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Development of low-cost and high-performance catalysts for hydrogen generation
via hydrolysis of ammonia borane (NH;BHj;, AB) is a highly desirable pathway
for future hydrogen utilization. In this work, Ni nanocatalysts doped with CeO,
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Nature 2018 nanocomposites (NCs) exhibited excellent catalytic activity with a turnover
frequency (TOF) as high as 68.2 min™, which is 49-fold higher than that for a
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nickel

1 Introduction was identified as one of the leading candidates for

chemical hydrogen storage because of its high hydrogen
content (19.6 wt.%), high stability under ordinary
storage conditions, and nontoxicity [9-14]. In addition to

Hydrogen is regarded as one of the best alternative energy
carriers to meet the increasing demand for an effective
and clean energy supply due to its abundance, high energy
density, and environmental friendliness [1-4]. Effective
storage and release of hydrogen are the main technological
obstacles in the transformation to a hydrogen-powered ~ generates three moles of hydrogen gas per mole of
society as a possible long-term solution for a secure energy ~ AB under mild conditions (Eq. (1)), which makes it an
future [5-8]. Recently, ammonia borane (NH;BH,, AB) effective approach for hydrogen release from AB [15-20]

the generation of hydrogen via thermal decomposition,
hydrolysis of AB in the presence of a suitable catalyst
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NH;BHs(aq) +2H,0 (1) —~ NHi (aq) + BO; (aq) +3Ha(g) (1)

A variety of catalysts have been developed for the
hydrolytic dehydrogenation of AB, among which noble
metal (Pt, Rh, Ru)-based catalysts are considered
state-of-the-art [11, 21-26]. In order to meet the practical
application of this system, the development of economical
and efficient catalysts to further improve the kinetic
properties under moderate conditions remain to be a
highly desired goal. Non-noble metal Ni nanocatalysts
have been widely used as heterogeneous catalysts for
AB hydrolysis, as well as in various industrial chemical
reactions, because they have desirable catalytic properties,
are more abundant, and are less expensive than noble
metal nanocatalysts [27-40]. However, metal nanoparticles
(NPs) are naturally prone to aggregation and particle
growth because they possess high surface energies. It
is well known that the stabilization of small-size metal
NPs and suppression of their aggregation during catalysis
are crucial factors in their catalytic performance. To
remedy this issue, one facile and effective strategy is
to anchor the active metal NPs to suitable supports [41].
Graphene, as a single-atom-thick two-dimensional material,
exhibits fascinating properties such as high specific
surface area, great stability, and outstanding charge carrier
mobility, and is therefore an ideal substrate for the
growth and anchoring of metal NPs for catalysis [42, 43].
Despite the relatively high cost of graphene, graphene-
supported metal NPs have attracted considerable attention
owing to their potential applications in many fields
such as catalysis, sensors, and energy conversion [42—44].
Recently, metal oxides (such as TiO,, SnO,, Fe;O,, SiO,,
CeO,, etc.) have also been widely used as structural
and chemical promoters to improve the stability and
activity of metal nanocatalysts [45-51]. Among the
metal oxides that have been studied, rare-earth oxide
CeO; is of particular interest owing to its abundant
oxygen vacancy defects, high oxygen storage capacity,
and cost-effectiveness [46-51]. In this case, given the
possible presence of a metal/CeO,/graphene triple
junction, it is proposed that the combination of CeO,,
ametal, and graphene may yield a material with remarkably
enhanced activity for the hydrolytic dehydrogenation
of AB as well as enhanced stability and dispersibility
in the catalytic process.

Herein, we report a green and facile synthesis of well-
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dispersed Ni-CeO,/graphene nanocomposites (NCs)
in the absence of surfactant. The graphene plays a crucial
role in the nucleation and growth of Ni-CeO, NPs on its
surface by providing a large scaffold for anchoring
the NPs, owing to its large specific surface area and
two-dimensional planar conjugation structure. The CeO,
dopant plays a particularly important role in improving
the catalytic performance of the NC through a strong
Ni-CeO, interaction. Unexpectedly, the Ni-CeO,/graphene
NC exhibits remarkable performance in hydrogen
generation from AB with a total turnover frequency
value as high as 68.2 min™ at room temperature, which is
among the highest values reported for non-noble metal
catalysts thus far.

2 Experimental
2.1 Chemicals and materials

Ammonia borane (NH3;BH; 90%, Aldrich), sodium
borohydride (NaBH,, 99%, Aldrich), nickel chloride
hexahydrate (NiCl,:6H,0, = 90%, Sinopharm Chemical
Reagent Co. Ltd.), graphene (G250, > 98%, Shanxi Coal
Chemical Research Institute of the Chinese Academy
of Sciences), cerium (III) nitrate hexahydrate (Ce(NOs);6H,O,
99.5%, J&K Scientific Ltd.), lanthanum(IIl) nitrate
hexahydrate (La(NO;);6H,O, 99.9%, J&K Scientific Ltd.),
dysprosium(Ill) nitrate hexahydrate (Dy(NO3);-6H,O,
99.9%, J&K Scientific Ltd.), erbium(IIl) nitrate pentahydrate
(Er(NO;)55HO, 99.9%, J&K Scientific Ltd.), terbium(III)
nitrate hexahydrate (Tb(NO;);6H;O, 99.9%, J&K Scientific
Ltd.), gadolinium(IIl) nitrate hexahydrate (GA(NO,);6H,O,
99.9%, J&K Scientific Ltd.), and ytterbium(III) nitrate
pentahydrate (Yb(NO;);:5H,O, 99.9%, J&K Scientific
Ltd.) were used as obtained. Ultrapure water with a
specific resistance of 18.3 M()-cm was obtained by reverse
osmosis, followed by ion exchange and filtration.

2.2 Characterization

Powder X-ray diffraction (XRD) studies were performed
on a Rigaku X-ray diffractometer (RINT2000) operated
at 40 kV and 40 mA using a Cu Ka radiation source
(A =1.54178 A) with a scanning angle (26) of 10°-90°.
Transmission electron microscopy (TEM), energy-dispersive
X-ray (EDS) spectroscopy, and selected-area electron
diffraction (SAED) were carried out using an FEI Tecnai
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G*20 U-Twin TEM instrument operating at 200 kV. Samples
for TEM analysis were prepared by depositing a few
drops of the catalyst dispersed in ethanol on the amorphous
carbon-coated copper grids. X-ray photoelectron spec-
troscopy (XPS) was carried out on an ESCALAB 250
X-ray photoelectron spectrometer using an Al Kot source.
Ar sputtering experiments were performed under a
vacuum of 3.2 x 10 Pa and at a sputtering acceleration
voltage of 1 kV. The atomic ratio of Ni:Ce in the
Ni-CeO./graphene NC was determined by inductively
coupled plasma-atomic emission spectroscopy measure-
ments (ICP-AES; Varian 725-ES).

2.3 Synthesis of catalysts

The Ni-CeO,/graphene nanocomposites were prepared
via a simple and green method at room temperature.
Briefly, 10 mg of graphene was dispersed in 5 mL of water
by ultrasonication for 30 min at room temperature to
obtain a well-dispersed graphene suspension. Then,
21.13 mg of NiCl,,6H,O (0.08 mmol) and 6.98 mg of
Ce(NO;);6H,0O (0.016 mmol) were added to the graphene
suspension and stirred for 30 min. Next, a mixture of
the reductants NaBH, (5 mg) and AB (34.3 mg) was added
to the above solution with stirring until bubble generation
ceased, and the black Ni-CeO,/graphene NC (17 mol%
Ce based on ICP-AES) was obtained.

Other Ni/graphene catalysts with different loadings
of Ni (24 wt.%, 28 wt.%, 32 wt.%, 37 wt.%, and 48 wt.%
based on ICP-AES) were prepared using the above
method by adjusting the amount of graphene (5, 8, 10, 12,
and 15 mg, respectively) and omitting the Ce(NO;);,6H0.

Additional Ni-CeO,/graphene catalysts with different
molar compositions (#ce/finice = 10 mol%, 14 mol%,
20 mol%, and 23 mol%, as determined by ICP-AES)
were prepared using the above method and changing
the amount of Ce(NO;);-6H,0.

For comparison, graphene, CeO./graphene, Ni/graphene,
and Ni-ReO,/graphene (Re = La, Tb, Er, Dy, Yb, and Gd,
17 mol% of Re) were also prepared using the method
mentioned above.

2.4 Catalytic performance evaluation

The apparatus used for measuring the hydrogen evolution
from the hydrolysis of AB was similar to that previously
reported [30]. In general, the catalytic reaction was carried
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out using a 50 mL two-necked round-bottom flask which
contained an aqueous suspension of the as-synthesized
Ni-CeO,/graphene NCs (ny; = 0.08 mmol; 5 mL). One
neck of the two-necked round-bottom flask was connected
to a gas burette. The reaction flask was placed in a water
bath at 298 K under ambient atmosphere. The catalytic
reaction began when 34.3 mg of AB (1 mmol) was added
to the reaction flask with vigorous magnetic stirring.
The evolution of hydrogen was monitored by recording
the displacement of water in the gas burette, and the
reaction was completed when gas evolution ceased.

The activities of the other catalysts for the hydrolysis
of AB were also assessed using the method described
above. The molar ratio of ny;/nas was kept constant at
0.08 in all the catalytic reactions.

To assess the durability of the catalysts, the catalyzed
reactions were repeated 5 times by adding another
equivalent of AB (1 mmol) into the reaction flask after
completion of the preceding cycle. After the reaction,
the Ni-CeO,/graphene NCs were easily separated from
the reaction solution by centrifugation (13,000 rpm,
10 min), washed twice with water and ethanol, and
dried under vacuum at 313 K for the TEM analysis.

2.5 Calculation method

The turnover frequency (TOF) values reported herein
are total TOF values based on the number of metal
atoms in the catalyst, as calculated from Eq. (2)

TOF = nHZ/(TlNi X t) (2)

where ny, is the moles of H, generated, ny; is the moles
of Ni in the catalyst, and ¢ is the total reaction time in
minutes.

3 Results and discussion
3.1 Synthesis and characterization of catalysts

The Ni-CeO,/graphene NCs were synthesized via a
green and facile co-reduction method (Scheme 1).
First, graphene was dispersed in water by ultrasonication.
Subsequently, NiCl,-6H,O and Ce(NO;);:6H,O were
added to the suspension. Finally, NaBH, and AB were
added while the reaction mixture was stirred magnetically
at room temperature. In this reaction, NaBH,; and AB
act as co-reductants for the reduction of NiCl, to Ni(0),
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Scheme 1 Schematic illustration of the preparation of Ni-CeO,/graphenehe morphologies of the synthesized catalysts were

characterized by TEM.

while the hydrolysates of NaBH, and AB provide an alkaline
medium (Table S1 in the Electronic Supplementary
Material (ESM)) for the formation of CeQ,. It is known
that Ce(NO;); is very unstable in alkaline conditions
wherein it is easily hydrolyzed to Ce(OH); which further
reacts with O, in the air to form CeO, (Egs. (51) and (52)
in the ESM). CeO, and Ni NPs may be formed almost
simultaneously and serve as the in situ seeds for the
successive formation of Ni-CeO, hybrid NPs. Furthermore,
the graphene nanosheets play a crucial role in the growth
and anchoring of Ni-CeO, NPs on their surfaces to form
the final highly dispersed Ni-CeO,/graphene NCs.

The morphologies of the obtained catalysts were
characterized by transmission electron microscopy
(TEM). Figures 1(a)-1(c) display the TEM images of
graphene and Ni-CeO,/graphene NCs, from which
wrinkled morphology that graphene intrinsically
owns can be observed, and Ni-CeO, NPs are highly
dispersed on the surface of graphene sheets with
particle size of around 14 nm (Figs. 1(b) and 1(c)).

The high-resolution TEM (HRTEM) image of Ni-CeO,/
graphene NCs (Fig. S1 in the ESM) does not show lattice
fringes, indicating that the material is in an amorphous
state. The corresponding EDS spectrum (Fig. S2 in the
ESM) validates the presence of Ni, Ce, O, and C. The
atomic ratio of Ni:Ce, as determined by ICP-AES was
found to be 0.91:0.18, which agreed with the initial value.
The element mappings by high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
revealed that Ni and Ce are homogeneously distributed
in the metal nanoparticles (Fig. 1(c)). In addition, the
TEM image of the Ni/graphene NCs (Fig. S3 in the ESM)
showed a dispersion pattern similar to that of Ni-CeO,/

Figure 1 TEM images of (a) graphene and ((b) and (c)) Ni-CeO,/
graphene, (d) HAADF-STEM image of Ni-CeO,/graphene and
the corresponding elemental mapping for C, Ni, and Ce.

graphene (Fig. 1(b)). However, the Ni-CeO, NPs prepared
without graphene were severely aggregated (Fig. 54
in the ESM). These results reveal that graphene nanosheets
can effectively stabilize metal NPs.

XRD patterns of the obtained samples are presented
in Fig. 2. For the Ni/graphene catalyst, in addition to
the diffraction peak of graphene (20 = 25.0°), a broad peak
was observed at approximately 44.2°, indicating that
the Ni NPs had a low degree of crystallinity. No diffraction
peaks corresponding to either Ni or CeO, in the Ni-CeO./
graphene composite (Fig. 2(d)) and Ni-CeO,NPs (Fig. 2(c))
were observed, implying that the Ni-CeO, was in a
nearly amorphous state, which was consistent with
the HRTEM result (Figs. S1 and S4 in the ESM). After
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Figure 2 XRD patterns of (1) graphene, (2) Ni/graphene, (3)
Ni-CeO,, (4) Ni-CeO,/graphene, and (5) Ni-CeO,/graphene annealed
at 773 K for 4 h under N, in tube furnace.

annealing at 773 K for 4 h under N; in a tube furnace,
the XRD peaks of Ni and CeO, appeared clearly,
demonstrating their high crystallinity. Compared with
the low-crystallinity catalyst (Ni/graphene), the amorphous
catalyst (Ni-CeO,/graphene) is considered to undergo
much more structural distortion and thus has a greater
number of active sites for the catalytic reactions [52].
To determine the chemical state of Ni and Ce in
Ni-CeO,/graphene, XPS analysis was performed after
Ar sputtering. As shown in Fig. 3(a), the Ni 2p spectrum
of the Ni-CeQO,/graphene catalyst mainly shows two
peaks at binding energies (BEs) of 852.9 and 870.3 eV,
which correspond to the Ni 2p;pand Ni 2p;, photoelectron
peaks of the Ni(0) species. In the Ce 3d spectrum of
Ni-CeO,/graphene (Fig. 3(b)), six peaks labeled as U,, Us,
U, (3dsp), Us, Uy, and Us (3dsp) correspond to three pairs
of spin—orbit doublets that are characteristic of CeO,, and
another four peaks labeled as V, V; (3dsp), V,, and V;
(3d;,) were ascribed to Ce,O;. The atomic ratio of
Ce(IV):Ce(IlI) is determined to be approximately 3:2 by
XPS analysis. It has been reported that the valence and
defect structures of CeO, compounds are dynamic and
may change spontaneously in response to physical
parameters such as the presence of other ions, the
partial pressure of oxygen, and temperature [48-51].
Therefore, the existence of both Ce,O; and CeO, in
Ni-CeO,/graphene NCs is reasonable. In the O 1s XPS
spectrum of Ni-CeO,/graphene (Fig. S5 in the ESM),
the peak near 529.2 eV is assignable to the lattice
oxygen in CeO,, and the peak at 532.0 eV is usually
associated with the surface chemisorbed oxygen species
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Figure 3 XPS spectra of (a) Ni 2p for the Ni-CeO,/graphene and
Ni/graphene, (b) Ce 3d for the Ni-CeO,/graphene and CeO,/graphene.

(H,O and/or CO,) [49, 51].

In addition, the XPS spectra showed that the peaks
corresponding to Ni (Fig. 3(a)) in Ni-CeO,/graphene
were negatively shifted relative to those of Ni/graphene,
whereas the peaks corresponding to Ce (Fig. 3(b)) in
the Ni-CeO,/graphene NCs were positively shifted relative
to those of CeO,/graphene. These shifts indicated that some
electrons are transferred from CeQ, to Ni in Ni-CeO,/
graphene, which is confirmed by density functional theory
(DFT) calculations where enhanced charge transfer from
the defect ceria surface to Ni cluster [53, 54]. Such
electron transfer in Ni-CeO,/graphene is assumed to
contribute to improved catalytic activity in the hydrolytic
dehydrogenation of AB.

3.2 Catalytic performance

The catalytic activity of the prepared Ni-CeO,/graphene
for hydrogen generation from an aqueous solution of
AB was evaluated in a typical water-filled graduated
burette system and compared with the catalytic activity
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Figure 4 Hydrogen productivity vs. reaction time for hydrogen
release from an aqueous AB solution (200 mM, 5 mL) catalyzed by
(a) Ni-CeO,/graphene, (b) Ni/graphene, (c) Ni-CeO,, and (d) Ni
at 298 K (nni/nap = 0.08).

of Ni/graphene, Ni-CeO,, and Ni NPs. Figure 4 shows
the production of hydrogen as a function of reaction time.
The free Ni nanoparticulate catalyst exhibited low
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respectively (Figs. 4(b) and 4(c)). Impressively, the
combination of CeO, and graphene in Ni-CeO,/graphene

NCs showed the highest activity among the as-synthesized

catalysts (Fig. 4). The Ni-CeO,/graphene NC generated a
stoichiometric amount of hydrogen (ny,/nas = 3) in
0.55 min with a TOF of 68.2 min™ (Fig. 4(a)), which is
approximately 49, 8, and 4 times higher than that of
Ni NPs (1.4 min™), Ni-CeO, NPs (84 min™), and Ni/graphene
(18 min™) under the same conditions, respectively. To
the best of our knowledge, this is among the highest
reported TOF values for noble-metal-free catalysts
used for hydrogen generation via hydrolysis of AB at
room temperature (Table 1), and is even comparable to
that of a commercial Pt/C catalyst (83.3 min™) [9, 27-30, 52,
55-64]. It should be noted that neither graphene nor
CeO,/graphene show any catalytic activity (Fig. S7 in
the ESM). It is assumed that the catalytic activity of
Ni-CeO,/graphene nanocomposites originates from
Ni, while graphene and CeO, serve as synergists. These

results indicate that the rare earth metal oxide CeO, plays a
key role in the synthesis of highly active graphene-based
multi-component composite catalysts. The synergistic
effect at the interface of the CeO,, Ni species, and graphene
is favorable for catalytic activity, as well as for electron
transfer from CeQ, to electron-rich Ni sites, as confirmed

activity for this reaction, with a TOF value of 1.4 min™
(Fig. 4(d)). After the Ni nanoparticulate was doped with
CeO, (Ni-CeO,) or immobilized on graphene nano-
sheets (Ni/graphene with Ni loading of 32 wt.%, Fig. S6
in the ESM), the catalytic activities were greatly improved
as indicated by the TOF values of 8.4 and 18.0 min,

Table 1 Catalytic activity performances of various non-noble metal catalysts for hydrogen generation from the hydrolysis of AB in
aqueous solution at room temperature

Catalyst Ametal/ AR TOF (min™") E, (kJ'mol™) Ref.
Nig;Co; 3P/GO 0.026 109.4% — [55]
Cug C0p,0-GO 0.024 70.0 45.5 [56]

Ni-CeO,/graphene 0.08 68.2 28.9 This work
Nig oMoy ;/graphene 0.05 66.7 21.8 [30]
Nig7Co, 3P 0.026 58.4° 432 [55]
Cug,Cogs/PDA-rGO 0.05 55.6° 54.9 [57]
Cu/MIL-101-1-U 0.02 51.4 313 [58]
CuCo/MIL-101-1-U 0.02 51.7 30.5 [58]
Cug sNigs/CMK-1 0.072 54.8 — [59]
Ni,P 0.12 40.4 44.6 [29]
In situ Co NPs 0.04 441 — [60]
Ni NPs/ZIF-8 0.03 35.3 (85.7%) 42.7 [61]
Ni@MSC-30 0.016 30.7 — [28]
Ni/C 0.0425 8.8 28 [27]
Cu/rGO 0.1 3.6 38.2 [62]
In situ Fe NPs 0.12 3.1 — [52]
Ni/y-Al, O3 0.018 2.5° — [63]
Ni%CeO, 0.027 1.7 25 [64]

The reaction was promoted with addition of NaOH. "The reaction was carried out at 303 K. “The reaction was carried out at 293 K.
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by XPS results. Consequently, the activity of Ni-CeQO,/
graphene is significantly enhanced.

The catalytic activities of Ni-CeO,/graphene NCs with
various Ce contents (11c,/1ic.ni) Were also studied; results are
presented in Fig. 5.

It was observed that the catalyst activity depends
significantly on the Ce content. As shown in Fig. 5, the
catalytic activities of Ni-CeO,/graphene NCs increased
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Figure 5 Plots of reaction completion time and the corresponding
TOF vs. Ce content (nce/nce+n;) in Ni-CeO,/graphene NCs for
hydrogen release from an aqueous AB solution (200 mM, 5 mL)

with increasing Ce content up to 17 mol%. However,
further increases in the Ce content resulted in an obvious
decrease in catalytic activity, which may be due to excess
Ce blocking the active Ni sites. The Ni-CeO,/graphene
with 17 mol% of Ce was found to be the most active in the
hydrolytic dehydrogenation of AB in the present system.

To obtain the activation energy (E,) of the hydrolysis
reaction, the hydrolysis of AB catalyzed by Ni-CeO,/
graphene NCs and Ni/graphene catalysts at different
temperatures was also carried out. The results showed
that hydrogen generation rates increased when the reaction
temperature increased from 298 to 313 K (Fig. 6),
suggesting that a high reaction temperature is beneficial
for improving the catalytic performance.

The hydrogen generation curves in each plot show
slight deviations at the late stage of the hydrolysis reaction
(Fig. 6), which is probably due to the external diffusion
limit at a very low AB concentration as the catalytic
reaction proceeds [21, 65, 66]. In this case, the hydrolysis
rate (k) can be determined from the linear portion of
each plot. According to the Arrhenius equation, (Eq. (3))

at 298 K (nni/nap = 0.08). In(k) = InA —E./(RT) 3)
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Figure 6 Hydrogen productivity vs. reaction time for hydrogen release from an aqueous AB solution (200 mM, 5 mL) and Arrhenius
plots and TOF values of AB hydrolytic dehydrogenation catalyzed by ((a) and (b)) Ni-CeO,/graphene with 17 mol% of Ce and ((c) and
(d)) Ni/graphene at different temperatures in the range of 298-313 K (nni/nag = 0.08).
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the E, for hydrolysis of AB over Ni-CeO,/graphene is
calculated to be 289 kJ-mol™ (Fig. 6(b)). This value is lower
than that calculated for hydrolysis over Ni/graphene
(33.8 kJ'mol™, Fig. 6(d)) as well as most of the reported
activation energy values for the same reaction (Table 1),
demonstrating that CeO, can remarkably improve the
reaction kinetics of H, generation from the hydrolysis
of aqueous AB. A series of control experiments were
carried out to explore the kinetics of the catalyzed
hydrolytic dehydrogenation of AB. Figure S8(a) in the
ESM shows the plots of the volume of hydrogen generated
versus time during the catalytic hydrolysis of AB in
the presence of different concentrations of Ni. As shown
in Fig. S8 in the ESM, the catalytic reactions were completed
in 1.17, 0.85, 0.55, and 0.45 min over Ni-CeO,/graphene
with molar ratios (nny/nas) of 0.04, 0.06, 0.08, and 0.1,
respectively, corresponding to respective TOF values
of 64.1, 58.8, 68.2, and 66.7 min™. The optimal molar ratio
of my/nas for the catalyzed hydrolysis of AB over
Ni-CeO,/graphene was found to be 0.08. Figure S8(b)
in the ESM shows the plot of hydrogen generation
rate versus the concentration of Ni on a logarithmic scale.
The slope of the trend line was calculated to be 1.09, which
was very close to 1 and indicated that the hydrolysis
of AB catalyzed by Ni-CeO,/graphene is first order
with respect to the Ni concentration.

The stability of the Ni-CeO,/graphene and Ni/graphene
catalysts in terms of reusability was also tested at 298 K
under ambient atmosphere, as shown in Fig. S9 in the
ESM. Over five runs, there was no significant decrease
in catalytic activity of the Ni-CeO,/graphene catalyst,
while an obvious decrease was noted in the catalytic
activity of the Ni/graphene catalyst. As seen in the TEM
image (Fig. S10 in the ESM), there was no noticeable
change in the morphology of Ni-CeO,/graphene after the
durability test. These results reveal that the combination
of CeO,, Ni, and graphene can elicit materials with
remarkably enhanced catalytic activity as well as stability.

Since cerium oxide effectively improved the catalytic
activity of Ni/graphene, some other rare-earth metal
oxides (ReO,, Re = La, Dy, Er, Yb, Gd, and Tb) were used
as dopants in Ni/graphene composites (Ni-ReO,/graphene).
These were prepared by the same method described
for the synthesis of Ni-CeO,/graphene, and their catalytic
activities for the hydrolysis of AB were studied and
compared (Fig. 7).
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Figure 7 Hydrogen productivity vs. reaction time for hydrogen
release from an aqueous AB solution (200 mM, 5 mL) catalyzed
by Ni/graphene and Ni-ReO,/graphene (Re = Ce, La, Dy, Er, Yb,
Gd, and Tb, 17 mol% of Re) at 298 K (nni/nag = 0.08).

As shown in Fig. 7, all the as-synthesized Ni-ReO,/
graphene composites exhibited higher catalytic activities
than Ni/graphene, producing a stoichiometric amount of
hydrogen (1111,/1145 = 3) in 1 min. The excellent activities of
the Ni-ReO,/graphene composites may be attributed to
the similar physical and chemical properties of ReO,
species which all promote active sites of Ni to electron-rich
states that are beneficial to the catalytic reaction [67].
Interestingly, among the as-synthesized Ni-ReO,/graphene
composites, Ni-CeO,/graphene exhibited the best per-
formance. However, Ni-LaO,/graphene also demonstrated
a high catalytic activity with a TOF of 64.7 min™ at room
temperature.

4 Conclusions

In summary, we have developed a novel, facile and
green strategy for the synthesis of Ni-CeO./graphene
nanocomposites. The rare-earth metal oxide species
CeO, played a key role in the high activity of graphene-based
multi-component composite catalysts. The combination
of CeO,, metal, and graphene confers remarkably enhanced
catalytic activity for the hydrolytic dehydrogenation
of ammonia borane, as well as high stability. This
improvement in the catalytic performance of the
Ni-CeO,/graphene composite encourages the practical
application of AB as a hydrogen storage material in
fuel cell applications. Furthermore, it is expected that the
synthesis of Ni-CeO,/graphene ternary hybrid materials
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will pave the way for the design of other graphene-based
multicomponent composites for various applications.
It is believed that this kind of nanocatalyst will have
great potential in future industrial applications.
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