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Abstract: Ammonia-borane (AB) is an excellent material for
chemical storage of hydrogen. However, the practical utiliza-
tion of AB for production of hydrogen is hindered by the need
of expensive noble metal-based catalysts. Here, we report
Cu,Co,_,O nanoparticles (NPs) facilely deposited on graphene
oxide (GO) as a low-cost and high-performance catalyst for the
hydrolysis of AB. This hybrid catalyst exhibits an initial total
turnover frequency (TOF) value of 70.0 (H,) mol/(Cat-metal)
mol-min, which is the highest TOF ever reported for noble
metal-free catalysts, and a good stability keeping 94 % activity
after 5 cycles. Synchrotron radiation-based X-ray absorption
spectroscopy (XAS) investigations suggested that the high
catalytic performance could be attributed to the interfacial
interaction between Cu,Co,_.O NPs and GO. Moreover, the
catalytic hydrolysis mechanism was studied by in situ XAS
experiments for the first time, which reveal a significant water
adsorption on the catalyst and clearly confirm the interaction
between AB and the catalyst during hydrolysis.

Controlled storage and release of hydrogen are well-known
challenges in establishing a viable fuel-cell-based hydrogen
economy.!'* Recently, the chemical storage of hydrogen was
considered as a feasible way for practical applications.'*!
Among the chemical hydrogen-storage materials, ammonia—
borane (AB) has been regarded as a leading contender owing
to its high hydrogen content (19.6 wt % ), high stability in both
aqueous solutions and air at room temperature, and non-
toxicity.'™” However, until now, effective catalysts for the
hydrolysis of AB are typically based on expensive and rare
noble metals (such as Pt, Ru),*”® which has largely
hampered applications.*>”) Thus, alternate catalysts for
high-efficiency hydrolysis of AB based on inexpensive non-
noble metal elements are highly required and intensely
studied.*>” Despite many catalysts for the hydrolysis of
AB, high-performance noble metal-free catalyst with practi-
cal efficiency and sustainability remains unavailable and
a daunting challenge. The catalytic mechanism regarding the
electronic structure changes of the catalysts is also unclear
and has largely limited the design of high-efficiency catalysts.
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Graphene is an outstanding supporting material for
efficient catalysts, because it can enhance the catalytic
performance with synergetic effects."*'® Recently, graphene
was used to support various non-noble metal nanoparticles
(NPs) for efficient catalysts for the hydrolysis of AB.+6]
Although the hybrids showed enhanced catalytic properties,
their performance remained insufficient and their electronic
structure had not been well studied.'*'*) Herein we report
a facile way to prepare the hybrids of Cu,Co,_,O NPs on
graphene oxide (GO). The optimized hybrid (Cu,Co,_,O-
GO) shows superior catalytic performance in the hydrolysis
of AB with a high initial TOF value of 70.0 (H,) mol/(Cat-
metal) mol-min. The enhanced catalytic performance of the
hybrid can be ascribed to the interfacial interaction between
NPs and GO. Moreover, we perform the first in situ XAS
experiments to investigate the electronic structure changes of
the hybrid during the hydrolysis process.

The detailed preparation and characterization of
Cu,Co,_,O-GO samples are shown in the Supporting Infor-
mation. Figure 1 shows the TEM images and elemental
mappings of the Cuy3Co,,O-GO. Figure 1a,b reveal that
small NPs around 3 nm (Supporting Information, Figure S1)
are uniformly deposited on GO. From the elemental map-
pings in Figure 1c-f, Cu and Co signals can be clearly
observed in the NPs, indicating the formation of Cu and Co
based NPs on GO. Raman (Supporting Information, Fig-
ure S2) and XRD (Figure S3) spectra also confirm the GO
feature. No new peaks in XRD pattern can be observed for
the Cu,Co,_,O NPs, suggesting an amorphous structure for
the NPs.

The catalytic activity of various Cu,Co,_,O-GO samples
in the hydrolysis of AB was evaluated. The TOF values are
shown in the Supporting Information, Table S1. Pure GO
shows no catalytic activity for the hydrolysis of AB. After
decoration with various NPs, GO samples show different
catalytic performance. The CoO-GO sample with only Co on
GO shows practically no activity, while the CuO-GO sample
with Cu on GO exhibits obvious catalytic activity with a TOF
value of 9.2 (H,) mol/(Cat-M)mol'min, suggesting Cu is an
effective element for the hydrolysis of AB. Moreover, when
both Co and Cu elements were deposited on GO to form
bimetallic Cu,Co,_,O-GO samples, much higher catalytic
activities compared to the single metal element-coated GO
were observed, suggesting the strong synergetic effect of Co
and Cu.

All Cu,Co,_,O-GO samples show a TOF value higher
than 45.0 (H,) mol/(Cat-M) mol-min, in sharp contrast to the
value of 9.2 for CuO-GO. The TOF value increases with
increasing Cu content in the bimetallic Cu,Co,_O-GO
samples, suggesting that Cu is the main catalytic element in
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Figure 1. a) TEM and b) High-resolution TEM images of Cu,3Co,,0-
GO. c)-f): Dark-field TEM images and the corresponding elemental
mappings of Cu,5Co,,0-GO: Co (green) and Cu (blue) distribution in
the selected area.

the hydrolysis process. The catalytic activity of the hybrids can
be significantly enhanced by the addition of Co, suggesting an
important synergetic effect. The hydrogen evolution curves
are displayed in Figure 2a. It shows that Cu,3Co,,0-GO
completes the hydrolysis process in 2 minutes and exhibits
a much higher catalytic activity than CuO-GO and CoO-GO.
The Cu:Co ratio was optimized to achive the best perfor-
mance (Figure 2b; Supporting Information, Table S1) with
Cuy5C0y,0-GO (Cu:Co=8:2) at 9 wt% loading. Different
metal element-based hybrids such as CuNi,_ O-GO and
Ni,Co,_,O-GO were also investigated for comparison (Sup-
porting Information, Figure S4), confirming the best perfor-
mance of the Cu,Co,_,O-GO. The chemical state of the metal
elements was tuned by reducing the Cu,Ni;_,O-GO in H, at
a high temperature, revealing that the present oxidized state
was better for the hydrolysis (Supporting Information, Fig-
ure S5).

The optimized Cu,3Co,,0-GO shows unprecedented
catalytic activity with a TOF value of 70.0 (H,)mol/(Cat-
M) mol'min in the hydrolysis of AB, which is the highest value
ever reported for catalysts without noble metal elements. The
excellent performance of Cu,3Co,,0-GO is evident by
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Figure 2. a) Hydrogen evolution curves of the hydrolysis of AB aque-
ous solution catalyzed by CuO-GO, CoO-GO, and Cug3Co,,0-GO.
0.5 mmol AB was used and finally 34 mL hydrogen gas (H,/AB=3:1)
was generated. b) Hydrogen evolution curves of the hydrolysis of AB
aqueous solution catalyzed by Cu,Co,_,0-GO samples with different
Cu:Co ratios. c) Stability test of Cuy3Co,,0-GO in 6 runs. The TOF
value decreases from 70.0 to 66.3.

comparing its TOF value to those previously reported, as
listed in the Supporting Information, Table S2. Figure 2¢
shows the good stability of the Cu,3zCo,,O-GO over 6 cycles,
showing that the TOF value only decreases slightly from 70.0
to 66.3 after 5 cycles (keeping 94.7 % activity). The activation
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energy of Cuy3Co,,0-GO is calculated to be 45.53 kImol ™
from the temperature-dependent curves (Supporting Infor-
mation, Figure S6). The dependence of the hydrolysis reac-
tion on Cuy5Co,,0-GO/AB molar ratio was also studied by
keeping either the catalyst or AB amount constant at 298 K
(Supporting Information, Figure S7).

We performed XAS experiments in the soft and hard X-
ray ranges to study the catalytic mechanism and the syner-
getic effect in the Cu,Ni;_,O-GO catalysts. The XAS spectral
changes have been used to detect the interfacial interaction
between Co;O, nanocrystals and reduced graphene oxide,
and the synergistic effect for enhanced catalytic perfor-
mance.[" Soft X-ray XAS spectra are displayed in Figure 3.
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Figure 3. XAS spectra of CuO-GO, CoO-GO, and Cu,3Co,,0-GO at C
K-edge (a),0 K-edge (b), Cu L-edge (c), and Co L-edge (d). The spectra
of standard samples, such as GO, CuO, and CoO, are also shown for
comparison.

The C K-edge XAS spectra are shown in Figure 3 a. For pure
GO, three main absorption features can be observed and
labeled as A, B, and D at 285.4, 288.5, and 291.7 eV,
respectively. Feature A is typically assigned to the m* states
of the carbon ring structure, feature D to the o* states, and
feature B to the bonding between carbon and other elements
such as C=0 and COOH.!!317-20]

For pure GO, a strong feature B indicates the heavily
oxidized nature of graphene. However, after NPs decoration
on GO, the XAS spectra of CuO-GO and CoO-GO show an
increase in feature B and a decrease in feature A. The
increased feature B can be ascribed to the interfacial
interaction between NPs and GO, as previously reported.!'>2!]
Since the external bonding with the increased feature B
changes the m* orbitals of the carbon ring structure, it
typically leads to a concurrently decreased feature A.!"!
Further, the spectrum of CoO-GO shows a lower feature A
and a higher feature B than those of CuO-GO, indicating
a stronger interfacial interaction in CoO-GO. Moreover, the
spectrum of the bimetallic Cu,3Co,,0-GO shows the highest
feature B and the lowest feature A, revealing the interfacial
interaction between NPs and GO is the strongest in all the
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samples. Cu is the main catalytic element for AB hydrolysis
(Supporting Information, Table S1), while the higher feature
B in the XAS spectra of CoO-GO than CuO-GO shows
a stronger interfacial interaction in CoO-GO than CuO-GO,
indicating Co is a more effective element for the interaction.
A new feature Al can also be observed in the spectra of the
hybrid samples, but is absent in pure GO, further confirming
the interfacial interaction.'”! The addition of Co in the
bimetallic sample can play an important role to enhance the
bonding between NPs and GO yielding a stronger synergistic
effect.

Since GO has a large amount of surface functional groups,
which can anchor NPs, a strong interaction between GO and
NPs will form through the metal-O—C bonds, as have been
detected by the XAS spectra. The interaction between metal
elements and GO can form a new hybridized electronic state,
different from that in the metal elements or GO alone. The
hybridized state of the hybrid can help to improve the
catalytic process, thus enhancing the performance of
Cu,Co;_,O-GO in the hydrolysis of AB.

Figure 3b displays the O K-edge XAS spectra. The
spectrum of pure GO shows the typical features for oxidized
carbon and is almost identical to that of CuO-GO.***! A new
feature A2 at 532.5eV is observed for both CoO-GO and
Cu,4Co,,0-GO, which can be assigned to the Co—O bonds.?*!
Figure 3¢ and 3d display the Cu and Co L-edge XAS spectra,
respectively, revealing the oxidized state of Cu (CuO) and Co
(Co0) in Cuy3Co,,0-GO. X-ray photoelectron spectroscopy
(XPS) was also used to confirm the oxidized state of Cu and
Co in the hybrids (Supporting Information, Figure S8).

We investigate the catalytic mechanism by using in situ
XAS experiments to probe the electronic structure changes in
the hydrolysis process. To the best of our knowledge, we
present the first in situ XAS study on the hydrolysis process of
AB. The experimental set up for the in situ experiments can
be found in the Supporting Information, Figure S9. Consid-
ering Cu plays the main catalytic role, we focused on the XAS
measurements of the Cu element.

Figure 4a shows the normalized XAS spectra of the
samples at the Cu K-edge. The XAS spectrum of Cu,3Co,,0O-
GO before the hydrolysis reaction is similar to that of CuO. A
Fourier transform of the extended X-ray absorption fine
structure (EXAFS) data is shown in Figure 4b, in which the
peak around 1.5 A can be attributed to Cu—O bonds, while
the peak around 2.5 A to neighboring Cu-Cu configurations.
The Cu,5Co,,0-GO shows decreased Cu-O intensity and no
Cu-Cu configuration, which can be attributed to the nano size
effect.

The in situ XAS spectra of Cu,3Co,,0-GO at Cu K-edge
are displayed in Figure 4 c. The immersion of Cu,3Co,,0-GO
powder in pure water (without AB) yields the red curve in
Figure 4 c, showing significant spectral changes with a much
decreased feature B and a shift of the broadened feature A to
lower energy position. Typically, a decrease of feature B
indicates less unoccupied orbitals, suggesting lower chemical
state of Cu. The shift of feature A to lower energy position
also means a reduced chemical state of Cu. Thus, after
immersion in water Cu,3Coy,0O-GO undergoes a significant
chemical state change as evident from the XAS spectra,
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Figure 4. a) Hard X-ray XAS spectra of CuO, CuO-GO, and CuCo,,0-
GO at the Cu K-edge; b) Fourier transform of the EXAFS data;

c) in situ hard X-ray XAS spectra of Cu,3C0,,0-GO at Cu K-edge;

d) illustration of the hydrolysis process of AB aqueous solution
catalyzed by Cu,gCo,,0-GO.

signaling a charge transfer from water to Cu in Cu,3Co,,0-
GO. The charge transfer can be attributed to the adsorption of
water molecules on the Cu,3Co,,0-GO catalyst. Theoretical
calculations suggested that the interaction between water and
the catalyst may significantly affect the hydrolysis process.”!
Here, the insitu XAS experiments of Cu;3Co,,0O-GO in
water provided a direct evidence of the adsorption of water
molecules on the catalyst. Further in situ experiments were
performed by the addition of AB to start the hydrolysis
process. Interestingly, the XAS spectrum of Cu,3Co,,0-GO
(the blue curve) in the presence of AB partly recovers to its
initial state with an increased feature B, indicating an oxidized
state of Cu. The recovered chemical state of Cu strongly
indicates the interaction between Cu,3Co,,0-GO and AB,
revealing the electronic structure evolution in the catalytic
process.

During the hydrolysis process the catalyst will interact
with AB, thus the B-N bonds in AB is weakened.>®! Then
water may attack the B—N bonds for further hydrolysis
reaction to release H,.*>! The neighboring water molecules
play an important role in the hydrolysis process. The in situ
XAS experiments reveals the adsorption of water molecules
on Cuy3Co,,0-GO before the reaction. However, once the
hydrolysis starts, the AB molecules will interact with the
catalyst, which may remove the adsorption of water. The
adsorbed water can approach both the catalyst and AB
molecule very closely, and help to attack the B—N bonds for
further hydrolysis. We illustrate this process in Figure 4d. The
interaction between catalyst and AB can be easily changed by
removing AB from the system. In fact, when we removed the
AB solution from the reaction cell and added pure water, the
measured XAS spectrum in Figure 4 ¢ shows again a reduced
state of Cu, revealing the electronic structure of the catalyst in
water is recovered.

In summary, we report a hybrid material of Cu,Co,_,O
NPs on GO as a synergetic catalyst for high-performance

Angew. Chem. Int. Ed. 2016, 55, 1195011954

Communications

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

hydrolysis of AB. The hybrid shows an initial TOF value of
70.0 (H,) mol/(Cat-metal) mol-min, which represents the best
TOF value ever reported for noble metal-free catalysts. XAS
studies reveal that the enhanced catalytic performance is
related to the interfacial interaction between NPs and GO.
In situ XAS experiments of the hybrids are performed for the
first time to investigate the electronic structure changes of the
hybrid during hydrolysis.
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