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ABSTRACT

Herein, a report on non-noble metal (Ni, Co, Cu, and their combination) nanoparticles (NPs)
supported on TiO, spheres as catalysts for hydrogen generation via hydrolysis of ammonia
borane (NH3;BHj;, AB) is provided. The TiO, spheres were prepared through a template
method by using polystyrene (PS). The metallic nanoparticles were synthesized by a redox
replacement reaction. The structure, morphology, and chemical composition of the ob-
tained samples were analyzed by X-ray diffraction (XRD), scanning electron microscopy
(SEM), transmission electron microscopy (TEM) equipped with energy dispersive X-ray
spectroscopy (EDX), and X-ray Photoelectron Spectroscopy (XPS). The characterization re-
sults showed that the metallic nanoparticles were well dispersed on the TiO, supports. The
catalytic activity toward the hydrolysis of AB was found to correlate well with the amount
of metallic elements in catalysts while for the multicomponent phases, a synergistic effect
was noticed. Theoretical calculations revealed that Ni, Co, and Cu atoms significantly
influenced the electronic behavior of TiO, and thereby, the catalytic properties of the
materials.

© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

—18.3 wt%, NaBH, — 10.8 wt%) and metal hydrides (e.g., MgH,,
7.7 wt% and Mgsla, ca. 7.7 wt%). In addition, AB has high
chemical stability at room temperature compared to borohy-

Hydrogen is known as a clean and renewable energy carrier,
properties which recommend it as a suitable and efficient
alternative to the fossil fuel feedstocks [1,2]. Ammonia borane
(NH3BHg3, AB) has 6H atoms in the molecule, which is equiv-
alent with a hydrogen content of 19.6 wt%. The hydrogen
content of AB exceeds that of many compounds used to
generate hydrogen via hydrolysis, such as borohydrides (LiBH,4
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drides [3]. Therefore, AB is considered as an attractive source
of hydrogen for fuel cells, because it combines both chemical
hydrogen storage and production due to its high hydrogen
content and stability at room temperature, conditions in
which the fuel cell operates. AB can releases hydrogen by
pyrolysis or hydrolysis with a suitable catalyst. The pyrolysis
reaction is not very convenient, because it takes place at high

E-mail addresses: yangxiaojing@hebut.edu.cn (X.J. Yang), Liabc@hebut.edu.cn (L.L. Li).

https://doi.org/10.1016/j.ijhydene.2018.07.049

0360-3199/© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

(2018), https://doi.org/10.1016/j.ijhydene.2018.07.049

Please cite this article in press as: Yang X]J, et al.,, Non-noble metallic nanoparticles supported on titania spheres as catalysts for
hydrogen generation from hydrolysis of ammonia borane under ultraviolet light irradiation, International Journal of Hydrogen Energy



mailto:yangxiaojing@hebut.edu.cn
mailto:Liabc@hebut.edu.cn
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
https://doi.org/10.1016/j.ijhydene.2018.07.049
https://doi.org/10.1016/j.ijhydene.2018.07.049
https://doi.org/10.1016/j.ijhydene.2018.07.049

2 INTERNATIONAL JOURNAL OF HYDROGEN ENERGY XXX (?OTS) I—IO

temperature, which is not suitable for the fuel cell, while
generates toxic byproducts [4]. AB completely decomposes at
high temperatures during pyrolysis, so the power consump-
tion does not meet the recent targets imposed by the envi-
ronmental legislation [5,6]. During the last years, the ionic
liquids have been reported to be an appropriate solution to
increase the amount of hydrogen released from AB. In this
case, the AB is introduced in the ionic liquid that attacks the
AB molecule bonds releasing hydrogen [7]. However, the re-
ported ionic liquids are usually complicated organic salts,
which are not easy to prepare and not environmentally
preferred.

Nowadays, the hydrolysis of AB is accomplished by using
metal catalysts, such as Pt, Rh, and Ru [8—10]. Due to the high
costs of these noble metals, researchers have recently begun
to seek the non-noble metals, which are cost-effective and
show relatively high catalytic activity, especially when they
are used as nanoparticles whose size is small enough to
enhance their catalytic performance [11-13]. Therefore, a
tendency to use non-noble metals for the hydrolysis of AB was
observed lately. As a result, the cost of the overall process of
hydrogen release was reduced due to the practical use [14,15].
Since the monometallic NPs usually manifest poor perfor-
mance, trimetallic NPs can be considered as better catalysts
with enhanced catalytic performance rationalized by the
synergistic effect between the neighboring elements in the
same NP. In this sense, a large number of studies focused on
the catalysts of Cu combined with other metallic nano-
particles for AB hydrolysis. Wang et al. synthesized trimetallic
magnetic Cu@FeNi core—shell NPs, which are composed of
crystalline Cu cores and amorphous FeNi shells [16]. Cu@FeCo
and Cu@CoNi manifested composition dependent activities
towards the hydrolysis of AB [17]. Moreover, core—shell
structured trimetallic NPs Cu@CoCr and Cu@CoW were syn-
thesized using one-step in-situ synthesis method and evalu-
ated in the hydrolysis of AB [18]. However, these nanoparticles
can form large aggregates, whose catalytic activity is reduced
accordingly. An efficient strategy to improve their stability
consists of loading these nanoparticles on an inorganic sup-
port, when the interaction established between the NPs and
support surface will stabilize them and thus, the agglomera-
tion will be prevented while the catalytic behavior will be
improved.

TiO, is a well-known photocatalyst for many chemical
reactions due to its chemical inertness, cost-effective, and
long-term stability against chemical-corrosion [19]. More-
over, it can be used as a suitable support for functional ma-
terials. Murat Rakap et al. loaded Pd on TiO, NPs, and the
resulted material was found to be highly active and reusable
in the hydrolysis of AB, even at low temperature and con-
centration [20]. Recently, the incorporation of metal within
TiO, has been shown to be a good strategy to produce
excellent photocatalysts toward hydrogen release from AB
[21—-23]. The metallic catalysts supported on TiO, showed
strong metal-support interaction (SMSI), an effect that highly
increases the catalytic activity. The high photocatalytic ac-
tivity is explained by the good separation of electrons and
holes. However, all the TiO, used as supports were nanofibers
synthesized by electrospun method. Therefore, other
methods to prepare TiO, support with different morphologies

are highly encouraged, especially since the morphology of
the support can play a significant role in the dispersion of the
active phase, which is intimately related to the catalytic
performance.

In this study, Nip 3C00 3Cu0.4 NPs were synthesized through
a redox replacement reaction using TiO, spheres as a support.
The TiO, spheres display high surface area on which the tri-
component Nig3C003CUgs NPs can be uniformly dispersed.
The as-prepared Nij3C003CuUo4/TiO, catalysts exhibited
promising catalytic activities toward the hydrolysis of AB
under ultraviolet light (UV-light) irradiation. Theoretical cal-
culations were carried out aiming to study the changes in the
electronic properties of the reaction system, which cause the
SMSI effect, and to confirm the effect of TiO, on the catalytic
activity of Nig 3C00 3CUo 4.

Experimental
Preparation of polystyrene (PS) spheres

The monodisperse PS spheres were prepared by emulsifier-
free emulsion polymerization according to reference [24]. In
a typical synthesis, 10.0 g of styrene, 1.5 g of poly (vinyl pyr-
rolidone) (PVP) K30 (Mw = 40000), 0.26 g of cationic initiator 2,
2'-azobis-(isobutyramidine) dihydrochloride (AIBA), and
100.0 g of distilled water were loaded into a 250 mL three-neck
flask equipped with a mechanical stirrer, a thermometer with
a temperature controller, a N, inlet, a Graham condenser, and
a heating oil bath. The air in the flask was removed from the
reaction solution by bubbling N, at room temperature for
90 min. Then, the reaction was performed at 343 K for 24 h
under a stirring rate of 150 rpm. The obtained PS suspension
was centrifuged (6000 rpm, 5 min), washed in ethyl alcohol for
at least three times, and the content of PS suspension was
then washed by ethanol.

Preparation of catalysts

0.03 g of Ni(NOs),-6H,O (99%), Co(NOs),-6H,O (99%), or
Cu(NOs),-6H,0 (99%), 12—36 mL of 28 wt% aqueous ammonia
solution, and 160 mL of ethyl alcohol were added into 20.0 g of
the PS suspension. The sol—gel reaction was carried out at
323 K for 1.5 h, and the metal composite spheres (M/TiO,
M = Ni, Co, Cu or their compounds) were obtained. After
drying in a vacuum oven at 323 K overnight, the resulted fine
powders were used as catalysts.

Catalysts characterization

The as-synthesized catalysts were characterized by powder X-
ray diffraction (XRD, Rigaku D/max-2500 X-ray generator, Cu
Ka radiation), scanning electron microscopy (SEM, JEOL
JSM6700F), inductively coupled plasma emission spectroscopy
(ICP-9000, Thermo Jarrell-Ash Corp.), transmission electron
microscopy coupled with energy dispersive X-ray spectros-
copy (TEM and EDX, Philips Tecnai F20, 200 kV), X-ray photo-
electron spectroscopy (XPS, ESCALAB 250Xi), and UV-Vis
diffuse reflectance spectroscopy (DR UV-Vis, Hitachi U-
3900H).
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Dehydrogenation of AB

In a typical experiment, AB solution was placed in a sealed
50 mL flask fitted with an outlet tube for collecting the
released H,. The outlet tube was connected to a micro gas
flowmeter (RTK-GMA-II) to record the released H, volume
necessary to calculate the rate. A certain amount of catalyst
was added into the AB solution under soft stirring. AB hy-
drolysis reaction was proceeded as soon as the catalyst was
added at 25—40 °C. The process of AB hydrolysis was described
as follows [25].

NH,BH; + 2H,0 — NH{ + BO; + 3H, 1)

When the AB hydrolysis was completed, the residual so-
lution was centrifuged (6000 rpm, 15 min) and washed, then
the catalyst was recycled.

Computational methods

All the calculations were processed using the density func-
tional theory (DFT) method using the DMol® code [26]. The
generalized gradient approximation was carried out by
combining the PerdeweWang correlation functional with the
Becke exchange functional [27]. TiO, anatase phase was
considered for the calculation model. Self-consistent field
calculations were carried out with a convergence criterion of
107 a.u. for the total energy. We considered M (M = Ni, Co, Cu)
loading effects using 2 x 2 x 1 supercell. One M atom was filled
in the exterior position of TiO,. 5 x 5 x 1 MonkhorstePack k-
points meshes were used for structural optimization, and
3 x 4 x 1 k-points were conducted for electronic structure
calculations. The adsorption energy (E.4s) was obtained from
the following expression.

Eags = E(M/TiO,) — E(TiO,) — E(M) @

where E (M/TiO,), E (TiO,), and E(M) are representative of the
total energies for the metal-loaded on TiO,, the pristine TiO,,
and bare metal, respectively. Thus, E,4s < 0 corresponds to an
exothermic adsorption leading to the minimum stable toward
dissociation.

Results and discussion
Physico-chemical properties of the samples

Fig. 1 shows the XRD patterns of the TiO, sphere and metallic
NPs supported on TiO,. It can be observed that the diffracto-
gram of TiO, (Fig. 1a) display one broadened diffraction peak
at about 26 = 25.3° (marked by the triangle signal), corre-
sponding to anatase phase (JCPDS No. 1-562). The absence of
any other diffraction peaks stands for the amorphous struc-
ture of the support. The diffraction pattern for the metal
supported NPs on TiO, (Fig. 1b) exhibits another obvious peak
at 26 = 44.0° (marked by a filled circle), which is ascribed to the
metal phase (the peak of Ni and Co are at about 24 = 44.5°, the
peak of Cuis at about 20 = 43.5°) in the sample. It is sharp may
due to the affect of the noise for the poor crystallinity. The
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Fig. 1 — XRD pattems of catalysts. (a) TiOs, (b) Nip 3C00 3Cuo.4/
TiO, (10 wt% metal loading).

crystallization of metal phase was not high, because of the low
reaction temperatures used during preparation of the sample.
Thus, only one distinct peak indexed to metal phase was
detected, which can be explained by the small size of the NPs
that are highly dispersed on the solid support. Indeed, when
Ni, Cu, and Co are loaded on a reducible support like TiO,, they
can be easily prepared as highly dispersed and stable NPs as a
result of the support—metal interactions that are strong.
However, it is difficult to determine whether our CuCoNi
samples are presented as a compound or simply a physical
mixture based on their XRD patterns. Hence, the formation of
the CuCoNi compound cannot be confirmed beyond a doubt
by the XRD results alone. ICP elemental analysis of the syn-
thesized samples was performed to determine the exact
composition of Ni, Co, and Cu in the catalysts. The obtained
values, expressed herein as molar ratio, Ni:Co:Cu = 0.3:0.3:0.4.
The initial raw materials ratio (molar ratio of
Ni(NO3),-6H,0:Co(NO3),-6H,0:Cu(NO3),-6H,0) of 1:1:2 finally
led to Nig 3C0g 3CUg 4.

The morphology and composition Nig3C003Cug4/TiO, of
the obtained products were investigated by SEM, TEM, and
EDX. Fig. 2a—c show the typical SEM images of the pure TiO,
sphere (Fig. 2a) and metal supported on TiO, before and after
reaction (Fig. 2b and c). The diameters of TiO, spheres and
metal supported TiO, are about 150—200 nm. The surface of
pure TiO, is smooth, while the surfaces become rough and
some cracks appear after loading the metal phases. Moreover,
the cracks become larger after the catalytic reaction, as shown
in Fig. 2c. It seems that these cracks are responsible for the
decreasing of the hydrolysis rate during the recyclability tests.
Fig. 2d displays the typical TEM images of the supported cat-
alysts. To note, the metal particles are well dispersed on the
TiO, surface without any obvious agglomeration. Thus, the
metal particles are well distributed of the spheres surface with
diameter ranging from 5 to 10 nm (Fig. 2f). Elemental mapping
was performed to see the element distribution. In Fig. 2e, the
green, red, and yellow dots stand for Cu, Co, and Ni elements,
respectively. Therefore, it can be stated that the metal
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Fig. 2 — SEM images of Nij 35C00.3Cu0.4/TiO, (10 wWt% metal loading) before (a) and after reaction (b), and after 5 cycles of
reaction (c). TEM image of fresh Nip 3C00.3Cu 4/TiO, (10 wt% metal loading) (d). Cu, Ni, Co elemental mapping of
Ni.3C00 3CUo 4/TiO, sphere with 10 wt% metal loading (e). The EDS spectra of Nig 3C00.3CUo 4/TiO, catalyst (f).

elements are well distributed on TiO, spheres, without any
evidence of aggregation. As can be seen, elements of Cu, Ni
and Co are homogeneously distributed in the spheres,
demonstrating that our sample is the CuCoNi compound
rather than the mixture of Cu, Co and Ni [28]. The composition
of the samples was determined by the EDX analysis, and the
results are shown in Fig. 2f. The EDX spectra confirms the
presence of Ti, Ni, Co, and Cu, while the total metal amount
(Ni, Co, and Cu) is 10 wt%. Hence, according to EDX results
showing Ni, Cu, and Co in the same particle, it could be
affirmed that the metal nanoparticles are as CuCoNi alloy.
XPS was performed to determine the chemical composi-
tion of the catalyst surface and oxidation state of the ele-
ments. The high resolution spectra of Ni 2p, Co 2p, and Cu 2p
showing the peak resolving and fitting for each element in
Nip 3€00.3CUg 4 sample are displayed in Fig. 3. The XPS results
for Ni 2p (Fig. 3a) show that the binding energies at 852.3 and
869.7 eV correspond to Ni 2p3/2 and Ni 2p1/2, respectively.
Fig. 3b shows the high resolution XPS spectrum of Co 2p. The
peaks at 780.8 and 796.9 eV correspond to Co 2p3/2 and Co 2p1/
2, respectively. According to these values, metallic and
cationic species of the elements coexist in the sample. It is
assumed that the small size of the NPs could easily cause the
oxidation of metallic nickel and cobalt. The deconvolution of
the Cu2p spectrum is shown in Fig. 3c. The peaks at 932.2 and
954.5 eV are associated with Cu 2p2/3 and Cu 2pl/2,

respectively, while the other peaks are assigned to copper in
copper oxide. The appearance of cobalt, nickel, and copper
oxides is inevitable, and this can be attributed to the exposure
of samples to oxygen before and during the XPS.

The optical properties of the samples were analyzed by UV-
vis diffuse reflectance spectroscopy (DR UV-Vis). The recorded
spectra are shown in Fig. 4A, and they provided additional
evidence for the property of light absorption of TiO, that can
be finely tuned by the introduction of different metal when
the generated SMSI plays a key role in the photoresponse. In
particular, the loading of metals on TiO, is able to extend its
light absorption to the visible region. Thus, the metal loaded
on TiO, can be photoexcited by the irradiation under visible
light and probably could exhibit the photocatalytic perfor-
mance of TiO, for certain reactions. The absorption edges of
TiO,, Ni/TiO,, Co/TiO,, Cu/TiO,, Ni,Coy/TiO, (The feed molar
ratio of xiy = 1:2, denoted as Ni;Co,, the following are the
same), Ni;Cuy/TiO,, Co;Cu,/TiO,, and Nig 3C003CUg.4/TiO, are
determined to be about 353, 348, 350, 340, 348, 345, 345, and
310 nm, respectively. A plot obtained via the transformation
based on the Kubelka-Munk (KM) function versus the energy
of light is shown in Fig. 4B, by which the roughly estimated
band gap values are 3.60, 3.35, 3.45, 3.10, 3.30, 3.25, 3.25, and
3.00 eV and correspond to TiO,, Ni/TiO,, Co/TiO,, Cu/TiO,,
Ni1C02/TiOZ, Ni1CU.2/Ti.02, C01CU.2/Ti02, and Nio.3C00.3Cu0A4/
TiO,, respectively. These results indicate a band gap
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Fig. 3 — High resolution Ni 2p (a), Co 2p (b), and Cu 2p (c) XPS spectra of Nig 3C0¢ 3CUg 4/TiO>.
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Fig. 4 — The DR UV—vis absorption spectra (A) and Tauc's plot for band gap energy determination (B) of the prepared samples.
(a) Ti02, (b) Ni/Ti02, (C) CO/TiOg, (d) Cu/TiOz, (e) Ni1C02/Ti02, (f) Ni1CU2/Ti02, (g) C01Cu2/Ti02, and (h) Nio_3C00_3CUo_4/Ti02.

narrowing for the metal loaded on TiO,, as compared to
unloaded TiO,, which could be attributed to the formation of
impurity energy levels of loaded metal ions between the
valence band and conduction band of TiO,.

Catalytic activity

The catalytic activity of the synthesized catalysts in the hy-
drolysis of AB solution was investigated. The catalytic per-
formances of the prepared TiO, and metal supported TiO,
without light irradiation have been evaluated. Fig. 5 shows the
H, volume generated as a function of time for a 10 mL AB
(0.023 g) solution and 5 mg of catalyst. The synthesized TiO,

spheres exhibit no catalytic activity during the hydrolysis of
AB, while the release of hydrogen was obviously noticed when
the metallic NPs (Ni, Co, Cu, or their combination) loaded on
TiO, were used, signifying their favorable catalytic activities.
The hydrolysis reaction of AB over the as-synthesized metallic
NPs supported on TiO, without light irradiation is completed
in approximately 30—40 min. The as-synthesized NigsC-
00.3CU0 4/TiO, displays the highest catalytic activity, the reac-
tion being completed in 15 min. At the end of the reaction, the
calculated molar ratio of the generated H, to the initial AB was
approximately 3.0.

With the molar ratio of Cu changing, the Ni,CoyCu;_x.,/TiO,
catalysts exhibited different catalytic performances (Fig. 5)
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Fig. 5 — Hydrogen evolution without light assistance with different catalysts and using 0.023 g AB solution. A - Ni,Co,/TiO,
with different Ni: Co ratios, x: y, i.e., 1: 3 (a), 1: 2 (b), 1: 1 (c), 2: 1 (d), 3: 1 (e) (Denoted as Ni;Coz/TiO,, Ni;Co,/TiO,, Ni;Co,/TiO,,
Ni;C0,/Ti0,, NizC04/Ti0,.). B - Ni;Cus/TiO, (a), Ni;Cu,/TiO, (b), Ni;Cu,/TiO, (c), Ni,Cu,/TiO, (d), NizCu,/TiO, (e). C - Co,Cus/
TiO, (a), Co,Cu,/TiO, (b), Co,Cu,/TiO, (c), Co,Cu,/TiO, (d), CozCu,/TiO, (e). D - Ni;Co,Cu,/TiO, (a), Ni,Co,Cu;/TiO, (b),

Ni1C02Cu1/Ti02 (C), Ni1001Cu2/Ti02 (d).
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Table 1 — The hydrogen generation rates of the AB

hydrolysis over M/TiO, catalysts without light

Table 2 — The hydrogen generation rates of the AB
hydrolysis of over bi- and trimetallic M/TiO, catalysts

assistance. with Uv-light assistance.

Catalyst The rate The total Time (min) Catalyst The rate The total  Time (min)
(Initial raw (mL-min*-g~ %) volume of (mL-min~*-g!)  volume

material rate) H, (mL) of H, (mL)

Ni 45 50.1 70 Ni;Co, 827 49.6 12

Co 50 50 66 Ni;Cu, 766 498 13

Cu 70 50 58 Co,Cu, 661 49.6 15
Ni;Cos 250 43.8 35 Nip 3C00.5CUo.4 985 50.0 11
Ni;Co, 546 49.1 18

Ni;Co, 364 492 27

Ni,Co, 327 49.0 30 Hydrogen evolution without (dot a in the Fig. 6) and with
LEian Sl A =il (dot b in the Fig. 6) UV-light irradiation using different cata-
Ni;Cus 255 40.8 31 . . .
Ni,Cu, 17 491 19 lysts are shown in Fig. 6. It can be seen that the UV-light
Ni,Cuy 341 478 8 irradiation plays a great role for increasing the rate of
Ni,Cuy 347 48.6 28 hydrogen evolution. Table 2 shows the hydrogen generation
NisCu, 323 48.5 30 rate, total H, volume, and reaction time for various catalysts
Co1Cus 184 414 45 with light irradiation. The rate of hydrogen generation of
Co1Cup 416 50.0 24 Nip3C003CUp4/TiO, under light irradiation is nearly
gzigsi ‘2}22 :8:3 ;2 985 mL-min~*-g~*. This value is superior to those obtained for
CosCu, 152 343 45 the bimetallic catalysts with initial raw material molar ratio of
NiyCo,Cuy 418 0.2 24 Ni:Cu = 1:2 and Co:Cu = 1:2 under UV-light irradiation.
Ni,Co,Cuy 245 39.2 32 Fig. 7A—C show the hydrogen evolution over time at
Ni;Co,Cuy 311 49.7 30 different temperatures (25, 30, 35, and 40 °C), Arrhenius, and
Ni;Co;Cu, 600 50.8 17

confirming the synergistic interactions inside the trimetallic
NPs. On the other hand, the monometallic Ni, Co, and Cu NPs
manifested low catalytic activity. Increasing the ratio of Cu,
the reaction time decreased clearly below 15 min when the
value was 0.4, which is Niy3C003Cug4/TiO, sample. The
maximum hydrogen generation rate was 600 mL-min '-g~*
obtained over Nij3C003CUg4/TiO, as catalyst at 298 K. The
catalytic performance changed in line with the variation of
the amounts of Ni, Co, and Cu. Therefore, when the feed molar
ratio of Cu:Co:Ni was 1:1:2 (i.e., Nip 3C00 3Cuo 4/TiO; catalyst),
the best performance in the hydrolysis of AB without light
irradiation was obtained.

The hydrogen generation rate, total H, volume, and reac-
tion time for various catalysts without light irradiation are
summarized in Table 1. The rate of hydrogen generation of
Nig 3C00.5CU0.4/TiO, is nearly 600 mL-min~*-g~*. This value is
much higher than those obtained for the mono- and bime-
tallic NPs (i.e., Ni,Cuy and Co,Cuy), and also higher than those
calculated for other trimetallic catalysts prepared in this work.

Eyring plots, respectively. The slope of the straight line ob-
tained by plotting Ink versus the reciprocal absolute temper-
ature (1/T) was —7391, which gives an E, of 61.4 kJ-mol?,
according to Eq. (3). This value was lower than that previously
reported (70 kJ-mol™?) for Ni [29] and a slightly lower than that
of Co (62 kJ-mol~%) [29]. However, it is higher than that for Cu-
RGO (38.2 k] mol %) [30], which can be attributed to the support
that is known to influence the value of E,. Fig. 7C illustrates
the In (k/T) vs 1/T graph for the Eyring equation (Eq. (4)). As can
be seen in Fig. 7C, the Eyring equations fitted very well the
data of the hydrolysis of AB over Nig 3C003Cu4/TiO, catalyst.
The slope of the straight line was —7089 while the intercept
was 14.86. The enthalpy and entropy for the AB hydrolysis
catalyzed by  Nig3C003Cu4/TiO, were 589 and
45.12J-mol~*-K~?, respectively, calculated according to Eq. (4).

Ink =1InA — Ea/RT (3)

In(k/T) = In(kB/h) + (AS/R) — (AH/R) x (1/T) @)

The recycling capability and durability are very important
aspects for the practical applications of a catalyst in hydrogen
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generation process. The prepared catalysts can be easily
reused after recovering from the reaction medium and rinsing
with distilled water without any other complex post-
treatment steps while the catalytic efficiency is maintained
at almost the same level as for the fresh catalyst, after each
cycle. The recycling performance of the prepared catalysts is
shown in Fig. 8. The hydrogen generation rate slightly
decreased with the number of cycles, although it was still of
714.3 mL-min~'-g~! after 5 cycles. The rate of hydrolysis
decreased after using for 5 times, results that can be explained
by the cracks on the catalysts surface (Fig. 2c). The cracks
observed on the surface indicate that the TiO, spheres suffer
fracture after the hydrolysis reaction. It is taught that this
partial damage of the structure collapse weakness the metal-
support interactions and thereby reduces the rate of reaction.
Nip 3C00.3CU0 4/TiO, retained 73% of its initial catalytic activity
toward the hydrolysis of AB after 5 cycles, thereby showing a
good stability of the catalyst. This value was significantly
larger than that of NiCo-GO (ca. 65% after 3 cycles) reported by
J. Zhonget al. [31], and also higher than that of Cu, 4@Cog sNig 1
core-shell nanoparticles (lower than 60% after 5 cycles) [32].
Although the hydrogen evolution rates obtained in this work
were lower than those of other metal catalysts, the Nig5C-

003CUo4/TiO, catalyst showed very promising recycle
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Fig. 8 — H, released from AB hydrolysis catalyzed by
Ni(.3C00.3Cug.4/TiO, (10 Wt%) at 298 K for 5 cycles of
reaction.

performance. The catalytic properties and recycle perfor-
mance of the samples prepared herein was compared with
those obtained for other non-noble catalysts reported so far in
the literature. The values, those of TOF (turnover frequency)
included, are summarized in the Table 3. It can be observed
that the rate of reaction obtained when Nig3C0¢3Cug.4/TiO,
sample was used as catalyst is low, while the recycle perfor-
mance is in line with that manifested by other catalysts.

Theoretical calculation

For the modeling studies, Ni, Co, or Cu adsorption on TiO,
(101) plane as a representative material of the catalysts was
used. The optimized structures are displayed in Fig. 9a—c. The
most stable sites are chosen according to a previous study [37],
where M (M = Ni, Co, Cu) is directly bonded to two surface
atoms, notably a three-fold oxygen (Os.) and a two-fold oxy-
gen (O,c), with M-O bond distances of 2.57, 2.58, and 2.63 A,
respectively. The adsorption energy is large, —0.89, —0.84, and
—0.79 eV, indicating a strong metal-support interaction. Fig. 9d
shows the total density of states (TDOS) of pure TiO, and M/
TiO,. It can be seen that no defect states occurred in the band
gap of pure TiO,. The new defect states in Ni, Co, or Cu sup-
ported TiO, have been observed that was introduced by the d-
orbitals of Ni, Co, Cu [38]. It can be seen that the d-orbitals of
Ni, Co, Cu could hybridize with the intrinsic defect states to
generate more states in band gap according to the partial
density of states (pdos) shown in Fig. 9a—c. It can be observed
from the pdos curves (Fig. 9e—g) that a small energy level near
the conduction band minimum (CBM) is generated after
including Ni, Co, or Cu into TiO, model accompanied by a
reduced band gap. After introducing Ni, Co, or Cu into TiO,,
some mid-gap states localized between the valence band
maximum (VBM) and CBM can be observed in the DOS of
composite catalytic materials. These results support the idea
of the SMSI effect between the non-noble metals and TiO,. In
this case, when these catalysts are irradiated under visible
light, the electrons excited can transfer from VB of M/TiO, to
these mid-levels or from one mid-level to CB of M/TiO, easily.
Meanwhile, the generated electrons in the CB of M/TiO, are
more difficult to move back from CB to VB, which prevents the
corresponding recombination more efficiently [39]. This helps
to improve the photocatalytic performance of M/TiO..
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Table 3 — Catalytic performance of different catalysts reported for AB hydrolysis.

Catalyst The rate TOF Re-usability (Retained rate Ref.
(mL-min~*-g™?) (mol Hy-min™?)-(mol cat)™?) after 5 cycles)
Ag@CoFe/graphene = 82.9 59% [33]
CogoNip 1/graphene - 16.4 44% [34]
P (AMPS)-Co:Ni = 49 79% [35]
C00.52CUo.48 2179 3.4 66% [25]
Nig.10CUo 81 2066 2.7 61% [25]
CUo.3@Fe6C00 1 1211 = 43% [36]
CuNig 4C0504 119.5 - 70% [28]
Nig3C00.5CUo 4 985 1.1 73% This work
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Fig. 9 — Calculated models for Ni-TiO, (a), Co-TiO, (b), and Cu-TiO, (c), total density of state of pure TiO,, Ni-TiO,, Co-TiO, and

Cu-TiO, (d), partial dos of Ni, Co, Cu support on TiO, (e—g).

Conclusion

Nip 3C00.3CU0 4/TiO, composite nanocatalyst was synthesized
in a two-step process by in situ reduction. As catalyst for
hydrogen generation by AB hydrolysis, the trimetallic NPs
showed superior performance than mono- and bimetallic
counterparts. The synergistic interaction between Ni, Co, and
Cu may have played a critical role in the enhanced catalytic
activity. Under UV-light irradiation, Nip 3€00 3CU0.4/TiO, (10 wt
%) as the catalyst can realize complete hydrolysis of ammonia
borane in 10 min with an apparent activation energy of
61.4kJ-mol~". The roles of Ni, Co, Cu and TiO, in the hydrolysis
with UV-light irradiation were evaluated by Dmol® to explain
the SMSIbetween metallic NPs and TiO, support. Moreover, the
Nip 3C00.3CU 4/TiO, catalyst manifested good reusability, 78%
of original catalytic activity being maintained after 5 catalytic
runs. These results indicate Nig3Cog3Cug4/TiO, nano-
composite as a performance catalyst for the hydrolysis of AB.
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