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Abstract—p-Aminophenol was synthesized by catalytic hydrogenation of p-nitrophenol on Ni nanoparticles prepared
by a chemical reduction method using polyamidoamine (PAMAM) dendrimers as templates. The as-prepared Ni nano-
particles were characterized by XRD, LRS, EDS, FTIR, FESEM, HRTEM and N, sorption analysis. Smaller-sized,
better-dispersed and more active Ni nanoparticles can be successfully achieved using PAMAM dendrimers as templates.
Analysis results show the as-prepared Ni nanoparticles are pure f.c.c. nickel. In hydrogenation reactions of p-nitro-
phenol, Ni nanoparticles show higher catalytic activity than that of Ni nanoparticles prepared in the absence of PAMAM
dendrimers. The weight ratio of PAMAM/N{* is proved to be an important parameter on the catalytic activity of Ni
nanoparticles and the optimal ratio is 15%. The reason proposed for higher catalytic activity of Ni nanoparticles is a
combination effect of smaller particle size, better dispersion and more active Ni nanoparticles.
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INTRODUCTION

p-Aminophenol (PAP) is an important intermediate for the manu-
facture of analgesic and antipyretic drugs such as paracetamol, aceta-
nilide, phenacetin, and so forth [1-4]. The direct catalytic hydroge-
nation of p-nitrophenol (PNP) is considered as an efficient and green
route for the synthesis of PAP [4]. Many catalysts including Raney
Ni [5], Ni nanoparticles [6-9], Pd/C [4] and Pd-B/TiO, [10] have
been reported in the synthesis of PAP. Among these catalysts, Ni
nanoparticles have received increasing attention as low-cost, high-
efficiency and high-selectivity hydrogenation catalysts [5,6]. How-
ever, more active surface atoms and smaller size of Ni nanoparti-
cles often bring aggregation and oxidation, which will lead to the
decrease in catalytic activity and selectivity.

To avoid aggregation and oxidation of the Ni nanoparticles, vari-
ous stabilizing methods have been developed and many organic
solvents and modifiers such as ethanol [11], tetrahydrofuran [12],
hexadecylamine [13] and thylene glycol [14] have been used. Unfor-
tunately, the strong absorption of these stabilizers on the active sites
of the Ni nanoparticles often results in the loss of catalytic activity
and selectivity. Recently, Wang et al. [15] reported the effect of organic
modifiers on the structure and catalytic activity of Ni nanoparticles
in the liquid hydrogenation of p-nitrophenol. Although the phase-
pure metallic Ni can be successfully achieved, the aggregation of
Ni nanoparticles is still severe and the catalytic activity needs to be
further improved.

Polyamidoamine (PAMAM) dendrimers are perfect candidates
for their relatively well-defined shape, narrow molecular weight dis-
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tribution and high density of amino groups at their periphery. It is
well-known for various applications ranging from forming drug
delivery systems [16,17], to forming nanoparticle templates [18-21],
to forming adhesion materials for high quality metal film forma-
tion [22,23]. By utilizing the PAMAM dendrimers as templates, it
is favorable to obtain well-dispersed and anti-oxidized Ni nanopar-
ticles. Crooks and co-workers [24] have reported the synthesis of
sixth-generation PAMAM dendrimers stabilized Ni nanoparticles.
However, to the best of our knowledge, these PAMAM dendrim-
ers stabilized Ni nanoparticles have not yet been used in the hy-
drogenation of p-nitrophenol to p-aminophenol.

Herein, we report the preparation of Ni nanoparticles using amine-
terminated 2-generation PAMAM dendrimers as templates by a chem-
ical reduction method. The structures of the as-prepared Ni nano-
particles were characterized by XRD, LRS, FTIR, EDS, FESEM
HRTEM and N, sorption analysis. PAP was synthesized by cata-
lytic hydrogenation of p-nitrophenol on Ni nanoparticles. The results
show that well-dispersed and anti-oxidized Ni nanoparticles were
achieved. The as-prepared Ni nanoparticles exhibit higher catalytic
activity compare to the Ni nanoparticles prepared in the absence of
PAMAM dendrimers.

EXPERIMENTAL

1. Catalyst Preparation

NiSO,6H,0 and N,H,-H,O were purchased from Aldrich. All
reagents were used without further purification.

Amine-terminated generation 2 PAMAM dendrimers were syn-
thesized and purified according to the literature procedures [25].

The preparation method of Ninanoparticles using PAMAM den-
drimers as templates is as follows. A solution of nickel ion was first
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prepared by dissolving NiSO,-6H,0 (0.25 mol/L, 50 ml) with dis-
tilled water in the dissolving tank equipped with a temperature-con-
trol system and an agitator. Then PAMAM dendrimers (0.01 g/ml,
4.9 ml) were added and agitated for 0.5 h at 80 °C. N,H,-H,0O (0.1 M,
15 ml) in NaOH (0.1 M) solution was then added. The reaction mix-
ture was stirred until no significant bubbles were observed. Then
the resulting suspension was washed thoroughly with distilled water
and subsequently with 99.9% alcohol (EtOH). The as-prepared Ni
nanoparticles were marked with Ni (A).

For comparison, pure Ni nanoparticles were also prepared accord-
ing to above method without addition of PAMAM and the as-pre-
pared Ni nanoparticles were marked with Ni (B).

2. Catalyst Characterization

X-ray diffraction (XRD) was performed on a Bruker D8 Advance
instrument using Cu Ke radiation (4=0.154178 nm) from 20° to
80° (in 26) with the scanning rate of 3°/min. Field-emission scan-
ning electron micrography (FESEM) and energy dispersive spec-
troscopy (EDS) were obtained on a LEO 1530 VP scanning elec-
tron microscope. Fourier transform infrared spectra (FTIR) were
obtained using a Shimadzu FTIR-8400s spectrometer equipped with
a Specac Silver Gate (ZnSe crystal) single reflection attenuated total
reflectance (ATR) system. Spectra were recorded from 450 to 4,000
cm™ using a resolution of 4 cm™ and 150 scans. Laser Raman spec-
troscopy (LRS) was run on a Labram HR800 Raman Microscope.
High resolution transmission electron microscope (HRTEM) images
and the corresponding selected-area electron diffraction (SAED) were
taken on a JTOL TEM-2100 electron microscope. The Brunauer-
Emmett-Teller (BET) surface areas were measured on a Bechman
Coulter SA3100 Plus instrument using N, adsorption at —196 °C.
3. Catalytic Hydrogenation of PNP

A simplified schematic diagram of hydrogenation of p-nitrophe-
nol is shown in Scheme 1.

The catalytic hydrogenation of p-nitrophenol to p-aminophenol
was performed in a 300 ml stainless steel autoclave with electro-
magnetic stirrer and temperature control unit. The operation condi-

NH,
Cat.
+ 3H, —— + 2H,0
OH

Scheme 1. Catalytic hydrogenation of p-nitrophenol to p-aminophe-
nol.

NO,

OH

Table 1. The operation conditions of catalytic hydrogenation of
p-nitrophenol

Operation conditions

Reaction temperature (K) 383
Operating pressure (Bar) 16.5
Volume of ethanol (ml) 143
Volume of water (ml) 20
Amount of p-nitrophenol (g) 14
Amount of catalyst (g) 0.3
Stirring rate (rpm) 250
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tions of catalytic p-nitrophenol reduction are listed in Table 1. The
reactor was heated to a desired temperature under slow stirring (100
pm). After the temperature equilibrated at the set point, hydrogen gas
was introduced to a set pressure and the system was stirred vigorously
(300 rpm). At the end of the reaction, the reactor was cooled to the
ambient temperature and samples were taken from the reaction sys-
tem. The solid catalysts were immediately separated from the aque-
ous phase by centrifugation and the remaining top solution was ana-
lyzed by an HPLC (Agilent 1100 Series, USA) equipped with a
diode array detector (DAD) and an auto-sampler.

In this paper, the catalytic activity of Ni nanoparticles is expressed
by reaction rate defined as the amount of hydrogen consumed per
minute and per gram of catalysts.

RESULTS AND DISCUSSION
1. Catalyst Characterization

Fig. 1 shows the XRD patterns of Ni (A) and Ni (B), respec-
tively. The reflection peaks at 44.58°, 51.88° and 76.48° are assigned
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Fig. 1. XRD patterns of (a) Ni (A) and (b) Ni (B).
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Fig. 2. LRS of samples (a) Ni (A); (b) Ni (B); (¢) Ni (A) stored for
1 year; (d) Ni (B) stored for 1 year.
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to the (1 1 1), (2 0 0) and (2 2 0) crystal planes of Ni metal. They
are well-consistent with the JCPDS file (No.04-0850), indicating the
formation of Ni metal. No diffraction peaks of NiO and Ni(OH),
are detected, which may be caused by low concentration. Com-
pared with the reflection peak of Ni (B), the broadening diffraction
peak of Ni (A) at 44.58° indicates the presence of relatively smaller
particles. The crystalline sizes of nickel crystallite are estimated to be
5 nm for Ni (A) and 8 nm for Ni (B) according to scherrer equation.
It is clear that the crystalline size of Ni (A) is smaller than that of
Ni (B).

To further confirm the composition and oxidation degree of Ni (A)
and Ni (B), LRS is used and the results are shown in Fig. 2. The
band at 500 cm™ is assigned to the LRS spectrum of NiO [26], which
indicates that some Ni nanoparticles are oxidized in both Ni (A)
and Ni (B). The peak intensity of NiO in Ni (A) at 500 cm™ is ob-
viously lower than that in Ni (B), which shows that less Ni nano-
particles are oxidized in Ni (A). EDS also show the same results.
The NiO concentration is below the detection limit of XRD, so NiO
cannot be detected by XRD. From Fig. 2(c) and Fig. 2(d), it can be
seen that the oxidation degree of Ni (B) is still stronger than that of
Ni (A) after one year stored. These results mean that the PAMAM
dendrimers play an important role to prevent Ni nanoparticles from
oxidation in air.

To investigate the action of PAMAM dendrimers, the FTIR of
Ni (A) and Ni (B) were measured. Fig. 3 shows the FTIR spectra of
Ni (A) and Ni (B) after the baseline calibration (with thermo nicolet
FTIR software omnic 5.0). The inset gives the original FTIR spectra
of Ni (A) and Ni (B). As shown in the inset, nearly no difference
of FTIR spectrum of Ni (A) and Ni (B) can be observed. This may be
caused by the low concentration of PAMAM dendrimers in Ni (A),
which is below the detection limit of FTIR. However, the FTIR spec-
tra of Ni (A) and Ni (B) after the baseline calibration are obviously
different. For Ni (A), the two absorption bands appearing at 2,923 and
2,852 cm™ result from the C-H asymmetric and symmetric stretch-
ing vibration, while the peak at 1,390 cm™" corresponds to the C-H
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Fig. 3. FTIR spectra of (a) Ni (A) and (b) Ni (B) after the baseline
calibration. The inset gives the original FTIR spectra of (c)
Ni (A) and (d) Ni (B).
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Fig. 4. FESEM images of (a) Ni (A) and (b) Ni (B).

deformation in the methylene (-CH,) groups. The result shows that
there are still minimum PAMAM dendrimers on the surface of Ni
nanoparticles. The coating of PAMAM dendrimers on the surface
of Ni (A) prevents the oxidation of Ni nanoparticles in air.

The size, shape and dispersion of Ni (A) and Ni (B) can be char-
acterized with FESEM and HRSEM. The typical FESEM images
are shown in Fig. 4. It is clear that the Ni (A) is spherical with the
size of 20 nm or so. The dispersion of two kinds of Ni nanoparti-
cles is distinctly different. Compared to Ni (B), Ni (A) exhibits better
dispersion and the single Ni nanoparticles can be seen clearly. The
HRTEM image (Fig. 5(a)) also shows the better dispersion of Ni (A).
The lattice fringes of the Ni (A) shown in Fig. 5(b) are examined to
be 0.202 and 0.179 nm, corresponding to the (111) and (200) lattice
spacing of the fcc nickel, respectively. The SAED patterns (inset in
Fig. 5(a)) show that the primary nickel nanoparticles have poly-
crystalline structures.

The above results show smaller-sized, better-dispersed and more
active Ni nanoparticles can be successfully achieved using amine-
terminated generation 2 PAMAM dendrimers as templates. This
may be attributed to the action of PAMAM dendrimers. It is reported

Korean J. Chem. Eng.(Vol. 28, No. 3)
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Fig. 5. Low- and high-resolution HRTEM images of the Ni(A). The inset shows the corresponding SAED patterns, and the diffraction
rings are assigned to (111), (200), (220), and (311) reflections of fcc nickel metal.

PAMAM dendrimers can provide a unique microenvironment, mak-
ing them interesting candidates for host-guest chemistry [27]. In
our research, PAMAM dendrimers have been used as nanoscale
templates in the synthesis and stabilization of Ni nanoparticles. First,
metal nickel ions pass through the gap of PAMAM macromolecules
and enter into inner of the PAMAM macromolecules in the aque-
ous solution. Then, the dendrimer macromolecules that have numer-
ous reactive functional groups as hosts to complex with metal nickel
ions. At last, the metal nickel ions immobilized by the PAMAM
dendrimers are reduced by the N,H,* H,O to form Ni nanoparticles.
The adsorption and complexation of PAMAM dendrimers prevent
the growth and aggregation of Ni nucleus, which is in favor of the
formation of smaller-sized and better-dispersed Ni nanoparticles.
The existence of minim PAMAM dendrimers on the surface of Ni
nanoparticles can prevent the oxidation of Ni nanoparticles in air.
2. Catalytic Activity

The catalytic properties of the Ni nanoparticles were investigated
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Fig. 6. Reaction rate of p-nitrophenol hydrogenation with (a) Ni
(A) and (b) Ni (B).
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in the hydrogenation of p-nitrophenol to p-aminophenol. The results
are illustrated in Fig. 6. For Ni (B), the hydrogenation rate first in-
creases with time and then stabilizes with respect to the p-nitrophe-
nol hydrogenation. The first stage corresponds to the activation of
Ni nanoparticles because of the existence of NiO. Therefore, dur-
ing the hydrogenation, these NiO are first reduced by hydrogen to
nickel, resulting in increasing the effective amount of nickel and the
catalytic activity. The second stage is related to the concentration
of p-nitrophenol, namely, that the hydrogenation rate is not affected
by p-nitrophenol concentration except at lower concentrations [5].
It is interesting that the activation stage doesn’t nearly exist for Ni
(A), which may be caused by the less NiO amount. The hydroge-
nation rate of Ni (A) is clearly higher than that of Ni (B) at similar
reaction conditions, which shows that Ni (A) exhibits better cata-
lytic activity than that of Ni (B). From the foregoing results of catalyst
characterization, we suggest that the reason for higher catalytic activ-
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Fig. 7. Effect of weight ratio of PAMAM to Ni on the catalytic ac-
tivity of Ni (A).
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Table 2. The BET results of different catalysts

Weight ratio of PAMAM to Ni BET (m’g™)

0% 16.50

0.5% 17.26

1% 17.88

2% 18.25

5% 18.85

10% 19.53

15% 19.72

ity of Ni (A) is a combination effect of the smaller size, more active
Ni and better dispersion. At the same time, the product of hydroge-
nation reaction was analyzed by HPLC. p-Aminophenol is found
to be the only product for Ni (A) and Ni (B), implying that the se-
lectivity is almost 100%.

In addition, the effect of the weight ratio of PAMAM to Ni on
catalytic activity of Ni (A) was also investigated and the results are
shown in Fig. 7 (the catalytic activity is expressed as the reaction
rate at 20 min). It is seen that the activity of Ni (A) catalyst changes
with the increase of the weight ratio of PAMAM to Ni at three dif-
ferent stages. The activity increases sharply with the increase of the
weight ratio of PAMAM to Ni from 0.5 wt% to 2 wt% and increases
slowly with the increase of the weight ratio of PAMAM to Ni from
2 wt% to 15 wt%. The activity remains nearly constant with fur-
ther increase of Ni loading from 15 wt% to 20 wt%.

The complexation of PAMAM with metal ions plays an impor-
tant role in the dendrimer stabilized nanoparticles. The results of
BET surface areas of different catalysts are listed in Table 2. It can
be seen that BET surface area of different catalysts increases with
the increase of the weight ratio of PAMAM to Ni, which shows that
the PAMAM dendrimers can improve the dispersion of the Ni nano-
particles. Higher PAMAM dendrimer concentration increases the abil-
ity to complex with metal nickel ions and to stabilize nanoparticles
synchronously. When the complexation reaches saturation condi-
tion, further increasing the PAMAM concentration has no observ-
able effect on the stability of the Ni nanoparticles.

CONCLUSIONS

We have demonstrated the formation of Ni nanoparticles by the
liquid phase chemical reduction method. Smaller-sized and better-
dispersed Ni nanoparticles can be successfully achieved using amine-
terminated generation 2 PAMAM dendrimers, which are ideal tem-
plates to synthesize and stabilize Ni nanoparticles. More importantly,
the PAMAM can prevent Ni nanoparticles from oxidation and, there-
fore, achieve more active Ni. In the liquid phase hydrogenation p-
nitrophenol, the as-prepared Ni nanoparticles show higher catalytic
activity than that of Ni nanoparticles prepared in the absence of the
PAMAM dendrimers, which is attributed a combination effect of
the smaller size, more active Ni and better dispersion. When the
weigh ratio of PAMAM to Ni** is 15%, the Ni nanoparticles exhibit
the best catalytic activity. The above results hint that other higher
generation amine-terminated PAMAM dendrimers can be applied
for the formation of Ni nanoparticles for catalyst applications. Fur-
ther work along this line is being pursued.
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