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Abstract: Dehydrogenation of ammonia borane (AB) is a promising approach for the production
and use of hydrogen for industrial and fuel cell applications. The development of low-cost and
highly active catalysts is critical for these practical applications. In this study, low-cost
C03;04/CuMo00, hybrid microflowers composed of nanorods with rich particle boundaries were
synthesized. Co;0,/CuMo0O, was used as a catalyst for the dehydrogenation of AB and showed a
high catalytic activity with a turnover frequency (TOF) of 129.15 molhydmgenrnolcat'1 min! at room
temperature. The apparent activation energy (Ea) of the catalyst was found to be as low as 23.2 kJ
mol-!. It was revealed that the synergistic effect between Co;0, and CuMoO, played a critical role
in improving the catalytic activity. Co;0y4 is relatively active, but a long induction time is needed
when it acts as a catalyst in AB hydrolysis. In contrast, CuMoQO, is less active, but it can
immediately catalytically initiate the hydrolytic reaction. When these two compound are combined

as a hybrid catalyst, its catalytic performance is significantly improved. These findings can provide
1
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some new insight for those who are trying to design some noble-metal-free hybrid catalyst with
high catalytic activity towards AB hydrolysis.

Keywords: Microflowers; Hydrolysis; Ammonia borane; Hydrogen production.

Introduction
Hydrogen is regarded as a “clean” energy source when it is used in a fuel cell, in which

chemical energy can directly be converted to electrical energy with high efficiency.!* The energy
density of hydrogen (120 kJ g'!) is ca. 3 times as high as that of petroleum (44 kJ g'!), allowing it to

be a perfect “fuel” for mobile and stationary applications.> With the rapid development of

proton exchange membrane fuel cell (PEMFC) and other fuel cell-based hydrogen systems in
various market sectors, a huge demand in hydrogen production and storage is required. Recently,
the production of hydrogen from chemical hydrogen-storage materials, such as sodium borohydride
(NaBH,), formic acid (HCOOH) and ammonia borane (NH3;BH;, AB), has been proven to be a
feasible and effective approach for practical applications.®” For example, in the presence of a
suitable catalyst, 1 mole of NaBH, can generate 4 moles of pure di-hydrogen (H,) via hydrolysis.
So far, precious group metals (PGM), such as Rh,® Ru,” Pd,'” PdAg,!!-!> PtCu'® and Pt'* are
effective catalysts for the hydrolysis of NaBH;, HCOOH and AB, but their high cost and scarcity
significantly impede their use in industrial and domestic applications. In the last few years, the
development of alternative catalysts to replace expensive PGMs for catalytic hydrolysis has
attracted tremendous attention.

On the other hand, the hydrogen content of AB (19.6 wt.%) is much higher than those of NaBH,
(10.8 wt.%) and HCOOH (4.3 wt.%), which have attracted extensive interests in recent years. Many
researchers have demonstrated that some cheap metal/alloy catalysts, such as Co,!> Cu,!'6 Ni,!”
CoCu,'® Ni-Co-P!” and Co-W-B?’ are active to AB hydrolysis. However, the catalytic activity of

these transition metal or alloy catalysts is still not high enough to guarantee the fast hydrogen
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production in most cases. Thus, it is highly desirable to develop other types of catalysts with both
low cost and high performance towards AB. Over the past several years, nanocomposites of
different transitional metal oxides or hydroxides emerge as a novel type of heterogeneous catalysts
to AB hydrolysis. For example, Feng et al. have reported CuO-CoO nanoparticles deposited on
graphene oxide as hybrid catalysts for dehydrogenation of AB, which exhibit an initial turnover
frequency (TOF) of 70.0 molyydrogenmOley! min!.2! Yamada et al. have designed Cu,0-Co304
composites by decorating Cu,O particles with Co;0, nanoparticles, which can protect Cu,O
particles from agglomeration, resulting in the high catalytic performance.’? CuO-NiO
nanocomposites have been proved by Yen et al. to be a robust catalyst towards AB hydrolysis with
the TOF of 60 molyygrogenmolc,™! mint. Very recently, Peng et al. have tested the catalytic activity of
the Cu(OH),/Fe(OH); nanocomposite in AB hydrolysis and they find the corresponding TOF can
reach 50.3 molpygrogenmOlcy ! min-!, which is superior to those of previously reported Fe or Cu based
systems.>* It seems to be a feasible way to improve the catalytic activity by compositing different
transitional metal oxides or hydroxides. However, what is the role of the each component of the
composite in AB hydrolysis? Is there any synergetic effect between the different transitional
metal-based compounds in AB hydrolysis? To address these issues, further investigation is still
necessary.

Very recently, we have synthesized yolk-shell Co3;04 microspheres, which exhibit high catalytic

activity in AB hydrolysis when they are decorated with Cu ( I ). % On the other hand, Mo oxide

species can serve as Lewis acid sites, which is favorable for the hydrolytic reaction of AB.?® Thus, it
is likely that the composites of Co;0, and CuMoO, exhibit high catalytic activity in AB hydrolysis.
Motivated by this idea, Co;0,/CuMoO, hybrid microflowers composed of nanorods are prepared
and acted as catalysts for the hydrolysis of AB in this work. As far as we know, such catalysts
towards AB hydrolysis for hydrogen production have not been reported yet. It is found that the
nanorods in the Co3;04/CuMoQO, hybrid microflowers contain rich grain boundaries. More

importantly, there is a significant synergistic effect between Co3;04 and CuMoO,. The as-obtained
3
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C0304/CuMo00O, hybrid materials exhibited high catalytic activity with a TOF value of 129.15
MOlhydrogenmOley! min! for the hydrolysis of AB, which was found to be superior to most of
noble-metal-free catalysts in the literature.

Experimental

Preparation of catalysts
All reagents were of analytic grade (AR) and directly used in all experiments without any
further purification. The detail procedure of preparing Co;0,/CuMoO,; was as follows:

Co(NOs3), * 6H,0 (4.5 mmol), C¢H N, (2.25 mmol) and Naz;CgHsO; * 2H,O (1.5 mmol) were

dissolved in 35 mL of water. The obtained solution was transferred into a Teflon-lined
stainless-steel autoclave and heated to 100 °C for 24 h. The obtained product was filtered out and
washed with water, and then dried in a vacuum oven at 40 °C for 12 h. 4 samples of the dried
products (90 mg for each) were weighed and transferred in 4 different beakers containing 40 mL
water in each of them. Subsequently, 0.25, 0.5, 1.0, 2.0 mmol of CuCl, and H,Mo00O, (molar ratio is
1:1) mixtures were added into the above 4 solutions, and then 2.5, 5.0, 10.0, 20.0 mmol of urea
were dissolved in the 40 mL ultrapure water, they were added into these 4 solutions respectively.
The obtained solutions were stirred for 30 min, transferred into Teflon-lined stainless-steel
autoclaves and then heated at 160 °C for 8 h. After the autoclaves were cooled to room temperature,
the obtained products were filtered out, rinsed with water and dried in vacuum oven at 40 °C. The
dried products were heated at 500 °C for 2 h (heating temperature rate of 2 °C min!). The final
products were obtained after the heat-treatment and labelled as Co/Cu-X (X: represents the
concentration in mmol of the mixtures of CuCl, and H,Mo0Q,).
Characterization

X-Ray diffraction (XRD) patterns were recorded using a PANalytical B.V. Empyean X-ray

diffractometer with CuK radiation ( A = 1.5406 A). The surface morphology of the film catalyst

was studied using a Carl Zeiss Ultra Plus scanning electron microscope (SEM). The specific surface
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area was determined by the Brunauer-Emmett-Teller (BET) method based upon the sorption
isotherms obtained on a Quantachrome Autosorb-1 volumetric analyzer. Transmission electron
microscope (TEM) and high-resolution transmission electron microscope (HRTEM) images were
obtained on a FEI Tecnai G2 F20 high-resolution transmission electron microscope operating at 200
kV. H, temperature-programmed reduction (H,-TPR) experiment was performed by using an
automatic chemisorption analyzer (TP5080) equipped with a thermal conductivity detector (TCD).
In this process, approximately 100 mg of the sample was treated with a 50 mL min’! stream of 10
vol% H, in argon from ambient temperature to 800 °C at a heating temperature rate of 10 °C min-!.
The molar ratios of Co;04 to CuMoQy in different samples were determined with an Agilent 7800
ICP-MASS. The Fourier transform infrared spectra (FTIR) were recorded on a Bruker TENSOR27
FTIR spectrophotometer. X-ray photoelectron spectroscopy (XPS) measurement was performed
with PHI 5000 Versa Probe.
Catalytic experiments

The catalytic hydrolysis of AB was carried out in a three-necked glass container connected with a
gas burette to measure the accumulative volume of H, generated during the hydrolysis reaction.
Typically, 3 mmol AB and 20 mmol NaOH were mixed into the reaction vessel containing 20 mL
of ultrapure water, followed by the addition of 10 mg of the catalyst under ultrasonication. The
reaction temperature was set at 25 °C using a thermostatic bath. For the purpose of testing the
reusability and recyclability of the catalysts, we repetitively added the equal amount of AB to the
solution after the previous catalytic run is over, and recorded hydrogen volume as described above.

Results and discussion

The morphology of the obtained samples were investigated by SEM and their corresponding
SEM images are presented in Figure 1(a-e). As shown in Figure 1(a), the Co/Cu-0.25 is
three-dimensional flower-like microspheres consisting of many nanorods and nanoparticles. When
the amount of CuCl, and H,MoO, increased in the precursors, only regular nanorods with a

diameter of 50-100 nm were observed in the microflowes, as shown in the SEM images (Figure 1
5
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(b-e)). The detailed structure of Co/Cu-0.5 was further evaluated by TEM. As shown in Figure 1(f),
the obtained microflowers have an even diameter of ca. 2 um and are composed of many fine
nanorods. We selected a piece of nanorod (Figure 1(g)) in the microflower and carried out
elemental mapping analysis on it. As presented in Figure 1(h-k), Co, Mo, Cu and O are uniformly
distributed in the nanorod. High-resolution TEM (HR-TEM) image of the Co/Cu-0.5 sample in
Figure 1(1) clearly displays a rough, turf and rich particle boundaries, made of irregular small
nanoparticles. The HR-TEM image also clearly shows well-defined lattice fringes on the Co/Cu
rod. The d-spacing distances were measured to be 0.28 nm and 0.23 nm, corresponding to the (220)

crystal plane of Co;0,4 and (-201) plane of CuMoO, respectively.

Figure 1 SEM images of Co/Cu-0.25 (a), Co/Cu-0.5 (b-c), Co/Cu-1(d), Co/Cu-2 (e); TEM images
of Co/Cu-0.5 (f); Elemental mapping analysis of Co/Cu-0.5 (g-k); (I) HRTEM images of

Co/Cu-0.5.

The crystallinity of the obtained Co/Cu-X samples were studied by X-ray diffraction analysis, as

6
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shown in Figure 2. All the XRD patterns show similar features, i.e. only weak and wide peaks were
observed. When benchmarked with the standard XRD pattern of Co;O4 (JCPDS 43-1003) and

CuMoO, (JCPDS 47-0511), the characteristic peaks of Co;04 (JCPDS 43-1003) are found at 2 0

of 31.27°, 36.84°, 44.80°, 59.35° and 65.23° corresponding to the (220), (311), (400), (511) and
(440) planes respectively for all four samples. It was also found that the diffraction peaks of
CuMo0O4 (JCPDS 47-0511) correspond to (012), (-201) and (2-20) planes in all four XRD patterns.
The XRD results indicate that Co;0, and CuMoOQO,4 with low crystallinity were formed in these
Co/Cu-X samples. Nitrogen (N,) sorption analysis was adopted to investigate the specific surface
area of these obtained Co/Cu samples. N, sorption plots of all the Co/Cu samples exhibit [UPAC
type III isotherms, without obvious hysteresis loop, indicating the existence of mesopores. Based on
the N, sorption results, the calculated BET surface area of Co/Cu-0.25, Co/Cu-0.5, Co/Cu-1, and
Co/Cu-2 samples were 77.2, 55.1, 51.6 and 47.9 m? g, respectively (Figure S1). To clarify the
compositions of the samples, ICP-MASS analysis were carried out. According to the results, the
molar ratio of Co;04 to CuMoO, is 1:1.11 for Co/Cu-0.25, 1:1.89 for Co/Cu-0.5, 1:2.61 for

Co/Cu-1 and 1:4.5 for Co/Cu-2, respectively.
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Figure 2 XRD patterns of (a) Co/Cu-0.25; (b) Co/Cu-0.5; (¢) Co/Cu-1; (d) Co/Cu-2.

The hybrid features of Co/Cu-0.5 materials were further identified by FTIR spectrum as shown in
7
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Figure 3. In the figure, the absorption peak at 557 and 655 cm’! can be assigned to the Co3;04 spinel
oxide.?’” The peaks at 941 and 966 cm™! are attributed to the vl vibration of distorted MoOg in
CuMoQy,. The peaks in the range of 700-800 cm™! correspond to the stretching vibrations of Cu-O
and Mo-O. The main bands emerged at 800-900 cm™! are due to the stretching vibrations of the
Mo-0O-Mo groups.?® The FTIR results further confirm that there were Co3;0, and CuMoOQ, materials

that co-existed in the tested sample.
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Figure 3 FTIR spectroscopy of Co/Cu-0.5.

The chemical composition and element state of Co/Cu-0.5 were evaluated by XPS analysis and
presented in Figure 4. As shown in Figure 4(a), C, Cu, Co, Mo and O elements were found in the
as-prepared sample. Figure 4(b) shows the Co 2p XPS spectrum, indicating that there are two peaks
at 779.5 and 795.4 eV corresponding to Co 2p3/2 and Co 2p1/2 with two shake-up satellites.?’ The
deconvoluted peaks at 796.6 and 781.2 eV can be ascribed to Co?" and the peaks at 779.6 and 794.8
eV can be indexed to Co’".3° Figure 4(c) shows two main peaks at ca. 934.4 and 954.2 eV
corresponding to Cu 2p3/2 and Cu 2p1/2 respectively indicating the presence of Cu?* in the sample.
Figure 4(d) shows the Mo 3d XPS spectrum of Co/Cu-0.5, where two peaks at 232.6 and 235.7 eV
correspond to the Mo 3d5/2 and Mo 3d3/2 of Mo®" respectively.’! The XPS results confirmed that

Co?*, Co*', Cu?" and Mo®" existed on the surface of Co/Cu-0.5, which well match the chemical

8
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states of elements of Co, Cu Mo in Co;0,4/CuMo0QO,. Meanwhile, we analyzed the surface
composition of the Co/Cu-X samples by XPS and the results are displayed in Table S1. It is found

that the molar ratios of Co304 to CuMoQ, determined by XPS is very close to those determined by

oNOYTULT D WN =

9 ICP-MASS for the Co/Cu-0.25 and Co/Cu-0.5, implying that Co3;O4 and CuMoO, are quite
uniformly distributed in these two samples. In contrast, pronounced composition deviations
between two XPS and ICP-MASS analysis were observed for Co/Cu-1 and Co/Cu-2, hinting that

16 Co;04 and CuMoO, were imhomogeneously distributed as the Cu content increase in the samples.
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Figure 4 XPS spectrum of survey scan (a), deconvoluted high-resolution spectra of Co 2p (b), Cu

53 2p (c) and Mo 3d (d) for Co/Cu-0.5.

57 The catalytic performance of all the as-prepared samples was initially investigated by the

hydrolysis of AB at 25 °C; their corresponding hydrogen evolution curves are displayed in Figure

9
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5(a). The figure shows that, except for the CuMoO, sample, the molar ratio of H, to AB can reach 3
for all other samples due to the complete hydrolysis of AB. It is worth noting that AB hydrolysis
were carried out in the presence of NaOH in the present study. For comparison, we carried out a
catalytic experiment in the absence of NaOH and corresponding hydrogen evolution curve is shown
in Figure S2. Clearly, it will take a long time (about 12 minutes) to complete the hydrolytic reaction
when Co/Cu-0.5 acts a catalyst, indicating that NaOH can promote AB hydrolysis. This result is in
a good agreement with that in previous report.3? Usually, the catalytic activity of hydrolysis can be
evaluated by the TOF value. According to the literature, 33 the TOF value for a catalyst in AB

hydrolysis can be calculated by following equation:

n(H,)
n(cat.)-t

TOF =

Herein, n(H,), n(cat.) and t is the mole number of generated hydrogen (mol), mole number of
the catalyst (mol) used in AB hydrolysis and the reaction time (min), respectively. The TOF values
for these samples were calculated based upon the data taken from the linear part of the curves in
Figure 5(a). Figure 5(b) displays the TOF values of Co/Cu-X, Co;04 and CuMo0OQOy. The TOF values
of Co3;04 and CuMoO, are quite low, which arel9.35 and 3.49 molyygrogenmOley! min!,
respectively. It should be mentioned that an induction period (about 7 min) is observed for Co;04
and nearly no hydrogen is produced during that period. We do not take the induction time into
consideration when we calculate the TOF of Co3;04. Evidently, contrarily to the Co;0,4 and CuMoOQOy,
samples, all Co/Cu-X samples are highly catalytically active towards AB hydrolysis, which could
be possibly due to the synergistic effect between Co;04 and CuMoO,. Based upon the literature, it
has been observed that Co?" and Cu?" in the materials are not active towards the hydrolysis.
However, AB in alkaline media acts as a reducing agent, which can reduce the Co*" and Cu?" to
their metallic states, Co and Cu, and in turn acting as catalysts for AB hydrolysis. In the case of
Co/Cu-X samples, the activity of Cu is much lower than that of Co, but Cu?" is easily reduced to its

metallic state due to its relative high reduction potential (Cu?*/Cu: 0.337 vs. SHE against Co?>"/Co:
10
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Figure 5 (a) Plot of n(H;)/n(AB) versus time for ( [ ) Co/Cu-0.25; (1) Co/Cu-0.5; (III) Co/Cu-1;

(IV) Co/Cu-2; (V) Co304; (VI) CuMo00Qy;(b) the histogram of TOF for different samples.

The reducibility properties of the catalysts can be identified with the H,-TPR profiles. As we

The chemical equations are listed as follows:?’

CuMoOy(s) + Ha(g)— Cu(s)+MoO;(s) + HO(g)

MoOs(s) + Ha(g)~MoOy(s) + HO(g)

MoOx(s) + 2H,(g)=Mo(s) + 2H,O(g)

11
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discussed in the manuscript, the reducibility of the Co;04,/CuMoQ; catalyst plays an important role
in affecting their catalytic activity. Thus, H,-TPR analysis is very crucial for us to understand the
catalytic behavior in the present study. Figure 6 shows the reduction behavior of Co;04, CuMo0QO,
and Co/Cu-0.5 catalysts. For Co304, two prominent peaks of H, consumption are observed, with

one centered at approximately 280 °C, which is attributed to the reduction of Co304 to CoO, and
the other peak of 370 ‘C due to the reduction of CoO to Co0.3>3¢ For CuMoQ,, the first peak
corresponds to the complete reduction of CuO at ca. 290 C,37 and the other two peaks appearing at

340 and 715 C, can be attributed to a two-step reduction process: MoO3;—~>Mo0O, and MoO,—Mo.

(1)
2)
€)
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In our conditions, it was observed that CuO can be easily reduced to metallic copper compared to
Co0304. More interestingly, the TPR profiles of Co/Cu-0.5 indicated that all the reduction peaks
shifted to the low temperature range under similar conditions, suggesting that the reduction process

became “stronger” , in turns indicating that the activity of the catalyst was greatly improved.

When Co;0, was combined with CuMoO, in these Co/Cu-X samples for the hydrolysis of AB,
metallic Cu was firstly and rapidly formed on the surface of the Co/Cu-X samples, and these Cu
acted as catalytic sites for the reduction of Co?",? resulting in metallic Co with much higher
catalytic activity formed on the surface of the catalysts. As shown in Figure 7, Co(0) and Cu(0)
were clearly detected in their corresponding XPS spectra after hydrolysis testing, confirming that
Co and Cu metals or CoCu alloys were formed on the surface of Co/Cu-0.5 during AB hydrolysis
process. Thus, the obtained Co/Cu-X samples exhibiting much higher TOF values than Co30,4 and

CuMoOy could be due to the synergistic effect between Co;0, and CuMoO;,.

370
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430

—r
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Figure 6 H,-TPR profiles of the (a) Co304, (b) CuMo0O, and (¢) Co/Cu-0.5 samples.
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Figure 7 Deconvoluted high-resolution XPS spectra of Cu 2p (a) and Co 2p (b) for Co/Cu-0.5 after
the hydrolysis testing.
There is a concern that Co/Cu-0.5 exhibit the highest catalytic activity in terms of TOF values

among all these Co/Cu-X samples. As discussed above, the activity of CuMoQ, is much lower than
that of Co;04 in AB hydrolysis. However, CuMoOy is indispensable in the catalysts because
CuMoOy can induce the formation of active metallic Co in the reaction medium. Evidently, Co;04
and CuMoQy play different roles in AB hydrolysis. Thus, there may be an optimized molar ratio of
Co304 to CuMoOy, to achieve the best catalytic performance for hydrolysis when they are combined
together. Li et al. have once found that the CuCo alloys exhibits the highest catalytic activity in AB
hydrolysis when the molar ratio of Co/(Co+Cu) is 0.70:1.3% As for our Co/Cu-0.5 catalyst, the molar
ratio of Co3;04 to CuMoOy is 1:1.89 and the corresponding molar ratio of Co/(Co+Cu) is about
0.61:1, which is close to optimal value in the literature. 3

It is well-known that temperature has a significant effect on the hydrolysis reaction rate.?® In this
work, the hydrolysis of AB catalyzed by Co/Cu-0.5 were investigated in the temperature range of
20-40 °C. Figure 8(a) shows the hydrogen evolution curves obtained on Co/Cu-0.5 at various
temperatures. The figure clearly shows that increasing the reaction temperature can effectively
increase the reaction rate of AB hydrolysis. The apparent activity energy (Ea) values of AB
hydrolysis were also calculated according to the Arrhenius equation:

Ink=-Ea/(RT) + InA “)

where A is the pre-exponential factor, Ea is the activation energy of the reaction, R is the molar gas

constant, T is the reaction temperature (K) and k is the rate constant of the reaction.
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Figure 8 The effect of temperature on hydrolysis of AB catalyzed by Co/Cu-0.5 (a) Arrhenius plots

of AB hydrolysis rates on Co/Cu-0.5 (b).

Based upon the above Arrhenius equation and Figure 8(b), the apparent activity energy value of

AB hydrolysis on Co/Cu-0.5 was found to be 23.2 kJ mol-!. The obtained Ea value of Co/Cu-0.5

was compared with those found in the literature for various catalyst materials (Table 1). The table

clearly shows that the Co/Cu-0.5 is among the best in class, in terms of high TOF and low Ea

values.

Table 1. Comparison of Co/Cu-0.5 with some representative catalysts reported in the literature.

Catalysts (n]gg) (kI ﬁol'l ) Reference
Niy7Co;3P/GO 153.9 43.2 [19]

C0304/CuMo00Oy, 129.15 23.2 This work
CugNip4C0,04 119.5 33.91 [40]
CUQ.72COO.18M00_1 119 45 [32]
Ni/ZIF-8 85.7 /4 [41]
CoxCu;C0,04@Co,Cu;,C0,04 81.8 24.97 [25]
CuCo/g-C5Ny-1 75.1 / [42]
Hexagonal CuCo,0,4 nanoplatelets 73.4 / [43]
CoP 72.7 / [44]
Cug§Co¢,0/Graphene  oxide 70.0 45.53 [21]
Nig9Moy ;/Graphene 66.7 21.8 [45]
Co¢sCup>,M00O4 55.0 39.6 [39]
CuCo/diamine-functionalized reduced graphene 51.5 / [46]

oxide

NiCo,04/Ti 50.1 17.5 [47]
CuCo,04(nanoplates)/Ti 44.0 23.6 [48]

%No data were reported.

Figure 9(a) shows the mol H,/mol AB versus time plots and the various amounts of Co/Cu-0.5

were plotted to investigate the effect of catalyst amount on the hydrogen generation rates. As

expected, the hydrogen generation rates increased with the amount of Co/Cu-0.5. The logarithmic

14
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plot (In) of amount of Co/Cu-0.5 and hydrogen generation rate is presented in Figure 9(b), showing
that the In(rate) increased linearly with In(catalyst amount) with a slope of 1.1 2 0.03, i.c. the AB

hydrolysis on Co/Cu-0.5 was found to be a first-order reaction with respect to catalyst mass.
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Figure 9. The effect of the amount of Co/Cu-0.5 In(catalyst)

on the hydrogen generation rates (a) and plot of In(hydrogen generation rate) versus In(catalyst

amount)(b).

In order to have a better understanding of AB hydrolysis occurring on Co/Cu-0.5, the effect of
AB concentrations on the AB hydrolysis on Co/Cu-0.5 was investigated. As shown in Figure 10,
the amount of hydrogen generated on Co/Cu-0.5 increased with AB concentration. The logarithmic
plot of AB concentration and rate constant are illustrated in the inset of Figure 10. The obtained

slope of the linear In(k) vs. In(AB) plot was found to be 0.07 = 0.004, indicating that the AB

hydrolysis on Co/Cu-0.5 is close to a zero-order kinetics reaction with respect to AB concentration.
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Figure 10 Effect of AB concentrations on hydrogen generation and plot of In(hydrogen generation

rate, k) versus In(AB concentrations) (inset).

Finally, the stability and reusability of the Co/Cu-0.5 catalyst was investigated and the results
were shown in Figure 11. As can be seen, the catalyst slightly loses its catalytic activity after 5
catalytic run. However, the molar ratio of hydrogen to AB can still reach 3 at 5" catalytic run,
demonstrating that the complete hydrogen release can be achieved. These observations indicate that
our Co/Cu-0.5 catalyst possesses relatively high stability and good reusability. We have checked the
used Co/Cu-0.5 catalyst with XRD and the result is displayed in Figure S3. Clearly, CoCu alloys
are formed in the used catalysts, which is in line with the XPS results. As discussed above, CoCu

alloys are generated by the co-reduction of active spices with AB.
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1 14
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Figure 11 Hydrogen evolution curves at different catalytic cycles.

CONCLUSIONS

In summary, Co;04/CuMoQ, hybrid microflowers composed of nanorods were successfully
synthesized by a hydrothermal approach, followed by a calcination process. The nanorods in the
microflowers clearly displayed a rough, turf and rich particle boundaries, made of irregular small

nanoparticles. The element mapping results demonstrated that Co;04/CuMoOy4 hybrids were formed
16
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in these nanorods. The obtained Co3;04/CuMoO, hybrid exhibited outstanding catalytic activity
towards the AB hydrolysis due to the synergistic effect between Co;04 and CuMoO,. Among all
the as-prepared Co/Cu samples, Co/Cu-0.5 exhibited the best catalytic activity with a TOF value of
129.15 molhydmgenmolca{l min!, which is one of the best noble-mental-free catalysts for AB
hydrolysis in class. Our findings also showed that the obtained Co/Cu-0.5 could be a promising
catalyst of AB hydrolysis for practical hydrogen production.
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C03;04/CuMoQO4 hybrid microflowers composed of nanorods can be used in the catalytic

hydrolysis of ammonia borane for fast hydrogen production
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