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Co core-Pt shell nanoparticles (denoted as Co;_x@Pt, where x=0.33, 0.43, 0.60, 0.68, 0.82) and car-
bon supported Co core-Pt shell nanoparticles (denoted as Co;_y@Pt,/C where x=0.60, 0.68, 0.82)
(Coq1_x@Pt,/C=43%), which are synthesized through a polyol reduction process with oleic acid as a sur-
factant, have been investigated as catalysts for hydrogen generation from hydrolysis of ammonia borane
(NH3BH3) at 25 £0.5°C. The as-prepared Co core-Pt shell nanoparticles are uniformly dispersed on car-

bon surface with diameters of about 3 nm. It is found that the catalysts show favorable performance

toward the hydrolysis of NH3BH3 and the catalytic activity is associated with the ratio of Pt to Co. Among

K ds: : . R .
Czywor s the catalysts studied, Cog32,@Pts/C (Coo.32@Ptoe3/C=43%) displays the highest catalytic performance,
Pt delivering a high hydrogen-release rate of 4874 mLmin~! g-! (per catalyst).
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1. Introduction

Ammonia borane (NH3-BH3, AB) has recently been considered
as a promising candidate for chemical hydrogen storage applica-
tion due to its low molecular weight and high hydrogen content
of 19.6 wt% [1]. There are several methods of dehydrogenation of
AB, which can be broadly divided into two categories, namely ther-
molysis and hydrolysis. With appropriate catalysts, hydrolysis of
AB can release as much as 3 mol H,/1 mol AB at room temperature
[2,3]. Thus, the catalysts are the dominant factor for the hydrol-
ysis of AB [4]. It is found that Pt-based catalysts show the best
catalytic performance in AB hydrolysis [3,5]. Yang and co-workers
have prepared the carbon supported Pt—-metal nanoparticles with
diameters of about 5-20 nm by a chemical impregnation method.
The hydrolytic activity of Pt alloy catalysts displays in the order
of PtRu>PtzAu > Ptlr>PtCo>Pt3Ni>PtCu>PtSn~Pt in terms of
hydrogen generation rate and yield [6]. Considering both the
catalytic performance and the catalyst cost, Pt—-Co nanoparticles
should be promising.

In recent years, much effort has been devoted to prepare
core-shell structured composition because these materials have
more excellent physical and chemical properties than that of their
single-component materials [7]. The interaction between the two
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components in core-shell clusters introduces a mutual influence
on neighboring atoms and leads to unique properties. Recently,
Au@Co nanoparticles have been used as catalyst for in situ hydrol-
ysis of AB [8]. However, few studies have been carried out on
the core-shell Pt-based catalysts toward the hydrolysis of AB. Our
interest is whether the catalytic activity of Pt-Co catalyst with
Co core-Pt shell architecture can be increased by changing the
architecture and the composition. It is therefore that in this work,
different compositions of Co core-Pt shell nanoparticles (Co;_x@Pty
NPs, x=0.33, 0.43, 0.60, 0.68, and 0.82) and carbon supported Co
core-Pt shell nanoparticles (Co;_y@Ptx/C NPs, x=0.60, 0.68, and
0.82) (Coq_x@Pty/C=43%) with small sizes of several nanometers
have been synthesized through a simple reduction process. Fur-
thermore, the as-prepared core-shell NPs were investigated as the
catalysts for the hydrolysis of AB.

2. Experimental
2.1. Catalyst preparation

The Co nanoparticles (Co NPs) were prepared by a polyol reduc-
tion process following modified procedures reported previously
[9]. 20 mmol of cobalt acetate and 20 mmol of NaOH were mixed
and stirred in deoxygenated ethylene glycol under Ar atmosphere.
The solution was heated to 150°C and then 20 mmol of oleic
acid was added. The mixture was further heated to 200°C and
refluxed for 2 h. For comparison, micrometer-sized Co particles
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(Co MPs) were also synthesized without adding oleic acid under
the same process. The synthesized Co particles were centrifu-
gated, washed with ethanol, and dried under vacuum at 60 °C for
12h.

Coq1_x@Pty NPs (x=0.33, 0.43, 0.60, 0.68, and 0.82) were chem-
ically prepared through a reduction reaction method at room
temperature. H,PtClg (50 mM in isopropanol) was slowly dripped
to the Co NPs. The molar ratios of Co to H,PtClg were chosen at 14,
11,9, 7, and 5 in order to obtain catalysts with different Pt con-
tents. When the ratio of Co to H,PtClg was less than 2, pure Pt was
prepared. The reduction reaction can be described as Eq. (1):

(1+4x)Co +xPtClg2~ — 2xCo%t 4 Coq_x@Pty + 6xCl~ (1)

The Cog3,@Ptyeg micrometer-sized particles (Cog3@Ptges
MPs) with an average diameter of one micrometer were obtained
through the same method as above by using Co MPs. The
Coq_x@Pty/CNPs (x=0.60,0.68, and 0.82) (Co;_x@Pt,/C=43%) were
prepared using similar method described above except that a
certain amount of carbon black was added at 150°C before the
reduction reaction. When the ratio of Co to HyPtClg was 1/3, Pt/C
(Pt/C=43%)NPs were also prepared. The synthesized particles were
precipitated by centrifugation and washed with ethanol for several
times. Finally, the samples were dried under vacuum at 60 °C for
12h.

2.2. Catalyst characterization

The as-synthesized catalysts were characterized by powder X-
ray diffraction (XRD, Rigaku D/max-2500 X-ray generator, Cu Ko
radiation), transmission electron microscopy equipped with energy
dispersive X-ray spectroscopy microanalyzer (TEM and EDX, Philips
Tecnai F20, 200 kV), and inductively coupled plasma emission spec-
troscopy (ICP).

2.3. Hydrogen generation measurement

The catalytic activities of the synthesized catalysts for hydrogen
generation from the hydrolysis of AB solution were investigated at
2540.5°C and atmosphere. The volume (V{generated H2, mr)) Of the
generated H, was measured by the water displacement method at
2540.5°C[10]. AB solution and ~0.007 g catalysts were placed in a
sealed flask fitted with an outlet tube for collecting the evolved H,.
The catalysis reaction was conducted without stirring because the
Co or Coq_x@Pt, will stick to the magnetic stir. When the reaction
goes on, the catalysts would be dispersed by the H, stream gen-
erated through the catalytic reaction. The exhaust equipment was
placed under an inverted, water-filled gas burette and situated in
a water-filled vessel [11]. The process of AB hydrolysis can simply
be described as follows [3]:

NH3BH3 +2H,0 — NH4Jr +B0O,™ +3H, (2)

The hydrogen generation rates (r) are calculated by
r= V(generated H2, mL)/(T(time, min) X M(the amount of the catalyst, g)) from
the slops of the fitting lines that are obtained from the curves of
the generated hydrogen volume vs time at different temperatures
(25, 30, 35 and 40°C) and below the hydrogen volume of 60 mL.
Then, the rate constant (k) is determined by k = (P(the pressure, pa) X
T(the rate, mLmin~! g,l))/(8.314 X Tithe temperature, k))- Finally, from
the slop of the Arrhenius plot, the activation energy (E;) can be
decided.
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Fig. 1. XRD patterns of the catalysts: (a) Co MPs, (b) Cog32@Ptges MPs, (c) Co NPs,
(d) Cog32@Ptoes NPs, (e) Pt NPs, (f) Co/C NPs, (g) Cog32@Ptoes/C NPs, and (h) Pt/C
NPs (metal/C=43 wt%).

3. Results and discussion
3.1. Catalyst characterization

Fig. 1 shows the XRD patterns of the synthesized catalysts. Four
characteristic diffraction peaks in curves a, c and f can be indexed
as (100),(002),(101) and (110) crystal planes of hexagonal Co
(JCPDS No. 89-7094). The particles with deposited Pt in curves b,
d, e, g, and h display three new diffraction peaks corresponding
to (111),(200), and (220) crystal planes of face-centered cubic
Pt (JCPDS No. 87-647). The patterns of Co/C NPs, Cog3;@Ptygg/C
NPs, and Pt/C NPs (metal/C=43%) samples present a broad peak at
260 =25°, which can be indexed to the vulcan carbon. In the present
synthesis, the first step is the preparation of Co NPs by a surfactant-
mediated polyol reduction process using oleic acid as a capping
agent. The formation of the core-shell nanostructures is attained
in the second step through the in situ reduction reaction method
between Co NPs and PtClg2~ (Eq. (1)). The driving force originates
from the large standard redox potential difference between the
Co%*/Co (—0.280V vs standard hydrogen electrode (SHE)) and the
PtClg2~ /Pt (0.735V vs SHE) redox pairs.

The microstructures of the obtained products were investigated
by TEM analysis. It can be seen that the particles of Cog3;@Ptges
MPs are in spherical shape with diameter of about 1 wm (Fig. 2a).
Co NPs and Cog 3, @Ptggg NPs are uniformly distributed with sizes
about 2-4nm (Fig. 2c and e). For carbon supported samples, the
metal particles are well-dispersed on the carbon surface and no
obvious agglomeration can be observed (Fig. 2g). From HRTEM
images of an individual particle (Fig. 2b, d, f, and h), the clear lattice
fringes can be seen. Fig. 2f and h reveals that the core-shell struc-
tures consist of Co core for about 1 nm in diameter and the shell
of Pt for about 2 nm. The Co NPs are well distributed with an aver-
age diameter of about 2.5 nm while Cog 3,@Ptggg NPs possess the
average size of 3.0 nm as seen from the size distribution histograms
(Fig. 2i and j).

The compositions of the NPs were investigated by EDX and ICP
analysis. The EDX spectra (Fig. 2k and 1) of Cog3,@Ptggg NPs and
C0g 32@Ptggg/C NPs (Cog3,@Ptgeg/C=43%) catalysts confirm the
presence of Pt and Co, and the carbon signals in the EDX spectra
are attributed to the carbon support. The ratio of metal to carbon is
43 wt% according to the EDX test. The determined elemental ratios
tested by EDX are consistent with ICP results.

The EDX mapping of Cog32@Ptyeg MPs is shown in Fig. 2m-p
so as to determine the Co@Pt core-shell architecture. Fig. 2m is
the Ni map of the particles. The regions containing Ni are bright,
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Fig. 2. TEM images of (a) Cog32@Ptges MPs, (c) Co NPs, (e) Cog32@Ptoss NPs, (g) Cog32@Pt6s/C and the corresponding HRTEM images (b, d, f, h), size distributions for Co
NPs (i) and Cog32@Ptges NPs (j), EDX spectrum for Cog 32 @Ptg g NPs (k) and Cog 32 @Ptoes/C NPs (1), and EDX mapping images (m, n, o) and the line scanning analysis (p) for

C0¢32@Pto s MPs (metal/C=43 wt%).

while other regions are dark in such an image. Fig. 2n is the Pt
map, and the bright regions stand for the existence of Pt. The line
scanning analysis data (Fig. 20), marked by the white line in Fig. 2p,
present the distributions of Ptand Co elements in the single particle.
This analysis reveals that the intensity of Pt element is relatively
high on the surface and low in the core of the particle while the Co
element presents the reverse distribution. This character illustrates
that the architecture of the sample is Co core-Pt shell. Thus, for
Cog 32@Ptggg MPs, the shell (about 100 nm) is Pt and the core is
Co. The same testing was made on Cog 3, @Ptg gg NPs, however, the
NPs are too small to detect, and the loss energy of Pt is so vicious
that the regions containing Pt are vague to be identified. The size
histograms of Co NPs (Fig. 2i) and Cog3,@Ptggg NPs (Fig. 2j) show
that the particle sizes increase by about 0.5 nm after Pt formation,
which is in accordance with previous report that a Pt outer layer
would enlarge the core-shell structure by less than 0.55 nm [12]. It
is approved that on bulk Pt alloy surfaces, Pt can segregate in the

outermost layer to form a “Pt-skin structure” which means that Pt
isrichin the surface of Pt-Co alloy [13]. The formation of Co-Pt core
shell NPs is also understood from the surface segregation prediction
that Pt atoms are strongly enriched in the outermost of Pt (fcc)-M
(hcp) alloy particles with sizes of 2.5-5.0 nm [14].

3.2. Catalytic activities

The hydrogen generation rates of the catalytic hydrolysis of AB
are summarized in Table 1. The generated H, amount as a function
of time with a certain amount of catalysts (catalyst/AB =14 wt%) is
shown in Fig. 3. The Co NPs exhibit almost no catalytic activity dur-
ing the hydrolysis of AB, while the release of hydrogen is greatly
quickened in the presence of Co@Pt catalysts. The synthesized
Cog.32@Pty gg MPs show very low catalytic activities. However, the
catalytic activities are greatly improved when the particle sizes are
downsized into nanometer. The generation rates further increase
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Fig. 3. Hydrogen generation from AB (0.5 wt%, 10 mL) containing different catalysts (catalyst/AB=14wt%) at 25+ 0.5°C and atmosphere: (A) Co;_x@Pty, NPs (a) x=0, (b)
x=0.33,(c)x=0.43,(d) x=0.60, (e) x=0.68, (f) x=0.82, (g) x=1, and (h) Cog 32 @Pty s MPs. (B) Co;_x@Pt,/C NPs (metal/C=43 wt%) (a) C, (b) x=0.60, (c) x=0.68, (d) x=0.82, (e)

x=1.

Table 1

The hydrogen generation rates and the molar ratios of the generated hydrogen to
initial AB for different catalysts (metal/C =43 wt%) at 25 4+ 0.5 °C and room pressure.

Catalysts The slop of the fitting H, generation rate
line (mLmin~1) (mLmin~'g1)

Co NPs 2.591 370.1
C00_57@Ptg>33 NPs 7.630 1090
C00_57@Pt0,43 NPs 9.499 1357
C00.40@Ptg 60 NPs 16.67 2381
Co032@Ptoes NPs 32.63 4662
C00_18@Pt0_32 NPs 24.49 3499

Pt NPs 18.18 2597
C00.30@Ptg 79 MPs 6.364 909.1

C 0 0
C00A40@Pt0‘50/c NPs 19.71 2816
Cog.32@Ptg63/C NPs 34.12 4874
C00_13@Ptg>32/c NPs 25.56 3651

Pt/C NPs 19.47 2781

when the NPs are dispersed on carbon support. The hydrolytic rates
OfC00'32@Pt0.68 NPs and C00.32 @Pt(),(;g/C NPs (C00.32 @Pt(),(;g/C = 43%)
are 4662 and 4874mLmin~! g1, respectively, even better than
pure Ptand Pt/C (Pt/C=43%). These values are much larger than that
of Pt3Co (~1380mLmin~! g~ 1) reported by Yang and co-workers
[6].

The question needed to explain is why the core shell catalysts
show favorable catalysis. It should be clarified by the mechanism
of the hydrolysis reaction. As pointed out by Xu and Chandra, AB
interacts with the surface of the catalyst to form an activated com-
plex which dissociates upon attack of a water molecule to liberate
H, [15]. A plausible mechanism of H; release in our case is pre-
sented in Fig. 4. As shown in the scheme, the release of H, is due to
the attack of water on a transient M-H [16]. So the formation of the
transient is the prerequisite for the hydrolytic reaction. It is consid-
ered that Pt shows the best catalysis performance in AB hydrolysis,

+ He

‘CAT )

ASupport _#Support _#Support

Fig. 4. The schematic diagram of metal catalyst for hydrogen generation from
hydrolysis of AB.

and is the easiest to form the transient M-H [17]. The utilization
of Pt atom is the determinate factor in the reaction. The core-shell
catalysts should be one of the most effective architecture to use the
surface of Pt atom sufficiently. Therefore, Co@Pt NPs show higher
activity than that of Pt and other Pt-based bimetal catalysts.

It is noted that the activities of different catalysts vary with the
elemental composition. The hydrogen release rates first raise and
then fall with increasing Pt content, presenting a nearly normal
distribution trend (Fig. 5). Cog3,@Ptggg NPs and Cog 3, @Ptygg/C
NPs (Cog 32,@Ptggg/C=43%), which are the peaks of the curves in
Fig. 5, display the highest catalytic activity. The preliminary inter-
pretations of the catalytic activity correlated with the compositions
are as follows. For hydrolysis reaction, the release of H, is due to
the attack of water on a transient M-H [15]. It has been reported
that a volcano shape is found when the catalytic activity is plot-
ted as a function of the strength of M-H bond [18,19]. Strong M-H
bond does not mean favorable catalytic activity, but the suitable
strength of M-H bond is good for catalysts. The strong adsorp-
tion affinity makes the production of the hydrolysis hard to leave
and thus prevents the reaction. Pt belongs to the family of low
hydrogen overpotential, which has strong adsorption affinity for
hydrogen [6]. By introduction of Co into Pt, it is quite feasible to tune
electronic surface properties [20], leading the bond with hydrogen
weaker than that in pure Pt and then the increase of the catalytic
activity. The same phenomenon has been detected in Pt-Ni alloy
[6,21]. Our previous work has also demonstrated that the best per-
formance is achieved when the content of Pt is about 65% in Pt-Ni
alloy [21]. In this work, Cog 32@Ptg gg/C NPs (Cog 32 @Ptg gg/C=43%)
shows the best activity.

In order to get the activation energy (E;) of dehydrogena-
tion reaction for Cog3;@Ptggg/C NPs (Cog3,@Ptggg/C=43%), the

[4)]
(=]
(=]
o
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0.2 04 06 038
The Ratio of Pt/ Co (x)

0
0.0 1.0

Fig. 5. The effect of the Pt content in Co;_x@Pty and Co;_x@Pty/C NPs
(metal/C=43 wt%) on the hydrolytic rates at 254 0.5°C and atmosphere.
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Fig. 6. (a) Temperature effect on hydrogen generation rate using a certain amount of Cog3,@Ptges/C NPs (catalyst/AB=14wt%) (Cog32@Ptoes/C=43 wt%) in AB solution
(0.5wt%, 10 mL) at atmosphere and (b) the Arrhenius plots of In k vs the reciprocal absolute temperature 1/T.

Table 2

H, generation rates for the hydrolysis of AB catalyzed by Cog 3, @Pt(63/C NPs (metal/C =43 wt%) (7 mg) at room pressure.
T(°C) The slop of the fitting line (mLg~) r(mLg ' min-1) k (molmin~'g1) 1/T (1/K) Ink
25+ 0.5 30.62 4375 0.179 0.00335 -1.72
30 + 0.5 41.08 5869 0.232 0.00330 —1.46
35+ 0.5 52.66 7523 0.298 0.00325 -1.21
40 £ 0.5 71.89 1.027 x 104 0.399 0.00319 —-0.92

hydrolytic reactions at different temperatures were carried out.
The hydrogen generation rates and rate constant k at various
temperatures (T) are summarized in Table 2. Fig. 6a shows the
effect of temperature on the hydrogen generation rates of the
C0(.32@Pt63/C NPs (Cog.32@Ptggs/C=43%). The Arrhenius plot of
Ink vs 1/T for the catalyst is plotted in Fig. 6b. The slope of the
straight line in Fig. 6b gives apparent E, of 41.5k] mol~!. In com-
parison, E, are 21kJmol-! for Al,03 supported Pt [22], 70 and
62kJmol-! for Ni [23] and Co [15,24,25], respectively. While, E,
for Ptg g5Nig 35 and Nig ggPtg 12 are 39 k] mol~1 [21] and 30 k] mol~!
[26], respectively. It has been proved that higher catalytic activity
corresponds to smaller activation energy [27]. Therefore, E; val-
ues of the bimetallic catalysts are higher than that of the active
elements and lower than the ones of the less active elements.

4. Conclusion

Nanostructured Coq_y@Pty (x=0.33, 0.43, 0.60, 0.68, 0.82) and
Co1_x@Pty/C (x=0.60, 0.68, and 0.82) (Co;_x@Pty/C =43%) catalysts
with an average particle diameter of about 3 nm have been syn-
thesized by the surfactant-mediated polyol reduction process. The
as-prepared nanoparticles were investigated as the catalysts for
the hydrogen generation from AB hydrolysis. The results show
that Cog32@Ptgsg/C NPs (Cog 32@Ptgeg/C=43%) present the high-
est catalytic activities with rapid hydrolytic rate and high hydrogen
generation efficiency, even better than pure Pt/C. The reaction sys-
tem consisting of AB and Coq_,@Pt, or Co1_x@Pt,/C NPs may find
applications in the field of on-board hydrogen supply.
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