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A series of metal modified nanoscale Ni-B amorphous alloys was prepared by chemical reduction
and tested in the selective hydrogenation of cinnamic acid. A Co modified Ni-B amorphous alloy
(Ni—-Co-B) exhibited excellent catalytic performance in this reaction with both 100.0% conversion of
cinnamic acid and 100.0% selectivity for hydrocinnamic acid under the optimized reaction conditions.
X-ray diffraction (XRD) results indicated that the addition of Co had not changed the amorphous
structure of Ni—B; whereas, its addition was believed not only to favor decreased agglomeration of
the active Ni species, as proven by transmission electron microscopy (TEM), but also to contribute
to adsorption of hydrogen itself. Thus, Ni-Co—B showed a larger BET surface area, smaller particle
size, and greater number of active species resulting in optimum H,-chemisorption compared to Ni-B
and accounting for its excellent catalytic performance in cinnamic acid hydrogenation.
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1. INTRODUCTION

Nanoscale materials have attracted considerable interest
over recent decades due to their unique electrical, opti-
cal and catalytic properties.! In particular, nanoscale amor-
phous alloys have been widely used in the field of catalysis
and hydrogen storage materials, because of their combi-
nation of the attributes of nano materials and amorphous
alloys, i.e., short-range order, long-range disorder, and high
dispersion.”* Recently, nanoscale Ni-B amorphous alloys
have been applied in a series of catalytic hydrogenations,>”
but the undoped Ni-B amorphous alloys usually showed
poor activities. Consequently, various methods, such as
addition of metals,!* polymers,'> 16 as well as the appli-
cation of ultrasound,'”"! have been investigated to control
the particle size in order to improve the activity of the
Ni-B amorphous alloy. Among them, addition of metals
has attracted the most interest due to its efficiency. For
instance, Ni-Fe-B and Ni—-Ce-B amorphous alloy cata-
lysts prepared by Li et al.®° have shown excellent activity
in the selective hydrogenation of furfural to furfuryl alco-
hol. Chen et al.!® have reported that W, Mo, and Ru doped
Ni-B amorphous alloys were effective for the catalytic

*Author to whom correspondence should be addressed.
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hydrogenation of p-chloronitrobenzene to p-chloroaniline,
improving activity and stability of the catalyst. Recently,
we have found that the incorporation of La into a Ni-B
amorphous alloy can introduce more active centers, higher
H,-chemisorption and smaller particle sizes, accounting
for the higher activity of Ni-La-B in the selective hydro-
genation of benzophenone.'!

Hydrocinnamic acid, also known as 3-phenylpropionic
acid, has attracted much attention as an important phar-
maceutical raw material and intermediate.’ Catalytic
hydrogenation of cinnamic acid is the most effec-
tive method to obtain hydrocinnamic acid. Pd-based
noble metal catalysts, including Pd/PS (polystyrene),?!
Fe;0,@Pd,” [Pd(NHC)(PCy;)],” PA/MCM-48,** Pd/Mg-
La mixed oxide,” and SiliaCat Pd®%® have been widely
applied in the hydrogenation of cinnamic acid and all
exhibited high activities. Unfortunately, the high price of
noble metal catalysts has limited their further application
in industry.?” Recently, Rao et al.”® have reported the syn-
thesis of hydrocinnamic acid from the hydrogenation of
cinnamic acid over a NaBH,-Raney Ni catalyst with an
89.0% yield; whereas, the potential environmental pollu-
tion, mainly from waste alkali solution in the Raney Ni
preparation, has become increasingly problematic in indus-
trial applications. Therefore, there remains a need to find a
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suitable catalyst, having low cost, low environmental pol-
lution, and high activity, for the selective hydrogenation of
cinnamic acid to hydrocinnamic acid.

To the best of our knowledge, no work on the hydro-
genation of cinnamic acid over amorphous alloy catalysts
has been reported; so, we report herein our recent research
into the hydrogenation of cinnamic acid over nanoscale
amorphous alloys. A series of metal modified nanoscale
Ni—B amorphous alloy catalysts was prepared and tested
in this reaction. A Co modified Ni-B amorphous alloy
(Ni—-Co-B) exhibited the highest activity among the cata-
lysts studied. Furthermore, the promoting effect of Co on
the catalytic activity of Ni-B was studied.

2. EXPERIMENTAL DETAILS
2.1. Catalyst Preparation

The Ni-B amorphous alloy catalyst was prepared by
chemical reduction, as shown in Scheme 1. In a typical
run, 1 mol/L aqueous KBH, containing 0.2 mol/LL NaOH
(25 mL) was added dropwise to 10 mL of 0.5 mol/L aque-
ous NiCl, - 6H,O with vigorous stirring and cooling in an
ice bath to furnish a black precipitate. Distilled water was
then used to wash the resulting black precipitate repeatedly
until the washings were pH 7. The catalyst was further
washed with absolute ethanol three times to replace resid-
ual water and then stored under absolute ethanol. When
CoCl, - 6H,0 or X(NO;),-nH,0 (X = La, Ce, Zr, molar
ratio Ni:X = 10:1, n =5 or 6) was also added to the

KBH, NaOH

Dropwise addition
With vigorous stirring
Cooling in an ice bath

T
I
v

*  Chemical reduction
\4

1. Washing with distilled
water to pH =7

2. Washing with absolute
ethanol 3 times

Scheme 1. Flowchart showing the preparation of Ni-B amorphous
alloy catalysts.
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Scheme 2. Hydrogenation of cinnamic acid.

aqueous nickel chloride during the preparation, the cata-
lysts so obtained are denoted as Ni-X—B.

2.2. Catalyst Characterization

Bulk compositions of the amorphous alloy catalysts were
measured by inductively coupled plasma analysis (ICP)
using a Varian Vista-MPX spectrometer. BET surface area
and pore volume were tested on a Micromeritics Tris-
tar IT 3020 surface area and pore analyzer. X-ray diffrac-
tion patterns (XRD) were recorded with a Bruker D8
diffractometer using Cu Ko radiation. Scanning electron
microscopy (SEM) was performed on a JEOL JSM-7500
electron microscope. Transmission electron microscopy
(TEM) images were obtained with a FEI Tecnai G2 micro-
scope. H,-chemisorption and temperature programmed
desorption of H, (H,-TPD) were performed on a TP-5000
instrument supplied by Xianquan Ltd.

2.3. Catalyst Activity Test

Cinnamic acid hydrogenation (Scheme 2) was carried out
in a 100 mL stainless steel autoclave equipped with a
mechanical stirrer and electric heating system. Cinnamic
acid (3.0 g), catalyst (0.05 g) and H,0O (60 mL) were
briefly mixed in the autoclave and then the reactor was
filled with H, three times followed by evacuation to
exclude residual air. The autoclave was then pressurized
with H, to 2 MPa, and heated to 100 °C. On reaching
100 °C, hydrogenation was started by stirring the reaction
mixture vigorously and allowed to proceed for 1 h. Reac-
tion mixtures were analyzed by gas chromatography using
a 30 m SE-30 capillary column and the product structures
were confirmed using gas chromatography-mass spectrom-
etry (GC-MS) on an Agilent 5975C spectrometer.

3. RESULTS AND DISCUSSION
3.1. Catalyst Characterization

The bulk compositions, BET surface areas, particle sizes,
and H,-chemisorption of Ni-B and Ni—Co-B amorphous
alloy catalysts were measured, and selected results are
listed in Table I. From the ICP analysis, it was found that B
content increased with the addition of Co, probably due to
the additional reduction of Co’* by BH; . The BET surface
area and pore volume of the catalyst markedly increased
with the addition of Co; whereas, the mean particle size
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Table I. Selected physicochemical properties of the Ni-B amorphous alloys.

Catalyst Composition (atomic ratio)* Surface area (m*/g) Pore volume (cm?/g) Particle size (nm)® H,-chemisorption (cm?*/g)
Ni-B Ni, 40Bo s 21.3 0.046 10.7 0.14
Ni-Co-B Ni, 40C0g 5B 52 283 0.062 7.3 0.22

Notes: “Based on ICP results; *Based on TEM results.
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Fig. 1. XRD patterns of the amorphous alloy catalysts. (a) Ni-B,
(b) Ni-Co-B. The inset is the SAED image of the Ni-Co-B.

decreased from 10.7 to 7.3 nm at the same time. The H,-
chemisorption value of Ni—Co-B is higher than that of
Ni-B, demonstrating that Ni-Co—B possesses more active
species.

XRD patterns of Ni-B and Ni—-Co-B are shown in
Figure 1. A broad peak at around 26 = 45° was observed
for both catalysts indicative of a typical amorphous
structure,? which can also be confirmed by a succes-
sive diffraction halo in an attached SAED image (Fig. 1
inset).*® It indicated that the addition of Co had not
changed the amorphous structure of Ni-B.

Figure 2 shows SEM images of Ni-B and Ni—Co-B.
This reveals that the two amorphous alloy catalysts
both presented an approximately spherical morphology,

i
100nm 10/12/2012
10.0kV WD 7.3mm

consistent with other reported Ni-based amorphous alloy
catalysts.>! Some agglomeration was observed on the sur-
face of Ni—B, but this phenomenon was inhibited by the
addition of Co, accounting for the smaller particle sizes
and larger surface area in this preparation.

The morphologies and size distribution of the amor-
phous catalysts were recorded by TEM (Fig. 3). As
can be seen, the particles in the two catalysts are both
approximately spherical, in accordance with the SEM
results above. There was apparent agglomeration in Ni-B;
whereas, this phenomenon was effectively inhibited in Ni—
Co-B. Furthermore, the particle distribution also decreased
from 6.7-17.9 to 5.0-9.6 nm on the addition of Co. Thus,
Ni—Co-B was proven to possess smaller, more uniform,
and better dispersed active particles compared to Ni-B.

Figure 4 exhibits the H,-TPD profiles of the two sam-
ples. Ni-B shows two obvious peaks at about 250 and
360 °C, respectively, indicating the presence of two dif-
ferent adsorbing sites. In contrast, Ni-Co-B presents only
one strong peak at around 330 °C. Thus, it can be con-
cluded that the active Ni species of the catalyst has a
trend to become uniform on the addition of Co, as also
reported by Xie et al.*? Furthermore, it is apparent that
the hydrogen desorption peak of Ni—-Co-B is much larger
than that of Ni-B, in agreement with the H,-chemisorption
results, indicating that the added Co might not only favor
the dispersion of the active Ni species but also contribute
to adsorption of hydrogen itself.

3.2. Catalyst Selection and Optimization

A series of metal modified amorphous alloy catalysts was
prepared and investigated in the hydrogenation of cinnamic
acid, and the results are listed in Table II. Surprisingly,

~
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Fig. 2. SEM images of the amorphous alloy catalysts. (a) Ni-B, (b) Ni-Co-B.
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Fig. 3. TEM images and particle size distributions of the amorphous alloy catalysts. (a) Ni-B, (b) Ni-Co-B.

all the amorphous alloy catalysts showed 100.0% selec-
tivity for hydrocinnamic acid. Furthermore, the conver-
sion of cinnamic acid increased from 50.7% to 69.3%
with the addition of Co; whereas it unexpectedly decreased
with other metal modified amorphous alloys compared to
Ni—B. We speculated that the coverage effect of these
metal additives should play a more significant role than
their dispersion effect on the active Ni centers of the Ni-B
amorphous alloy in this reaction. In contrast, in the case
of Ni—-Co-B, the added Co was believed not only to dis-
perse the active Ni species of the Ni-B amorphous alloy,
but also to take part in the hydrogenation process itself.
Thus, the Co-B amorphous alloy was also tested in cin-
namic acid hydrogenation for comparison and gave 46.2%
cinnamic acid conversion, similar to that of the undoped
Ni-B, but markedly lowered than that of Ni-Co-B. Thus,
there must be certain positive synergistic effects between
Ni and Co, as indicated by the H,-chemisorption and H,-
TPD results, accounting for the higher activity of Ni—-Co-—
B, as also reported by Lekgoathi et al. in the hydrogenation
of unsaturated fatty acid methyl esters obtained from avo-
cado oil.** Consequently, Ni-Co-B was chosen as the best
catalyst for cinnamic acid hydrogenation.

J. Nanosci. Nanotechnol. 13, 5012-5016, 2013

Initially, the effect of hydrogen pressure was investi-
gated to achieve a better conversion of cinnamic acid
over the Ni-Co-B catalyst. It was apparent that the con-
version of cinnamic acid increased remarkably with the
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Fig. 4. H,-TPD spectra of the amorphous alloy catalysts. (a) Ni-B,
(b) Ni—Co-B.
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Table II. Hydrogenation of cinnamic acid over the Ni-B and Ni-Co-B
catalysts.”

Conversion of Selectivity for

Catalyst cinnamic acid (%) hydrocinnamic acid (%)
Ni-B 50.7 100.0
Ni-La-B 322 100.0
Ni-Ce-B 29.9 100.0
Ni-Zr-B 50.0 100.0
Ni—Co-B 69.3 100.0
Co-B 46.2 100.0

Notes: “Reaction conditions: 3.0 g cinnamic acid, 0.05 g catalyst, 60 mL H,O,
temperature at 100 °C, initial P(H,) = 2 MPa, and reaction time 1 h.

increase of hydrogen pressure. A 91.0% conversion could
be achieved with a hydrogen pressure of 3 MPa and com-
plete conversion could be achieved at a hydrogen pressure
of 5 MPa. Considering safety issues and the feasibility of
further applications, 3 MPa was selected as the appropriate
reaction pressure. Subsequently, the effect of reaction tem-
perature on the conversion of cinnamic acid was examined.
The conversion of cinnamic acid increased from 91.0%
to 100.0%, when the reaction temperature was increased
from 100 to 120 °C and so 120 °C was chosen as the opti-
mum reaction temperature. Thus, the conversion of cin-
namic acid and the selectivity for hydrocinnamic acid were
both 100.0% over Ni—-Co-B under the optimized reaction
conditions, superior to that of Ni-B (85.9%) under the
same conditions, and the same as the results of Pd-based
catalysts.?!»>*

4. CONCLUSIONS

In conclusion, a series of metal modified nanoscale Ni-B
amorphous alloy catalysts was prepared by chemical
reduction and investigated in the selective hydrogenation
of cinnamic acid. Ni-Co-B showed the best catalytic
performance with both 100.0% conversion and selectiv-
ity for hydrocinnamic acid. The addition of Co was
believed not only to favor decreased agglomeration of the
active Ni species but also to contribute to adsorption of
hydrogen itself, resulting in the Ni-Co-B having smaller
particle size, larger BET area, higher H,-chemisorption,
and greater number of active species, accounting for its
excellent catalytic performance. Due to its good activ-
ity, environmentally friendly nature and low cost, the cat-
alytic system involving of Ni—-Co-B is a potential catalyst
of choice to produce hydrocinnamic acid in large-scale
processes.
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