 × 4) slab model with a vacuum layer of 15 Å was
used to simulate the (111) surface of the Cu catalyst. The top-
most 2 layers were relaxed during the optimization while the
remaining layers were kept fixed to mimic the bulk.

For the CoĲOH)2 support, due to the strongly correlated d
orbitals of Co, additional on-site interactions were added to
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correct the electron self-interaction by using the Coulomb
interaction U and the electronic exchange J with Dudarev's
approach of GGA+U,33 which is implemented in the VASP
code. The calculated bulk lattice parameters by using Ueff of
4.00 eV are 6.442 and 4.668 Å for a and c, respectively, in
agreement with a and c values of 6.372 and 4.653 Å reported
in the literature.34 Besides, this value is close to the previ-
ously reported values in the range of U = 3.75–4.50 eV on
Co2+ systems,35–38 in spite of the fact that the predicted
band-gap of 2.20 is lower than the recently reported experi-
mental value of 2.87 eV (ref. 39) which depends on the mate-
rial morphology.

Slab models of Cu(111), CoĲOH)2Ĳ0001), and four Co–Cu
hetero-layer surfaces (see Fig. 1g) representing the pure cop-
per, support and catalyst were applied to study the AB and
methanol adsorption as well as transition states. The thresh-
olds were 10−5 eV and 0.03 eV Å−1 for electronic and ionic re-
laxations, respectively. The climbing image nudged elastic
band method40,41 (CI-NEB) was applied to locate the transi-
tion states in the rate determining steps. All the structures
can be retrieved from ioChem-BD.42,43

Results and discussion
Morphological and structural analysis of Cu/CoĲOH)2

The unique Cu/CoĲOH)2 hybrid was firstly fabricated through
a feasible in situ AB reduction strategy by taking the ground
mixture of CuĲOH)2 nanorods (NRs) (Fig. S3†) and CoĲOH)2
nanosheets (NS) (Fig. 1b) as precursors. As illustrated in
Scheme 1, the CuĲOH)2 NRs and CoĲOH)2 NSs were synthe-
sized at room temperature by a simple wet-chemical method.
The following Cu/CoĲOH)2, unless otherwise specified, refers
to the sample synthesized with a mass ratio of CuĲOH)2 and
CoĲOH)2 of 7.0 : 3.0. After grinding them carefully, the as-
prepared sample was directly used to catalyze the AB
methanolysis. By taking advantage of the different intrinsic
reduction potentials of the two metals (E0ĲCu(II)/(I)) = +0.159
eV; E0ĲCu(I)/(0)) = +0.520 eV; E0ĲCo(II)/(0)) = −0.280 eV all vs.
SHE),44,45 the CuĲOH)2 NRs could be reduced to Cu NPs in
situ by AB within several seconds, while CoĲOH)2 remains in-
tact. This has been strongly evidenced by the XRD pattern
with a diffraction peak at 43.3° assigned to the (111) plane of
Cu NPs (Fig. 1a) and by the Raman spectra (Fig. S4†) with an

Fig. 1 (a) XRD patterns of the Cu/CoĲOH)2 hybrid, CuĲOH)2/CoĲOH)2 and CoĲOH)2 NSs. (b) TEM image of CoĲOH)2. (c) TEM image of Cu/CoĲOH)2.
(d) Magnified TEM and (e) HRTEM images of Cu/CoĲOH)2. (f) TEM elemental mapping images of Co, Cu and O for Cu/CoĲOH)2. (g) Slab models of
the support and catalyst with different Cu/Co ratios Co–Cun where the superscript indicates the number of copper layers and pure Cu. Co, Cu, O,
and H are shown in blue, brown, red, and white, respectively.
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existing peak at 672 cm−1 corresponding to CoĲOH)2 (ref. 46)
after the reduction process.

TEM images are obtained to further show the structural
characteristics of Cu/CoĲOH)2. Fig. 1b shows the NS structure
of CoĲOH)2 with a thickness of 1.83 nm. Compared with the
bare Cu NPs with an average size of 33 nm (Fig. S5†), the Cu
NPs in Cu/CoĲOH)2 show a smaller average size of 10 nm as
shown in Fig. 1c and S6.† Fig. 1d further shows that Cu NPs
are embedded on CoĲOH)2 with high dispersity. The smaller
size and homogeneous dispersion of Cu NPs demonstrate
that CoĲOH)2 can serve as a good anchoring site to disperse
the NPs, which is more favourable to expose more active
sites.47 HRTEM was further carried out to better understand
the interfacial structure of Cu/CoĲOH)2. In Fig. 1e, interplanar
spacings of 0.208 nm and 0.237 nm are ascribed to Cu NPs
and CoĲOH)2 NSs, respectively, indicating that CoĲOH)2 is
retained and closely connected with Cu NPs. The correspond-
ing elemental mapping of Cu/CoĲOH)2 further reveals the
homogeneous distribution of Cu, Co, and O (Fig. 1f). All
these characteristics prove that the in situ generated Cu NPs
are well immobilized on the surface of CoĲOH)2 NSs. Theoret-
ically, we built different representative slab models to inter-
pret the experimental observations. These included a
CoĲOH)2 structure either alone or with one Co replaced by Cu
(Fig. S7†). Notice that the NPs are so large with an average
size of 10 nm in Fig. 1c that the number of sites correspond-
ing to steps or the perimeter is much smaller than that of
planar sites (the ratio of the perimeter to surface is 1/R,
where R is the radius). Therefore, the reactivity can be di-
rectly explained from the planar centers without claiming the
role of low-coordinated/defective sites. Water elimination
from the CoĲOH)2 slab requires 2.89 eV and when one Co is
replaced by a Cu atom, it is reduced to 2.24 eV, indicating
that the CoĲOH)2 layers are robust under reaction conditions
and will not generate oxygen vacancies. The results also im-
ply that Cu sites would be easier to be reduced to NPs than
Co sites. Alternatively, the Cu precursor can react with the
CoĲOH)2 support to form covalent Co–O–Cu bonds by water

elimination. Thus hetero-layer structures (Fig. 1g) with one to
three Cu layers dispreading on CoO(OH) (labelled Co–Cun, n
= 1–3) were used to study the Cu/Co ratio and interfacial ef-
fects on the catalytic behavior, with pure CoĲOH)2Ĳ0001) and
Cu(111) surfaces being the references. In these models, one
Co layer was used as the support due to the fact that H bonds
between the two interlayers have little effect on the electronic
structures of the Co–Cu interface. The layered structures will
explain the high dispersion and homogeneous distribution
observed in Fig. 1f. The Cu–O and Cu–Cu bond energies are
−0.44 and −0.29 eV, which were calculated from the standard
formation enthalpy of Cu2O (ref. 48) and Cu cohesive en-
ergy.49 This suggests that the Cu dispersion on the CoĲOH)2
support is thermodynamically stable and also validates the
hetero-layer models we have developed in this study. The cal-
culated one Cu layer adsorption energies per atom on Co–
Cu1, Co–Cu2 and Cu(111) surfaces are −0.98, −0.77 and −0.86
eV, respectively. This implies that when reducing CuĲOH)2
the OH groups react with those of the CoĲOH)2 on the surface
forming robust Cu–O–Co bonds. Once the first Cu layer on
CoĲOH)2 is completed, Cu can further grow on it in a layer-
by-layer fashion. The second layer is quite strongly bound to
the Cu–O–Co bonds but the third layer is less attracted to
them, probably because of the accumulated strain (12.852 Å
of p(5 × 5)-Cu(111) and 12.884 Å of CoĲOH)2) needed to match
the CoĲOH)2 lattice. Therefore, both electronic and geometric
effects limit the layer-by-layer epitaxial growth. When more
Cu is present, NPs will form thus following a Stranski–
Krastanov growth.50

Electronic structure of the catalysts

X-ray absorption near edge structure (XANES) spectroscopy,
extended X-ray absorption fine structure (EXAFS) spectro-
scopy and XPS are performed to further understand the va-
lence state and electronic structure of Cu/CoĲOH)2. In Fig. 2a,
a similar pre-edge feature and shape for Cu/CoĲOH)2 and Cu
foil confirm the formation of Cu NPs.51 The Cu–O bonds in
Fig. 2b can be from the interface between Cu NPs and the
CoĲOH)2 surface. In addition, the inevitably oxidized Cu on
the surface would also contribute to the Cu–O peak because
of its easily oxidizable nature and unavoidable exposure to
air during sample preparation. As shown in Fig. S8,† peaks at
934.4 eV and 954.4 eV assigned to CuĲII) can be observed in
the spectra of CuĲOH)2 and CuĲOH)2/CoĲOH)2, and peaks at
lower binding energies appear in the spectrum of Cu/
CoĲOH)2, demonstrating the existence of reduced Cu in the
Cu/CoĲOH)2 hybrid. Further, Cu 2p high-resolution XPS of
Cu/CoĲOH)2 gives a strong proof that CuĲII) is reduced to
Cu(0) (Fig. 2c). In detail, the major peaks at 932.4 and 952.4
eV are well assigned to the 2p3/2 and 2p1/2 of Cu(0).52,53 And
the other peaks at 934.4 and 954.4 eV along with two satellite
peaks are the characteristic signals of CuO,54 due to the sur-
face oxidation. The pre-edge of Cu/CoĲOH)2 at 7709 eV (ref.
55) (Fig. S9†) and the peak at 780.6 eV (ref. 56) (Fig. S10†) all
prove that Co remains +2.

Scheme 1 Schematic illustration of the synthetic procedure of a Cu/
CoĲOH)2 nanohybrid for AB methanolysis.
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XPS provides more powerful evidence of changes in the
electronic structure arising from the MSI between Cu NPs and
CoĲOH)2. As shown in Fig. 2d, the binding energy of Cu in Cu/
CoĲOH)2 is positively shifted to about 0.3 eV compared with
bare Cu NPs. Also, the Cu absorption edge of the magnified
XANES spectra in Fig. S11 (ESI†) shows a positive shift in Cu/
CoĲOH)2 compared with that in CuĲOH)2/CoĲOH)2. The higher
binding energy and positive shift of the Cu absorption edge in-
dicate the change in the electronic structure of Cu NPs in Cu/
CoĲOH)2 which are then electron deficient. Moreover, the core-
level shift57 of Cu from Cu(111) to Co–Cu3 is 0.26 eV (see eqn
(S2)†), demonstrating the charge transfer on the interface and
the reliability of our theoretical model in describing the
electronic properties in this system. For the Co 2p XPS spectra
(Fig. S10†), the binding energy of Co in Cu/CoĲOH)2 shows a
small negative shift, compared with that in CuĲOH)2/CoĲOH)2.
Based on these results, we conclude that the MSI exists when
Cu NPs are coupled with the CoĲOH)2 support resulting in the
decrease of the electron density of Cu NPs in Cu/CoĲOH)2.

Activity evaluation of Cu/CoĲOH)2 and theoretical analysis

The methanolysis of AB under alkaline conditions was applied
to evaluate the activity of the as-prepared Cu/CoĲOH)2. AB is a
promising candidate for hydrogen storage due to its integrated
advantages of high hydrogen content (19.6 wt%, 146 g L−1),
long-term stability and non-toxicity.24,58 About three equivalents
of hydrogen are released per equivalent of AB. Meanwhile, the
broad resonance assigned to ammonium tetramethoxyborate at
8.79 ppm (ref. 59) (Fig. S13†) demonstrates that the
methanolysis occurred according to the following equation.

NH3BH3 + 4MeOH → NH4B(OMe)4 + 3H2 (1)

The ratio of Cu in the hybrid catalyst was tuned by varying
the initial mass ratios of CuĲOH)2 to CoĲOH)2 ranging from

3.0 : 7.0 to 9.0 : 1.0 (Fig. 3a). The optimized ratio of 7.0 : 3.0
achieves the highest catalytic activity. As shown in
Fig. 3b and c, the Cu/CoĲOH)2 hybrid has a drastically im-
proved activity compared with their bare counterparts, demon-
strating that the MSI in Cu/CoĲOH)2 can bring a positive syn-
ergy for AB methanolysis. CoĲOH)2 is almost inactive, which is
also confirmed by our theoretical studies. DFT calculated ad-
sorption energies of AB (−0.42 eV) and methanol (−0.10 eV) on
CoĲOH)2 are in the range of physisorption, implying that the
reactants are rather weakly bonded to the surface and not ac-
tivated. The experimental and theoretical results prove that
Cu is the real activity site for AB methanolysis.

To explore the reaction kinetics, a series of experiments
with various molar ratios of catalyst/AB were performed care-
fully. Compared with the concentration of AB with half-order
kinetics, the hydrogen production rate is more dependent on
the concentration of Cu/CoĲOH)2, following the first-order ki-
netics. The maximum initial TOF of 61.63 mol(H2) mol(catalyst)

−1

min−1 (88.04 mol(H2) mol(Cu)
−1 min−1) was obtained at a cata-

lyst/AB molar ratio of 0.129 at room temperature (Fig. S14†).
In addition, the apparent activation energy (Ea) obtained
from the temperature dependent methanolysis reaction is
37.6 kJ mol−1 based on the Arrhenius equation (Fig. S15†).

Fig. 3 (a) Stoichiometric hydrogen evolution in 0.5 M NaOH methanol
solution catalyzed by as-prepared Cu/CoĲOH)2 with different mass ratios
of the CuĲOH)2 and CoĲOH)2 precursors. (b) Hydrogen evolution for Cu/
CoĲOH)2, Cu NPs and CoĲOH)2. (c) Corresponding TOFs based on the to-
tal mol of metal. (d) Recycling of the Cu/CoĲOH)2 catalyst (8 mg) in 0.5
M NaOH methanol solution (5 mL), with addition of AB (1.62 mmol) to
the system at 298 K in each cycle. (e) Adsorption of AB and the reaction
coordinate for the SN2 steps on Cu(111) and Co–Cu heterostructures.

Fig. 2 (a) Cu k-edge XANES and (b) Fourier transforms of k2-weighted
Cu EXAFS spectra of CuĲOH)2/CoĲOH)2, Cu/CoĲOH)2 and Cu foil. (c)
High-resolution XPS spectrum of Cu in Cu/CoĲOH)2. (d) Cu 2p XPS
spectra of Cu/CoĲOH)2 and Cu NPs.

Catalysis Science & Technology Paper

Pu
bl

is
he

d 
on

 2
9 

A
pr

il 
20

19
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ita
t R

ov
ira

 I 
V

ig
ili

 o
n 

5/
9/

20
19

 1
1:

18
:1

0 
A

M
. 

View Article Online



Catal. Sci. Technol. This journal is © The Royal Society of Chemistry 2019

Moreover, the Cu/CoĲOH)2 hybrid shows a comparable stabil-
ity as shown in Fig. 3d.

From a theoretical point of view, the stronger adsorption
energy of reactants and lower reaction barriers on the
CoĲOH)2 supported Cu NPs explain the excellent
methanolysis of AB caused by the synergy between Cu NPs
and CoĲOH)2 NSs. For the adsorption on Cu(111), methanol
is weakly bonded with an energy of −0.22 eV, in agreement
with a previous estimate of −0.19 eV (ref. 60) while that of AB
is −0.54 eV. On the Co–Cu1–3 model, AB and methanol coordi-
nations are enhanced by 0.20–0.30 eV (Table S3†). The origin
of the stronger bond can be traced back to electrostatic inter-
actions as both AB and methanol are polar molecules and in
the Co–Cu1–3 heterostructures the Cu layers are positively
charged according to the Bader charges (per atom) of 0.28,
0.14, and 0.10 |e−|, thus the Cu(111) surface is electron defi-
cient and exhibits the δ+ character which promotes the di-
pole–dipole interaction between the surface and molecules.
Recently, electrostatic interaction-enhanced C1 oxygenate ad-
sorption energies on an Au/MgO substrate have been
reported by Greeley et al.61 In the AB conversion, our previ-
ous study shows that the SN2 step (hydroxyl attack) is the rate
determining step.21 The transition states of the SN2 on these
four surfaces (Cu(111), Co–Cu1–3 models) show that barriers
decrease from 1.04, to 0.95 to 0.89 and to 0.76 eV, respec-
tively, when reducing the number of Cu layers (Fig. 3e).

For the initial and transition states of BH3NH3 species on
these four surfaces, the average Bader charges of N atoms are
negative and decrease from 1.37 to 1.17 |e−| (Table S4†),
showing the electron transfer from N to the surface when the
B–N bond breaks. The results above imply that the reactants
are activated and the barrier for rate limiting steps is lowered
on Cu/CoĲOH)2. As shown in Fig. 3e, the lower the number of
layers, the better the desorption towards the SN2 reaction bal-
ance and the more active the system. According to the experi-
ments a volcano activity plot is observed in Fig. 3c. Our DFT
results above can explain this dependence. The CoĲOH)2
layers are stacked by only 0.073 eV per Co atom, which
means that the Co layers can open and react with the Cu pre-
cursor to form the Cu layers on the support. If the layers are
self-limited in the growth then the maximum wetting be-
tween the Cu and the Co will be achieved for an atomic ratio
of around 3 (50 : 16) that would represent the maximum num-
ber of the most active Cu sites. Therefore, a sandwich model
with two layers of Cu on two sides of CoĲOH)2 (Co2–Cu2) has
been optimized. The AB adsorption on Co2–Cu2 is further
strengthened by 0.21 eV and the barrier for the SN2 step is
slightly increased by 0.01 eV. From these values, the apparent
activation energy would be between 24.8–44.1 kJ mol−1 once
the AB solvation has been taken into account. When the
mass ratio increases, the activity decreases which can be in-
ferred from the reactions on Co–Cu2 and Co–Cu3 surfaces
with more Cu layers. For ratios smaller than 7.0 : 3.0, the
number of active sites limits the activity. Thus, the number
of active sites and the relative reactivity of the different sites,
work together in determining the catalytic behaviour. Since

they have opposite trends upon varying the mass ratio, the
highest TOF value is reached when the maximum number of
sites with the highest reactivity is achieved.

Conclusions
In summary, by changing the metal/support ratio in a Cu/
CoĲOH)2 nanohybrid, a simple and rational strategy to control
the reactant–surface electrostatic interactions via MSIs has
been applied. On the one hand, the activity enhancement
arises from the more exposed active sites of Cu NPs
immobilized on the CoĲOH)2 NS support and positively
charged Cu atoms which strengthen the electrostatic interac-
tions with AB. On the other hand, the site activity is reduced
upon increasing the Cu content in the synthetic steps due to
the fact that the denser Cu layers have less positively charged
atoms. By varying the Cu/Co ratio, the catalytic performance
is controllable and at a ratio of 7.0 : 3.0, the Cu/CoĲOH)2 cata-
lyst shows an excellent catalytic performance towards
methanolysis of AB with an initial TOF of 61.63 mol(H2)

mol(catalyst)
−1 min−1 under alkaline conditions. And this has

been further confirmed by our DFT calculations via the
hetero-layer models; electron transfer from Cu to the support
via the Cu–O bonds results in positively charged Cu, increas-
ing the electrostatic interaction between Cu and adsorbates,
and also reduces the barriers of the rate-limiting step, the
SN2 hydroxyl attack. Since molecules in portable hydrogen
storage applications are generally polar, saturated and do not
have strong electronic interactions with the catalyst, this pro-
tocol would be applied for polar energy vector activation.
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