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Abstract—The bimetallic Pt—Ni nano-catalysts with different platinum to nickel mass ratios supported on the
carbon nanotubes (PtNi(x : y)/FCNTs-D) were successfully synthesized by the polyol method and applied
to the H, generation from ammonia borane (AB) hydrolysis. Several state-of-the-art characterization meth-
ods were performed to explore the correlation between catalytic performance and the physicochemical char-
acterizations of the catalysts. The results show that the optimum Pt : Ni ratio is critical to enhance the H, gen-
eration from AB hydrolysis and in this study, it is 1 : 2. The presence of carbon nanotubes enhanced the dis-
persion and stability of the Pt—Ni nanoparticles. The availability of more active sites and lowered binding

energy of Pt in PtNi(1 : 2)/FCNTs-D catalyst, lead to the increased catalytic activity of H, generation from

AB hydrolysis.
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INTRODUCTION

Hydrogen, one of the cleanest fuels, has received a
lot of attention [1]. However, the controlled storage
and release of hydrogen is still a challenging issue [2].
In recent years, different materials have been devel-
oped for the storage of hydrogen such as metal organic
framework materials (MOF-5) [3], metal hydrides
(LaNisHg, NaAlH,, LiAlH,, AlH;) [4], borohydrides
[5], organic liquid storage hydrogen materials [6] and
ammonia borane (AB) [7]. Among them, solid
ammonia borane, is regarded as potential hydrogen
storage material [8] because of high-quality hydrogen
storage density (19.6%) and high stability. In addition,
the hydrogen stored in AB can be released through its
hydrolysis at room temperature in the presence of a
suitable catalyst.

Noble metal catalysts with high catalytic activity
are commonly used catalysts for the hydrolysis of AB,
among them Pt is the most active metals for AB dehy-
drogenation [9, 10]. Chen et al. reported Pt/CNT-O-
HT catalyst for catalyzing the hydrolytic dehydroge-

nation of AB with TOF up to 567 mol,;, min~! molgtl .
Because of depleting Pt sources and high price, the
achieved excellent results are yet not conducive to
practical applications. Therefore, an effective strategy

is the combination of Pt with earth abundant transi-
tion metals [11]. The synergistic effect between differ-
ent metal atoms can significantly improve the activity
and selectivity of catalytic reactions [12, 13]. The Pt—
Ni bimetallic nano-catalyst is considered to be one of
the most potential catalysts in hydrogen generation
AB hydrolysis. Thence, scientific design and control-
lable preparation of Pt—Ni bimetallic nano-catalyst
are of great significance to the practical application of
hydrogen production reaction system from AB. More-
over, the metal nanoparticles are often supported on
the various carriers to avoid agglomeration and deacti-
vation. In recent years, carbon materials with unique
physical and chemical properties such as porous car-
bon, carbon nanotubes and graphene have been
widely used as excellent carriers [14, 15]. In addition to
the carbon materials, the metal nanoparticles were
also supported on other metal oxides such as CeO,,
Zr0,, HfO,, and TiO,, has also shown a good catalytic
activity in AB hydrolysis.

Inspired by the above-described studies, we herein
report a simple and convenient method for the design
and synthesis of a bimetallic Pt—Ni nano-catalysts
with different platinum to nickel mass ratios supported
on the carbon nanotubes. The proposed preparation
protocol of the PtNi(x : y)/FCNTs-D catalysts is out-
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Fig. 1. Preparation sketch for PtNi(x : y)/FCNTs-D catalysts.

lined in Fig. 1. All the freshly prepared catalysts were
tested based on their catalytic activity for AB hydroly-
sis. In addition, the effect of temperature to the cata-
Iytic activity of selected PtNi(1 : 2)/FCNTs-D cata-
lyst for AB hydrolysis of AB is also studied. Based on
initial assessments, the bimetallic Pt—Ni nano-cata-
lysts supported on the carbon nanotubes can signifi-
cantly improve the catalytic activity and the stability of
the active center of the catalyst.

EXPERIMENTAL

Commercially available materials were used with-
out further purification. Ethanol absolute (AR), ace-
tone (AR), nickel chloride hexahydrate (AR), ethylene
glycol (AR), and NaOH (AR) were purchased from
Keshi. Ammonia borane (AB, 97%) and chloroplati-
nic acid hexahydrate (AR) were purchased from Alad-
din. Carboxylated carbon nanotubes (L = 0.5—2 um,
D = 8—15 nm) was purchased from Timesnano.
Deionized water was used for the preparation of metal
precursor salt solution.

The PtNi(x : y)/FCNTs-D catalysts were prepared
by the polyol method (see Fig. 1). For the catalyst syn-
thesis, carboxylated carbon nanotubes (100 mg) was
added to ethylene glycol (30 mL) solution.
H,PtCl;:6H,0 (8 mg) and NiCl,-6H,0 (12 mg) were
added to the solution of ethylene glycol (20 mL).
Later, the salt solution was added dropwise to the eth-
ylene glycol dispersion containing carboxylated car-
bon nanotubes under continuous stirring conditions.
After it, the mixture was sonicated for 30 min and kept
under overnight stirring. The resultant reaction mix-
ture’s pH was adjusted to 11 after transferring it to
100 mL flask and kept reacting for 4 h at 160°C. Ace-
tone was added to get precipitates and solid sample was
obtained after centrifugal separation. The solid sample
was multiply rinsed (3 times) by using a solvent
composed of acetone and ethanol, then dried over-
night under vacuum at 65°C to obtain the
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PtNi(1 : 1)/FCNTs-D catalyst. Similarly, the catalysts
with different platinum-nickel ratios were prepared by
changing the amount of nickel precursor salt and
abbreviated as PtNi(x : y)/FCNTs-D.

The morphology structures of samples were char-
acterized by transmission electron microscope (Hita-
chi-7700 TEM, Hitachi, accelerating voltage 100 kV).
The XRD patterns of various catalysts were collected
from a PANalytical X-ray powder diffractometer
(XRD, X’Pert PRO MPD) using Cuk,, radiation (A =
1.5406 A) over a scan range of 10°—80°. X-ray photo-
electron spectroscopy (XPS) was acquired by Thermo
VG ESCALAB 250 (Thermo Fisher Scientific, US)
and the charge correction was performed at 284.5 eV of
carbon. Fourier transform infrared spectroscopy
(FT-IR) were collected on a WQF 520 (Beijing Ruili
Analytical Instrument Co., Ltd.).

The catalytic activity tests for AB hydrolysis to
hydrogen generation were carried in a device as shown
in Fig. 2. 5 mg of the freshly prepared catalyst and
5 mL of deionized water was added into a 10 mL three-
necked flask and was ultrasonically mixed to get uni-
form dispersion. Next, the three-necked flask con-
taining the uniformly mixed dispersion was placed in a
constant temperature water bath and was kept stirring.
Both the left and right openings of the three-necked
flask were sealed and the gas measuring device was
connected through the middle opening. After the
addition of AB solution, composed of 30 mg of AB and
0.2 mL of deionized water, the left opening of the
three-necked flask was sealed again. The hydrogen
generation rate from AB hydrolysis of AB was calcu-
lated by following equation:

TOF = M2 (1)
n !

catalyst

where TOF is rate of hydrogen generation from AB
hydrolysis (min~'), ny, is molar mass of the volume of
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Fig. 2. The performance test apparatus for hydrogen gen-
eration from AB hydrolysis.

hydrogen generation (mol), A, is molar mass of
the catalyst (mol), ¢ is reaction time (min). The term
TOF was used to evaluate and compare the catalytic
activity of PtNi(x : y)/FCNTs-D catalyst. It refers to
the molar amount of hydrogen generation per unit

time per unit of the catalyst.

The activation energy test of hydrogen generation
from AB hydrolysis was used to measure the difficulty
of the reaction in the presence of the catalyst. The
hydrogen generation rate constant k was measured
from the data obtained from the reaction under a series
of water bath reaction temperature. The activation
energy (£,) was measured by using following equation:

lnkzlnA—é, 2)
RT

where k is hydrogen generation rate constant, A is pre-
reference factor, E, is activation energy (kJ mol™'), R is

ideal gas constant (8.314 J mol~! K~!), T is reaction
temperature (K).

The repeatability and durability tests for hydrogen
generation were conducted by using five repeated
cycle of catalytic activity. After each catalyst activity
test cycle for hydrogen generation, the catalyst was
washed and used again to study the hydrogen genera-
tion at 298 K.
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RESULTS AND DISCUSSION

The morphology, the average Pt particle size and
its distribution in all the PtNi(x : y)/FCNTs-D cata-
lyst were studied by using transmission electron
microscopy (TEM) (see Figs. 3a—3d and 3e—3h). It
was found that highly dispersed nanoparticles were
clearly loaded on the carboxylated carbon nanotubes.
The average Pt particle size distribution in the
PtNi(1: 0)/FCNTs-D, PtNi(1:1)/FCNTs-D,
PtNi(1 : 2)/FCNTs-D, and PtNi(1:4)/FCNTs-D
catalysts was 1.35 nm (see Fig. 3e), 1.85 nm (see
Fig. 3f), 1.95 nm (see Fig. 3g), and 1.95 nm (see
Fig. 3h), respectively. The overall range of the average
Pt particle size was in the range from 1.35 to 1.95 nm.
The TEM analysis showed that the average Pt particle
size was increased with the increase in Ni amount up
to Pt : Ni ratio of 1:2. Upon further increase in Ni
amount, for instance in case of PtNi(1 : 4)/FCNTs-D
catalyst, the average Pt particle size was the same as to
PtNi(1 : 2)/FCNTs-D catalyst. It showed that after a
certain Pt to Ni ratio, there was no impact of Ni
amount to the Pt particle size.

The X-ray diffraction (XRD) studies (see Fig. 4)
showed two peaks at 25.8° and 42.8°, correspond to
the (002) and (101) graphitic carbon reflections.
Except afore mentioned two peaks, none of the
analyzed catalytic sample (PtNi(x:y)/FCNTs-D at
x:y=1:1,1:2,and 1 :4) had shown any pure plati-
num, pure nickel and/or platinum-nickel alloy phase
peaks.

To investigate the possible oxidation states and
their association to the catalytic activity, all the studied
catalysts were analyzed by using X-ray photoelectron
spectroscopy (XPS). The results were shown in Fig. 5
and Table 1. Figure 5a was an overall comparison of
the identified peaks of the all the four catalysts
(PtNi(x:y)/FCNTs-Datx:y=1:0,1:1,1:2, and
1:4). The peaks at 72.0, 284.5, 532.16, and 856.54 eV
correspond to Pt 4f, C 1s, O 1s, and Ni 2p [16], respec-
tively. To understand the different Pt and Ni oxidation
states, each Pt and Ni corresponding peak in
PtNi(x : y)/FCNTs-D catalyst was deconvoluted and
results were shown in Figs. 5b and 5c. The peaks at
71.80 eV (4f;,,) and 75.15 €V (4f;),) corresponded to

Pt°, peaks at 72.70 eV (4f; 1») and 76.30 eV (4f5 ) corre-
sponded to Pt**, peaks at 74.90 eV (4f;,,) and 78.10 eV

Table 1. Summary of the Pt and Ni oxidation states in PtNi(x : y)/FCNTs-D catalyst

Species (B.E., eV)/(area, %) Element content, wt %

x:y

Pto Pt2+ Pt4+ Nio Ni2+ Pt Ni
1:0 72.01/55 72.93/32 75.10/13 — — 2.92 0.00
1:1 71.89/51 72.73/25 74.99/24 852.64/4 856.65/96 2.15 1.16
1:2 71.44/49 72.32/33 74.50/18 852.67/1 856.59,/99 2.92 6.63
1:4 71.52/52 72.44/38 74.76/10 851.91/1 857.00/99 2.10 3.30
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Fig. 3. TEM images of PtNi(x : y)/FCNTs-D catalysts and its particle size distribution; x: y=(a,e) 1:0, (b, f) 1:1, (c,g) 1:2,

(d,h)1:4.

(4f5/,) corresponded to Pt**. The peaks at 69 eV corre-
sponded to Ni 3p (assigned to Ni(OH), [17]), peaks at
852.35 eV (2p;)5) and 869.75 eV (2p, ;) corresponded
to Ni” and peaks at 856.65 eV (2p;/,) and 874.85 eV
(2p,») corresponded to Ni?*. The overall comparison
of present oxidation states of Pt and Ni were summa-
rized in Table 1. Interestingly, the Ni%* peaks were
weighted 96% of the total other Ni peaks. In addition,
with the increase in Ni amount in catalyst recipe, the
peak position of Pt° began to shift to lower binding
energy (for instance, see the Ni peaks in
PtNi(1 : 2)/FCNTs-D catalyst (Fig. 5c). In all studied
catalytic samples, the Pt? peaks was accounted ~50%

Pt:Ni=1:4
:2 Pt:Ni=1:2
<
= Pt:Ni=1:1 |
R7)
= .
8 C(00 Pt:Ni=1:0
k=
C(101) No loading
Pt PDF no. 04-0802 l | Ni PDF no. 04-0850
I I [ I 1 L

100 20 30 40 50 60 70 80
20, deg

Fig. 4. XRD patterns of PtNi(x:y)/FCNTs-D catalysts
and carboxylated carbon nanotubes.
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of the total peak—a clear indication of Pt metal pres-
ence in its simplest form. In summary, the Pt®, Pt?*,

Pt**, and Ni** species were found in
PtNi(x : y)/FCNTs-D catalysts.

Figure 6a was the comparison of catalytic activity
and the amount of hydrogen generation (in terms of
TOF) from AB hydrolysis of all the studied
PtNi(x : y)/FCNTs-D catalysts at room temperature
(298 K). The catalytic activity of PtNi(1 : 0)/FCNTs-D

was 165 mol;, min~! molgt1 (see Fig. 6b), which was
similar to the catalytic activity of the pure platinum
catalyst reported previously [18]. Whereas, the cata-
lytic activity of the PtNi(1 : 1)/FCNTs-D catalyst was

476 moly min~' moll;t1 , which was far higher as to that
of PtNi(1 : 0)/FCNTs-D catalyst. The catalytic activ-
ity of the PtNi(1:2)/FCNTs-D and the
PtNi(1:4)/FCNTs-D catalysts was 597 and

377 moly, min~! mol;t1 , respectively. In comparison,
the catalytic activity of the PtNi(1 : 2)/FCNTs-D was
the highest as to the other studied PtNi(x : y)/FCNTs-D
catalysts. It clearly showed that the presence of Ni in
the catalyst composition favorably impacted to
enhance the catalytic activity of PtNi(x : y)/FCNTs-D
catalyst. However, an optimum Pt : Ni was key aspect
and in this study it was 1 : 2. Beyond this ratio, the cat-
alytic activity was lowered.

To study the effect of reaction temperature to the
catalytic activity and amount of hydrogen generation,
the best PtNi(1 : 2)/FCNTs-D catalyst and was tested
further at different reaction temperatures of 298, 303,
308, and 313 K (see Fig. 7a). For each reaction tem-
perature, the value of hydrogen generation rate con-
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Fig. 5. X-ray photoelectron spectrum of PtNi(x : y)/FCNTs-D (a) comparison of full spectrum, (b) Pt 4fspectrum, (c) Ni 2p

spectrum.

stant k was calculated. The value of activation energy
FE, was calculated using Arrhenius equation (see
Fig. 7b). The obtained results were summarized in
Fig. 7b.

The catalytic activity performance comparison of
best PtNi(1:2)/FCNTs-D catalyst to the reported
available literature was summarized in Table 2.

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRYA  Vol. 96

Based on it, the PtNi(l:2)/FCNTs-D catalyst
need lowest activation energy (32 kJ/mol) in compar-
ison to the Pt/CNTs-O-HT, PEI-GO/Pt,,Co, s,
Nij 33@Pt; c;/C, Co,13,@Pt;4s/C, and STA-Pt/CNT
catalysts. The lowered E, in AB hydrolysis for the
PtNi(1 : 2)/FCNTs-D catalyst was an indication
Pt : Ni ratio in the catalyst composition assisted to
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Fig. 7. (a) Catalytic activity test of PtNi(1 : 2)/FCNTs-D catalyst for AB hydrolysis at different temperatures and (b) Arrhenius

equation fitting curve of PtNi(1 : 2)/FCNTs-D catalyst.

shift the thermodynamic equilibrium to lower side,
which favorably promoted the catalytic reaction [19].
In general, the PtNi(l:2)/FCNTs-D catalyst had
shown highest amount hydrogen generation from
AB hydrolysis at 298 K.

To investigate the repeatability, the best
PtNi(1 : 2)/FCNTs-D catalyst was tested repeatedly
for five repeats(R1, R2, R3, R4, and R5). The amount
of H, generation in R1, R2, R3, R4, and RS was 597,

372, 354, 290, and 287 moly,, min~! molgtl, respec-
tively (see Fig. 8). After the first repeat (R2), the

amount of H, generation from AB hydrolysis

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A Vol. 96

decreased to 62%. After the fifth repeat (RS5), the
amount of H, generation from AB hydrolysis reduced
to 48% to the initial catalytic activity. However, even
after fifth repeat cycle (R5), the catalytic activity of the
best PtNi(1 :2)/FCNTs-D catalyst was higher as to
the catalytic activity of the pure platinum catalyst
(PtNi(1:0)/FCNTs-D). In general, the -catalytic
gradually decreased with the increase in the number of
repeat test. The decrease catalytic activity for H, gen-
eration form AB hydrolysis was due to change in mor-
phology intertwined of carboxylated carbon nano-
tubes and the agglomeration of the nanoparticles due
to their shedding during cleaning process (see Fig. 9).
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Fig. 10. The comparison of infrared spectra of
PtNi(1 : 2)/FCNTs-D catalyst before and after AB hydro-
lysis.

To investigate it further, an infrared analysis of
PtNi(1 : 2)/FCNTs-D was performed before and after
the AB hydrolysis (see Fig. 10). It was found that the
used catalyst had many new characteristic peaks.
Among new peaks, the peaks at 3200—3400 cm™~! cor-
responded to O—H stretching peak, the peak at
1450 cm~! corresponded to B—O stretching peak, the
peak at 780 cm~! corresponded to B—O bending peak

[25]. The peaks were attributed to the BO, and/or
other by-products during AB hydrolysis.

In addition to the repeatability, the
PtNi(1 : 2)/FCNTSs-D catalyst was tested for its durabil-
ity for H, generation from AB hydrolysis. The durability
of the best catalyst was tested 5 times (D1, D2, D3, D4,
and D5). The results were shown in Fig. 11. After the sec-
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Fig. 9. TEM image of PtNi(1 : 2)/FCNTs-D catalyst after
the fifth use in AB hydrolysis.

60
l.l-
50 2" g"""gusm
— -I | | ]
= a = []
=40 : L] -'
8 e
= n . —1
230_ " = TOF, min
g e m DI597
& " u D2547
:“'20_ ----
.y u D3457
10k i:' m D4364
B D5304
0 -I 1 1 1 1 1 1 1 1 1 1
01 2 3 456 7 8 91011 12
Time, min

Fig. 11. The durability test of PtNi(1 : 2)/FCNTs-D cata-
lyst for AB hydrolysis.

ond reaction (D2), the catalytic activity remained almost
the same as to the first reaction (D1). However, the cat-
alytic activity was decreased slightly in the third reaction

(D3; TOF = 457 moly,, min~' moly, ), which was about
77% of the initial activity. After the fifth cycle (D5), the

amount of H, produced was 304 moly; min~! molgt1 —
approximately to 51% of the initial catalytic activity,
which was still higher than the activity of the pure plat-
inum catalyst PtNi(1 : 0)/FCNTs-D.

Based on the combined with TEM and XRD anal-
ysis, it was clear that bimetallic Pt—Ni nano-catalysts
were successfully supported on the carbon nanotubes.
None of the prepared PtNi(x : y)/FCNTs-D catalysts
showed pure platinum phase or pure nickel phase or
platinum-nickel alloy. This attributed to the small
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Table 2. The performance comparison of platinum-based
catalysts in hydrogen generation from AB hydrolysis

Catalyst T, K TOE Ea Ref.
min—' |kJ/mol

PtNi(1:2)/FCNTs-D | 298 597 32 | This work
Pt/CNTs-O-HT 298 | 468 — [9]
Pt/y-Al,0; 298 222 21 [20]
PEI-GO/Pt;,Copg3 | 298 378 52 [21]
Nij 33@Pt 67/C 298 167 33 [22]
Cog 3,@Pt; 45/C 298 148 42 [23]
STA-Pt/CNT 298 | 517 | 39 [24]

sized nanoparticles loaded on the carboxylated carbon
nanotubes and/or amorphous shape particles. The
catalyst PtNi(l : 2)/FCNTs-D showed the highest
catalytic  activity in  comparison to the
PtNi(1: 0)/FCNTs-D, PtNi(1:1)/FCNTs-D, and
PtNi(1 : 4)/FCNTs-D catalyst. According to the
available literature and experimental results, this phe-
nomenon could be governed by the Sabatier principle.
Due to the availability of the best free adsorption
energy on the catalytic surface either to reactants
and/or reaction intermediates, thus it exhibited the
best catalytic activity [26]. In addition, if the binding
energy of the intermediate was too weak, it would be
difficult to activate the substrate on the catalyst surface
and vice-versa. According to the XPS characteriza-
tion, there an electron transfer took placed from Ni to
Pt atoms, which caused the chemical shift of Pt ele-
ment to move negatively. When the amount of nickel
precursor was increased to Pt : Ni =1 : 2, the binding
energy of Pt® decreased, and the catalytic activity got
increased. Whereas, after increasing Pt : Ni ration to
1: 4, the binding energy of Pt° began to increase, and
due to which the catalytic activity was decreased. It
indicated that the lower the binding energy of Pt°, the
higher the catalytic activity, and the catalyst had the
best free energy of adsorption. Based on TEM and IR
analysis, the decrease in catalytic activity of
PtNi(1 : 2)/FCNTs-D after its multiple use could be
due to the agglomeration of the nanoparticles, which
lead to the lesser availability of the active sites.

CONCLUSIONS

In summary, a facile method for the preparation of
bimetallic Pt—Ni nano-catalysts supported on the car-
bon nanotubes is beneficial to improve the catalytic
activity for hydrogen generation from AB hydrolysis.
In addition, the presence of carbon nanotubes in the
catalyst composition improves the dispersion and sta-
bility of the nanoparticles. The availability of more
active sites and lowered binding energy of Pt° in
PtNi(1 : 2)/FCNTs-D catalyst, lead to the increased

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A Vol. 96
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catalytic activity of H, generation from AB hydrolysis
at room temperature as to the other studied
PtNi(1: 0)/FCNTs-D, PtNi(1:1)/FCNTs-D, and
PtNi(1 : 4)/FCNTs-D catalysts. In brief, a new syn-
thesis strategy to design bimetallic catalysts for highly
efficient hydrogen generation is the key aspect of this
study.
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