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a b s t r a c t
Co(OH)2 coated platinum nanoparticles Pt/Co(OH)2 were prepared by microwave assistance and hydrothermal method, and the prepared samples were composed of Pt nanoparticles with an average size of
1.8 nm coated uniformly in the thin Co(OH)2 leaves based on the results of X-ray diffraction, transmission
electron microscopy, scanning electron microscopy and X-ray photoelectron spectroscopy. The Pt/
Co(OH)2 presented excellent catalytic performance in the chemoselective hydrogenation of halonitrobenzenes such as chloronitrobenzenes, bromonitrobenzene and iodonitrobenzene, and above 99.6%
selectivity to haloanilines was achieved at complete conversion irrespective of the substrates used, even
for iodonitrobenzene to which the dehalogenation is more easily to occur. Co(OH)2 was conﬁrmed to prohibit the dehalogenation effectively, and the Pt/Co(OH)2 catalyst could be recycled for several times.
Ó 2012 Elsevier Inc. All rights reserved.

1. Introduction
Haloanilines (HANs) are important industrial intermediates in the
synthesis of organic dyes, perfumes, herbicides, pesticides, preservatives, plant growth regulators, medicines and light sensitive or nonlinear optical materials [1,2], and these organic amines are mainly
produced from the selective hydrogenation of the corresponding
halonitrobenzenes (HNBs) (Scheme 1). Recently, some progresses
have been achieved through designing the effective catalysts to prevent the dechlorination in the hydrogenation of chloronitrobenzenes
(CNBs), and high selectivities to chloroanilines (CANs) were obtained
in a success [3–18], whereas the studies on the hydrogenation of bromo- or iodo-nitrobenzenes (BNBs, INBs) are very limited up to now
[19–21], since it is well known that the Br–C and I–C bonds are more
susceptible to hydrogenolysis due to the weaker bonding energy
compared with Cl–C bond, deriving from the larger atomic diameter
and lower electronegativity of bromine and iodine. More recently, a
partially reduced Pt/c-Fe2O3 nanocomposite was reported to be effective in catalyzing the hydrogenation of BNBs and INBs; at the complete conversions, the selectivities to BANs and IANs reached 99.9%
and 99.4%, respectively [19,20]. Moreover, a selectivity of 99.5% to
p-IAN at 99.5% conversion of p-INB was obtained over 0.2% Pt/TiO2
catalyst [21]. It was also reported that n-octylamine could act as
inhibitor to the hydrogenolysis of carbon–halogen bond during the
hydrogenation of halonitrobenzene [22]. However, to improve the
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selectivity of HANs is still a hot topic because the hydrogenolysis of
carbon–halogen bond usually occurs easily and it can be accelerated
by amino substitution in the aromatic rings [23].
Metal nanoparticles are usually highly active and selective
catalysts. Pt, Rh, Ru, Pd and PtRu nanoparticles were successfully
prepared, and the particle size could be well controlled via a polyol
process in ethylene glycol containing NaOH [24–26]. However,
during the chemical reaction, the naked nanoparticles are easy to
aggregate, resulting in a decrease in the catalytic activity and selectivity. To solve this problem, metal nanoparticles were immobilized
onto the supports such as carbon, metal oxides, molecular sieves
and polymers. In this work, platinum nanoparticles were prepared
by reducing H2PtCl6 with ethylene glycol under microwave irradiation, and then these formed Pt nanoparticles were coated with
Co(OH)2 by hydrothermal method. The formed Pt/Co(OH)2 samples
were well characterized by X-ray diffraction (XRD), transmission
electron microscopy (TEM), scanning electron microscopy (SEM)
and X-ray photoelectron spectroscopy (XPS). The catalytic performance of Pt/Co(OH)2 was studied for the hydrogenation of CNBs,
p-BNB and m-INB, and it presented high selectivities to HANs due
to the dehalogenation of HANs was fully inhibited, in which the
function of Co(OH)2 has been discussed in detail.
2. Materials and methods
2.1. Materials
H2PtCl66H2O and 5-wt.% Pt/C catalyst were purchased from
WAKO and used as received. NaOH, CoCl26H2O, ethylene glycol,

H. Cheng et al. / Journal of Colloid and Interface Science 377 (2012) 322–327

323

2.5. Synthesis of 1% Pt/C catalyst
The platinum nanoparticles prepared in ethylene glycol (6.5 ml)
were mixed with 2.4 g carbon black (XC-72R, 254 m2/g), and additional 93.5 ml ethylene glycol was added. The obtained mixture
was stirred at room temperature for 48 h and then ﬁltered and
washed with deionized water and ethanol, respectively, and lastly
dried in vacuum at 40 °C for 12 h.

2.6. Catalyst characterization

Scheme 1. Possible reaction pathway for the hydrogenation of halonitrobenzene.
HNB: halonitrobenzene; HNSB: halonitrosobenzene; HPHA: halo-N-phenylhydroxylamine; HAN: haloaniline; NB: nitrobenzene; AN: aniline; AOB: azoxybenzene;
AB: azobenzene; HAB: hydrazobenzene.

NH3H2O (25.0–28.0 wt.% content of NH3), ethanol and methanol
are of analytical grade and used without further puriﬁcation.
Carbon black (VC72R, 254 m2/g) was purchased from the Cabot
Corporation; o-, m-, p-CNB, p-BNB and m-INB were purchased from
Aldrich. Gases of N2 (99.999%) and H2 (99.999%) were purchased
from Changchun Xinxing Gas Company and used as delivered.
2.2. Synthesis of platinum nanoparticles by microwave irradiation
H2PtCl66H2O (0.0652 g) was dissolved in 6.5 ml of ethylene glycol containing 0.3 M NaOH. The solution was heated to 160 °C and
stirred at 900 rpm for 3 min in microwave-assistant (Microwave
synthesizer, Initiator, Biotage). In this manner, the Pt nanoparticles
were formed in a dark brown solution.
2.3. Synthesis of cobalt hydroxide
In a typical preparation, 10 mmol CoCl26H2O was dissolved in
125 ml deionized water, and then excessive amounts of NH3H2O
were added dropwise into the above solution with vigorous
stirring at room temperature until the pH value was adjusted to
10.0. After continuous stirring for 2 h, a large amount of cyan
precipitate was obtained, and the pH of the solution did not
change. The resulting precipitates (Co(OH)x) were ﬁltered and
washed with deionized water, and then the fresh wet precipitate
was re-dispersed in 35 ml deionized water, treated with ultrasonic
for 1 h and moved into a 50 ml Teﬂon-lined stainless steel autoclave. The sealed autoclave was heated at 180 °C for 10 h and then
cooled to room temperature. The resulting dust-color precipitates
were ﬁltered and washed with deionized water and pure ethanol,
respectively, and ﬁnally dried in vacuum at 40 °C for 6 h.

Pt loading in the catalysts was measured by ICP-OES (iCAP6300,
Thermo USA). The loading of Pt was 1% and 2.3% for Pt/C and Pt/
Co(OH)2, respectively. The metallic state on the surface of catalyst
was examined by X-ray photoelectron spectroscopy (XPS, Thermo
ESCALAB 250), and binding energies of the reference compounds
and catalysts were measured using the C 1s peak (284.6 eV)
of the adventitious carbon as an internal standard. For etching
the surface layer, bombardment by argon ions with energy of
5000 eV was used, and the etching time was 5 min. X-ray diffraction (XRD) was performed with a D8 ADVANCE X-ray Diffractometer, and the scanning electron microscopy (SEM) was carried out on
a Hitachi’s S-4800 FE-SEM operating at 10.0 kV. Transmission electron microscopy (TEM) was performed using JEM-2010EX.

2.7. Hydrogenation of halonitrobenzenes
Catalytic experiments of chemoselective hydrogenation of halonitrobenzenes were carried out in a 50 ml autoclave equipped with
magnetic stirring. In a typical hydrogenation process, 1 mmol substrate, 8.4 mg 2.3% Pt/Co(OH)2 catalyst and 5 ml methanol were
successively charged into the reactor. Then, the reactor was sealed
and ﬂushed three times with N2 to remove the air. After ﬂushing,
the reactor was heated up to 60 °C. Hydrogen (2 MPa) was introduced, and then the reaction mixture was stirred for 30 min. After
reaction, the liquid products were centrifuged and analyzed with a
gas chromatograph (GC-Shimadzu-2010, FID, Capillary column,
Rtx-5 30 m  0.25 mm  0.25 lm) and identiﬁed by gas chromatography/mass spectrometry (GC/MS, Agilent 5890). The GC results
were obtained using an internal standard method, and o-xylene
was always used as internal standard. For recycling experiment,
the reaction mixture of the ﬁrst run was centrifuged and separated
by decantation, and then the solid catalyst was washed three times
with solvent of methanol, and the next run was started with the
fresh o-CNB and solvent.

2.4. Synthesis of cobalt hydroxide supported platinum catalyst
After the fresh Co(OH)x solution was treated with ultrasonic, the
platinum nanoparticles prepared in ethylene glycol were added
into the solution, and then the mixture was moved into 50 ml
Teﬂon-lined stainless steel autoclave and hydrothermal treated at
180 °C for 10 h, followed by the cooling, washing and drying
processes as described above.

Fig. 1. X-ray diffraction patterns of (a) 5% Pt/C, (b) 1% Pt/C, (c) fresh Pt/Co(OH)2
catalyst, (d) used Pt/Co(OH)2 catalyst after the ﬁfth reaction cycle and (e) JCPDS card
No. 030-0443.
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3. Results and discussion
3.1. Catalyst characterization
Fig. 1 shows the XRD pattern of the prepared Pt catalysts. For 1%
Pt/C and Pt/Co(OH)2, no evident characteristic diffraction peaks of
Pt were detected, indicating that the Pt species in 1% Pt/C and Pt/

Co(OH)2 were highly dispersed and the particles were too small
to detect (Fig. 1b–d), which will be demonstrated by the TEM results, while for 5% Pt/C, the Pt diffraction peaks were detected at
39.8° Pt (1 1 1) and 46.2° Pt (1 0 0), and the average size of Pt particle was about 4.5 nm based on the Debye–Scherer formula
(Fig. 1a). Moreover, for the Pt/Co(OH)2 samples, the diffraction
peaks at about 19.00°, 32.42°, 37.78° and 51.28° are corresponding

Fig. 2. TEM images and particle size distribution of (a) Pt nanoparticle, (b) 1% Pt/C, (c) fresh Pt/Co(OH)2 catalyst and (d) used Pt/Co(OH)2 catalyst after the ﬁfth reaction cycle.
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to (0 0 1), (1 0 0), (1 0 1) and (1 0 2) of Co(OH)2 (Fig. 1c and d), and
the XRD pattern matches the JCPDS 30-0443 ﬁle identifying
Co(OH)2 (Fig. 1e).
Fig. 2 shows the TEM images of the prepared Pt catalysts. It was
obvious that the Pt nanoparticles formed under microwave irradiation in ethylene glycol had a narrow particle size distribution, and
the average particle size is about 1.7 nm (Fig. 2a), and the particle
size did not change anymore after they deposited onto the carbon,
1% Pt/C sample (1.7 nm in Fig. 2b). Furthermore, the loading of Pt
on the prepared Pt/C was 1% from ICP analysis, which is the same
to the theoretical value, indicating that Pt4+ was completely reduced to Pt0 by ethylene glycol under microwave irradiation even
in a short time (3 min). Ethylene glycol acts as a reducing agent;
glycolate and oxalate formed by deprotonation of oxidation products (glycolic and oxalic acid) in alkaline solutions could interact
with the Pt nanoparticles and hence act as their stabilizers possibly
forming chelate-type complexes via its carboxyl groups [25]. For
the fresh Pt/Co(OH)2 catalyst, Pt nanoparticles were coated in
Co(OH)2 with a highly dispersion, and the average size of Pt particles is around 1.8 nm (Fig. 2c). The Pt/Co(OH)2 samples presented a
ﬂowerlike morphology with many thin leaves from the SEM
images, and the diameter of the Pt/Co(OH)2 microspheres was distributed at a range of 5–20 lm (Fig. 3).
Fig. 4 shows the XPS spectra of Pt 4f peaks. For Pt/Co(OH)2 sample, it did not present obvious peaks (Fig. 4a), but after the sample
was argon ion etched for 5 min about 2–3 nm in depth, intense satellite peaks of Pt 4f appeared (Fig. 4b). This result strongly indicated that Pt nanoparticles were coated by Co(OH)2. The binding
energies of Pt 4f7/2 and Pt 4f5/2 of Pt/Co(OH)2 were 70.94 and
74.62 eV, respectively, which are similar to the binding energies
of PVP-protected Pt nanoparticles (70.99, 74.34 eV) [8], suggesting
that all the Pt nanoparticles coated in Co(OH)2 are metallic Pt
rather than oxide Pt. The similar results were also obtained for
1% Pt/C (70.98, 74.33 eV) and 5% Pt/C (70.94, 74.50 eV) samples
(Fig. 4c and d). The Co 2p3/2 peaks in the XPS spectra are shown
in Fig. 5. From the spectra of XPS, the used catalyst did not found
to be much different from the fresh one, and the intensive peaks
at 780.5, 782.1 and 786.7 eV are belonged to the curve-ﬁtted Co
2p3/2 spectra of Co(OH)2, which are in agreement with the literature [27,28]. Based on the results of XRD and the XPS, the composition of support was conﬁrmed to be Co(OH)2 rather than CoO,
Co3O4 or CoO(OH), and it was stable under the reaction conditions;
no metallic Co was found on the surface of the recycled samples.
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Fig. 3. FESEM images of Pt/Co(OH)2.

Fig. 4. XPS spectra of Pt in (a) fresh Pt/Co(OH)2, (b) etching Pt/Co(OH)2, (c) 1% Pt/C
and (d) 5% Pt/C.

3.2. Catalytic performance of Pt/Co(OH)2
The catalytic activity and selectivity of the Pt/Co(OH)2 were
examined for the hydrogenation of halonitrobenzenes such as
o-CNB, m-CNB, p-CNB, p-BNB and m-INB, and the results are shown
in Table 1. The Pt/Co(OH)2 catalyst presented high selectivity irrespective of the reactants, and the selectivities to CANs were higher
than 99.7% whatever extending the reaction time for the hydrogenation of o-, m- and p-CNB (entries 1–6). The high selectivity to pBAN (99.7%) was also obtained in the hydrogenation of p-BNB at
100% conversion (entry 7). For m-INB, some intermediates such
as diiodoazoxybenzene, diiodoazobenzene and diiodohydrazobenzene were produced initially and then transferred to the desired
product of m-IAN (entries 9–11); the selectivity to m-IAN reached
99.6% at 100% conversion (entry 11). Moreover, with extending the
reaction after 100% conversion achieved, the selectivity to deiodogenation product AN increased slightly due to the fact that the
hydrogenolysis of the carbon–halogen bond can be accelerated
by amino substitution in the aromatic rings once the substrate
has been exhausted completely, but the selectivities to p-BAN
and m-IAN were still above 99.1% (entries 8, 12). The above results
indicated that the dehalogenation was fully inhibited over the

Fig. 5. XPS spectra of Co in (a) fresh Pt/Co(OH)2 catalyst and (b) used Pt/Co(OH)2
catalyst after the ﬁfth reaction cycle.

present Pt/Co(OH)2 catalyst. But for the Pt/C catalysts, large
amount of deiodogenation product AN (>8%) was produced (entries
13–16), although 1% Pt/C catalyst has the similar particle size as
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Table 1
Results for the hydrogenation of halonitrobenzene over Pt/Co(OH)2 and Pt/C catalysts
at 60 °C.a
Entry

Reactant

Time (min)

Conv. (%)

Selectivity (%)
HAN

Othersb

0.3
0.3
0.1
0.1
0.1
0.2
0.3
0.7
0.2
0.3
0.4
0.9

91.8
99.7
98.4
99.7
97.4
99.7
99.7
99.3
85.7
97.6
99.6
99.1

7.9
–
1.5
0.2
2.5
0.1
–
–
14.1
2.1
–
–

AN
2.3% Pt/Co(OH)2
1c
o-CNB
2c
o-CNB
3c
m-CNB
4c
m-CNB
5c
p-CNB
6c
p-CNB
7
p-BNB
8
p-BNB
9
m-INB
10
m-INB
11
m-INB
12
m-INB

20
120
40
120
40
120
30
60
10
20
30
120

95.0
100
100
100
100
100
100
100
87.5
100
100
100

5% Pt/C
13
14

m-INB
m-INB

30
120

100
100

4.9
15.6

93.7
84.4

1.4
–

1% Pt/C
15
16

m-INB
m-INB

5
120

100
100

7.6
8.2

90.5
91.8

1.9
–

2
5
15

58.1
100
100

2.2
2.2
2.7

83.3
86.3
97.3

14.5
11.5
–

120

2.9

–

49.5

50.5

1% Pt/C + Co(OH)2d
17
m-INB
18
m-INB
19
m-INB
Co(OH)2
20d
m-INB
a

Reaction conditions: halonitrobenzene: 1 mmol, substrate/catalyst = 1000/1,
methanol: 5 ml, H2: 2 MPa. HAN is the haloanilines corresponding to the hydrogenated product of halonitrobenzene.
b
Others products are by-products such as dihaloazoxybenzene, dihaloazobenzene and dihalohydrazobenzene.
c
CNB: 5 mmol, substrate/catalyst = 5000/1.
d
Twenty milligrams of Co(OH)2 was used as additive.

that of Pt/Co(OH)2. Therefore, it is the support which played very
important role in controlling the product selectivity rather than
the particle size. When the Co(OH)2 and 1% Pt/C were used together, the deiodogenation was inhibited and the selectivity to
m-IAN increased from 91.8% to 97.3% at the complete conversion
of m-INB (entries 16, 19), although some intermediates increased
during the reaction (entries 15, 18). For the present hydrogenation,
however, the pure Co(OH)2 showed very low activity (entry 20),
and so, the presence of Co(OH)2 was conﬁrmed to be an inhibitor
to the dehalogenation. Hydroxide as a catalytic support was reported in the literature [29,30]; recently, 99% selectivity to o-CAN
was achieved at 99% conversion for the hydrogenation of o-CNB
catalyzed with Au/Fe(OH)x catalyst [31], but lower activity was reported on Pt/Fe(OH)x catalyst in the presence of CO and H2O [32].
Moreover, it was reported that Mg(OH)2 and Ca(OH)2 could suppress the dehalogenation in the hydrogenation of halonitroaromatics [33,34], which supported the present results. The activity of Pt/
Co(OH)2 was lower than that of Pt/C, owing to that Pt nanoparticles
were immersed into the Co(OH)2 thin leaves, and partial activity
was weakened by the coated Co(OH)2 layer with about 20 nm in
thickness.
Strong metal–support interaction (SMSI) is an important factor
for chemoselective hydrogenation of HNBs to HANs [4,8,19,20],
and SMSI could be manifested by modifying the electron density
of small clusters with charge transfer or polarization from partially
reducible support [35], through the unique properties of metal–
support borderline sites [36] and/or by decoration of the metal
with mobile support [37]. The binding energies of Pt 4f7/2 and Pt
4f5/2 of Pt/C and Pt/Co(OH)2 samples were the similar as that of
PVP-protected Pt nanoparticles [8], suggesting that the SMSI in
the Pt/Co(OH)2 sample did not exist in present work.

Fig. 6. The recycling results of Pt/Co(OH)2 in the hydrogenation of o-CNB. Reaction
conditions: o-CNB: 5 mmol, substrate/catalyst = 5000/1, T: 60 °C, methanol: 5 ml,
H2: 2 MPa, t: 30 min.

The stability of the Pt/Co(OH)2 catalyst was checked, and the
results are shown in Fig. 6. The catalyst presented to be relative
stable under the reaction conditions, although a slight decrease
in the conversion and selectivity appeared after the catalyst was
reused for ﬁve times, but it still reached 92% and 94%, respectively.
For the heterogeneous catalysis, metal species leaching usually
occurs during the reaction, and is one problem for the supported
catalysts separation and recycle. In this work, Pt leaching was
not detected in the ﬁltrate by ICP analysis (the detection limit
was 0.1 ppm). Furthermore, TEM measurements showed that the
Pt particles did not aggregate and the average size of Pt particles
was still kept at about 1.9 nm (Fig. 2d) for the reused Pt/Co(OH)2
sample, which was similar to that of the fresh one (1.8 nm)
(Fig. 2c). These results should be ascribed to the special structure
of the obtained Pt/Co(OH)2 catalyst, in which all the Pt nanoparticles are coated by Co(OH)2; thus, both the particle aggregation and
the leaching of Pt were prevented successfully.
4. Conclusions
Co(OH)2 coated platinum nanoparticles Pt/Co(OH)2 have been
successfully prepared in this work. The Pt/Co(OH)2 presented a
ﬂowerlike morphology with many thin leaves, and the platinum
nanoparticles were conﬁrmed to be coated into the thin leaves of
Co(OH)2 with a high dispersity. Most importantly, the Pt/Co(OH)2
showed high activity and selectivity for the hydrogenation of
CNB, p-BNB and m-INB; above 99.6% selectivity to haloanilines
was achieved at complete conversion irrespective of the reactants.
These results were demonstrated to be beneﬁted from the presence of Co(OH)2 and its special structure. The presence of Co(OH)2
successfully prevented the dehalogenation reactions and thus enhanced the selectivity of the desired product of haloanilines; the
coated layer of Co(OH)2 kept the Pt particles having a high dispersity and prohibited the aggregation of Pt particles as well as leaching of Pt species during the reaction. So that, the Pt/Co(OH)2
catalyst showed good stability and could be recycled for several
times.
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