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Abstract

Silver–alumina nanocomposite powders have been synthesized by a simple thermal decomposition approach using silver acetate and

alumina. The effect of using nanocrystalline versus macro-crystalline alumina during the preparation of the nanocomposites has been

investigated. The nanocomposites were characterized by powder X-ray diffraction, Fourier transform infrared spectroscopy, thermal

gravimetric analysis, surface area measurements, field emission scanning electron microscopy coupled with energy dispersive X-ray

analysis, transmission electron microscopy and diffuse reflectance spectroscopy. The characterization results indicate the presence of

silver nanoparticles on the surface of alumina and nanocrystalline alumina acts as a better support for the dispersion of silver

nanoparticles compared to the macro-crystalline alumina. The silver–alumina nanocomposite powders have been explored as catalysts

for the reduction of 4-nitrophenol.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Silver based nanocomposites exhibit interesting optical
properties and antimicrobial activity while alumina is
widely used in different fields because of its interesting
characteristics such as easy availability, low cost, low
toxicity, ease of synthesis, good optical transparency, high
refractive index, high melting point, hydrophobicity,
mechanical strength, dielectric behavior, electrical insulating
property and thermal and chemical stability [1–4]. Fine
alumina powders and their compacts are commonly used as
adsorbents, catalysts and catalytic supports due to their
high surface area [5,6]. Alumina behaves as a Lewis acid
and is used as an absorbent for the removal of toxic metal
oxyanions from water (e.g. arsenate) [7].

Silver–alumina nanocomposite powders are interesting
due to their applications in antimicrobial activity, DeNOx

activity, catalysis, optics, micro-electronics, imaging and
sensors [8–14]. Recently, many authors have reported that
silver nanoparticles impregnated on different supports can
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be used as catalysts for the reduction of aromatic nitro-
compounds [15–19]. The acidic nature of alumina is
reported to be the main factor to stabilize the active state
of the metal species [20].
Silver–alumina nanocomposite powders have been

synthesized by different methods such as the solvothermal
[10], micro-emulsion [14], co-precipitation [20], pulsed laser
deposition [21], gel casting [22], sol–gel [23] and sonochem-
ical method [24]. These methods usually take long time for
the synthesis or require sophisticated apparatus. In the
present study, the synthesis of silver–alumina nanocompo-
site powders by a simple quick thermal decomposition
method has been reported. The effect of using nanocrystal-
line versus macro-crystalline alumina has also been inves-
tigated. After characterization, the nanocomposites have
been explored as catalysts for the reduction of 4-nitrophenol
to 4-aminophenol using NaBH4.
2. Experimental

The chemicals used were aluminum isopropoxide, toluene,
ammonia solution (25%), silver acetate, diphenyl ether,
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methanol, commercial alumina (macro-crystalline alumina),
4-nitrophenol and NaBH4 and were used as received.
First, alumina nanoparticles were prepared followed by
the synthesis of nanocomposites and more details on the
synthesis are as follows.

Alumina nanoparticles were prepared using minor mod-
ification of the sol–gel method [25]. About 1.86 g of aluminum
isopropoxide, 40 mL of ethanol, 25 mL of toluene and 0.5 mL
of water (Millipores) were taken in a 100 mL round bottom
flask. The contents were vigorously stirred for 3 h at room
temperature till the mixture became milky white. Then, 2 mL
of 25% ammonia solution was added followed by the
addition of about 1 mL of water after 1 h. The contents were
kept for constant stirring for about 24 h at room temperature.
The obtained slurry was evaporated at 80 1C to form a gel
and it was dried at 80 1C overnight to obtain a white powder.
The powder was calcined in air at 500 1C for 3 h inside
a muffle furnace (Nabertherms) to obtain the alumina
nanoparticles.

Silver–alumina nanocomposite powders were prepared
by the thermal decomposition of silver acetate in diphenyl
ether in the presence of alumina (nanocrystalline alumina/
macro-crystalline alumina). The effect of using alumina
with or without activation was also investigated. Different
silver–alumina nanocomposite powders were synthesized
by varying concentration of the silver acetate (0.25–
1 mmol) and the synthesis details along with nomenclature
of the synthesized nanocomposite powders are given in
Table 1. More details on the synthesis procedure are as
follows. About 0.04 g (0.25 mmol), 0.08 g (0.5 mmol), or
0.16 g (1 mmol) of silver acetate and 0.10 g (1 mmol) of
alumina (nanocrystalline or macro-crystalline) were added
to 10 mL diphenyl ether in a 50 mL round bottom flask.
The contents were refluxed at 200 1C/225 1C for about
30 min (in the case of macro-crystalline alumina, the
contents were refluxed at 225 1C due to incomplete
decomposition of silver acetate at 200 1C, as observed by
the XRD results). The slurries obtained were cooled to
room temperature. Then, about 30 mL of methanol was
added and the contents were centrifuged for about 20 min.
Table 1

Synthesis details and nomenclature of the silver–alumina nanocomposite pow

Sl. no. Sample ID Amount of silver

acetate used (mmol)

Al2O3 type used

1 S-1 1 Sol–gel alumina

2 S-2 1 Sol–gel alumina

3 S-3 0.5 Sol–gel alumina

4 S-4 0.5 Sol–gel alumina

5 S-5 0.25 Sol–gel alumina

6 S-6 0.25 Sol–gel alumina

7 S-7 1 Commercial alu

8 S-8 1 Commercial alu

9 S-9 0.5 Commercial alu

10 S-10 0.5 Commercial alu

11 S-11 0.25 Commercial alu

12 S-12 0.25 Commercial alu
The precipitates were washed with methanol and dried at
�80 1C overnight. The powders were calcined in air at
350 1C for 3 h inside the muffle furnace to remove the
solvent and organic impurities present in the nanocompo-
site powders. The color of the silver–alumina nanocompo-
site powders was gray.
Powder XRD patterns were recorded using a Brucker

AXS D8 diffractometer operating with Cu-Ka radiation
(l¼1.5406 Å) with a scanning speed of 21/min. A Thermo
Nicolet Nexus FT-IR spectrophotometer was used for
recording IR spectra of the nanocomposite powders using
KBr pellets. Thermo gravimetric measurements were carried
out in the temperature range 25–1000 1C using a Perkin
Elmer (Pyris Diamond) instrument in N2 atmosphere at a
heating rate of 51/min. The specific surface area of the
nanocomposite powders was measured using the Brunauer–
Emmett–Teller (BET) method by a Micromeritics Chemisorb
2720 instrument using N2 physisorption. Morphologies of the
samples along with elemental analysis (EDXA) data were
obtained using a FEI Quanta 200F microscope operating
at 20 kV. TEM images of the nanocomposite powders
were recorded using a FEI TECNAI G2 electron micro-
scope operating at an accelerating voltage of 200 kV. Diffuse
reflectance spectra were recorded using a Shimadzu UV-2450
UV–visible spectrophotometer attached with a diffuse reflec-
tance accessory in the wavelength range 200–800 nm using
BaSO4 as the reference.
The catalytic activity of the silver–alumina nanocompo-

site powders was tested using the reduction of 4-nitrophenol
to 4-aminophenol using NaBH4 as the reducing agent [14].
This reaction has been used to test the catalytic activity of
different nanostructured materials [17,18]. To about 50 mL
aqueous solution of 4-nitrophenol (0.1 mmol), 50 mL of
freshly prepared aqueous solution of NaBH4 (0.53 M) was
added. Then, about 20 mg of the catalyst (silver–alumina
nanocomposite powders) was added and the contents
were kept for constant stirring at room temperature.
Complete reduction of 4-nitrophenol (yellow colored solution)
to 4-aminophenol was indicated by decolorization of the
solution and the time taken for the same was noted.
ders.

Color of the

nanocomposite powder

Yield (g)

with calcination Gray 0.18

without calcination Gray 0.33

with calcination Gray 0.12

without calcination Gray 0.12

with calcination Gray 0.10

without calcination Gray 0.10

mina with calcination Gray 0.19

mina without calcination Gray 0.13

mina with calcination Gray 0.14

mina without calcination Gray 0.13

mina with calcination Gray 0.11

mina without calcination Gray 0.11
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3. Results and discussion

Powder XRD pattern of the nanocrystalline (sol–gel)
alumina before calcination showed peaks due to boehmite
(JCPDS file no. 01-0774). After calcination at 500 1C,
peaks due to g-Al2O3 (JCPDS file no. 29-0063) were
observed. The XRD patterns of the silver–nanocrystalline
alumina nanocomposite powders before calcination
showed peaks only due to silver (JCPDS file no. 03-0921).
After calcination at 350 1C, the nanocomposite powders
(Fig. 1a) show weak reflections at 2yE19.31 and 33.81 due
to AgAlO2 (JCPDS file no. 21-1070). The XRD patterns of
silver–macro-crystalline alumina nanocomposite powders
before and after calcination (Fig. 1b) show peaks due
to silver (JCPDS file no. 03-0921) and a small peak due to
g-Al2O3 (JCPDS file no. 29-0063).
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Fig. 1. XRD patterns of (a) silver–nanocrystalline alumina nanocompo-

site powders after calcination, and (b) silver–macro-crystalline alumina

nanocomposite powders after calcination. The synthesis details of the

nanocomposite powders are given in Table 1.
The crystallite size for pure nanocrystalline alumina and
the silver nanoparticles present in the silver–alumina
nanocomposite powders (after calcination at 350 1C) was
calculated using the Debye–Scherrer formula [26]. The
crystallite size of nanocrystalline alumina before and after
calcination was 3 nm and 3.2 nm, respectively. The crystal-
lite size of silver nanoparticles varied from 13.0 to 38.9 nm
in the nanocomposite powders prepared using nanocrystal-
line alumina and in the case of silver–macro-crystalline
alumina nanocomposite powders, the size varied from 15.5
to 39.9 nm.
Thermal gravimetric analysis of pure nanocrystalline

alumina (as prepared) showed more weight loss (34.7%)
compared to macro-crystalline alumina (7.3%). The silver–
nanocrystalline alumina nanocomposite powders also
showed more overall weight loss (8.6–24.0%) up to about
500 1C compared to the silver–macro-crystalline alumina
nanocomposite powders (3.2–9.6%). The weight loss
below 150 1C is attributed to the removal of physisorbed
water molecules. The weight loss in the region 150–500 1C
is attributed to the dehydration of AlOOH to Al2O3 and
also the removal of organic impurities.
IR spectral measurements were carried out for pure

alumina as well as for the silver–alumina nanocomposite
powders. Bands near 3500 cm�1 due to O–H stretching
were observed and weak bands at about 2930 and
2858 cm�1 were attributed to C–H stretching [5]. The
bands at about 1644 cm�1 were attributed to the bending
vibration of water molecules [6]. The bands observed
between 1585 and 1387 cm�1 in the nanocomposite pow-
ders before calcination were attributed to the presence
of (C¼O), carbon–carbon (C–C) and carbon–hydrogen
(C–H) vibrations [5,25] and these bands almost disap-
peared after calcination. The bands at about 1168 cm�1

and 1070 cm�1 in the case of nanocomposite powders
before calcination were attributed to nasym.Al–O–H and
nsym.Al–O–H vibrations of boehmite, respectively [5].
These bands also disappeared after calcination. The band
near 884 cm�1 was attributed to the Al–O bond [27] and
the bands near 639 and 480 cm�1 in all the nanocomposite
powders (S-1–S-6) were attributed to the bending modes of
AlO6 units while the bands near 752 and 783 cm�1 were
attributed to the bending vibration of AlO4 group [25]. The
IR spectra of silver–macro-crystalline alumina nanocom-
posite powders before and after calcination (nanocompo-
sites S-7–S-12) showed similar IR features as observed in
the case of silver–nanocrystalline alumina nanocomposite
powders.
Surface area measurements (BET) were carried out for

nanocrystalline alumina, macro-crystalline alumina, and
silver–alumina nanocomposite powders (S-6 and S-12).
Nanocrystalline alumina had high specific surface area
(525.7 m2 g�1) and total pore volume (0.26 cm3 g�1) com-
pared to that of macro-crystalline alumina (surface area
�101.9 m2 g�1 and total pore volume �0.05 cm3 g�1).
The silver–nanocrystalline alumina nanocomposite powder
(S-6) had high specific surface area (267.4 m2 g�1) and
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total pore volume (0.13 cm3 g�1) compared to those of
silver–macro-crystalline alumina nanocomposite powder
(S-12) (surface area: 60.3 m2 g�1 and total pore volume:
0.03 cm3 g�1).

The EDX analysis results indicated the presence of
carbon, oxygen, aluminum and silver in the nanocompo-
site powders. The weight percent of Ag varied from about
4.4% to 48.4% in the silver–nanocrystalline alumina
nanocomposite powders (S-1–S-6) and it varied from
about 16.5% to 84.0% in silver–macro-crystalline alumina
nanocomposite powders (S-7–S-12). When nanocrystalline
alumina (with or without calcination) and macro-
crystalline alumina (after calcination) were employed
(nanocomposite powders, S-1–S-6 and S-7, S-9, S-11), with
increase in concentration of the silver acetate (0.25–
1 mmol), the silver weight percent also increased (about
5–61.3%) in the nanocomposite powders. On the other
hand, the weight percent of silver remained the same
(about 50%) in the case of nanocomposite powders
prepared using macro-crystalline alumina without calcina-
tion (S-8, S-10, and S-12). The EDXA data indicated
uniform distribution of Ag in the silver–nanocrystalline
Nanocrystalline alumina

S-2

Fig. 2. TEM images of nanocrystalline alumina and silv
alumina nanocomposite powders compared to silver–
macro-crystalline alumina nanocomposite powders.
Typical TEM images for the nanocrystalline alumina,

silver–nanocrystalline alumina nanocomposite powders (S-1,
S-2 and S-6) and silver–macro-crystalline alumina nanocom-
posite powders (S-7, S-8 and S-12) are shown in Figs. 2 and 3,
respectively. The average particle size for nanocrystalline and
macro-crystalline alumina was estimated to be 11.572.5 nm
and 98.5719.5 nm, respectively. The TEM images indicate
that the silver nanoparticles are finely dispersed on nanocrys-
talline alumina compared to that on macro-crystalline alu-
mina. The average particle size of the silver nanoparticles was
estimated for the nanocomposite powders S-1, S-2 and S-6
(in which the silver nanoparticles are not agglomerated) and
the values are 8.272.1 nm, 23.670.2 nm and 8.971.4 nm,
respectively.
The TEM results reported in the literature for the silver–

alumina nanocomposite powders synthesized by different
methods such as gel casting [22], wet chemical [4], and
sol–gel methods [28,29] show non-uniform distribution of
silver nanoparticles on alumina. A few methods such as
sonochemical [24] and solvothermal synthesis [10] lead to
S-1

S-6

er–nanocrystalline alumina nanocomposite powders.
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uniform distribution of silver nanoparticles on alumina
but the sonochemical method requires continuous flow of
Ar–H2 mixture throughout the reaction. In the case of
solvothermal method, the calcination temperature is high
(e.g. 550 1C), whereas in the present study, the required
calcination temperature is only 350 1C. The proposed
thermal decomposition method is simple and leads to
fairly uniform distribution of silver nanoparticles on
alumina at a relatively lower calcination temperature.

Diffuse reflectance spectra of silver–nanocrystalline alu-
mina nanocomposite powders are shown in Fig. 4a. The
nanocomposite powders show surface plasmon resonance
band at about 430 nm due to the presence of nanocrystalline
silver. The silver–macro-crystalline alumina nanocomposite
powders do not show the characteristic SPR band of
nanocrystalline silver (Fig. 4b). This is attributed to non-
uniform distribution of bigger silver nanoparticles on macro-
crystalline alumina (as confirmed by the EDXA results).

Ag–Al2O3 nanocomposite powders have been synthesized
by various authors. For example, Bala et al. [4] have
synthesized the nanocomposite using the wet chemical
method and Haji et al. [22] have reported the synthesis by
S-7

S-12

Fig. 3. TEM images of silver–macro-crysta
gel casting. Both the methods require longer reaction times
(15 h and 24 h, respectively). In addition, the wet chemical
method needs a reducing agent (e.g. sodium borohydride)
and the gel casting synthesis requires a dispersant (e.g.
Dolapix ET85). The synthesis of silver–alumina nanocom-
posite powders by the thermal decomposition method is
simple and quick (30 min) and the method does not require
any additional reagent. The present synthesis method also
leads to nanocomposite powders with higher surface area
compared to the literature methods. For example, the
specific surface areas of Ag–Al2O3 nanocomposite powders
synthesized by the solvothermal method [10] and the
sonochemical method [24] are about 141 m2/g and 232 m2/g,
respectively. The Ag–Al2O3 nanocomposite powder prepared
by the present thermal decomposition method possesses a
higher surface area (267.4 m2/g). Moreover, the effect of using
nanocrystalline versus macro-crystalline alumina on the char-
acteristics of final nanocomposite powders has been investi-
gated for the first time in the present study.
The catalytic activity of the silver–alumina nanocompo-

site powders was tested using the reduction of 4-nitrophenol
(4-NP) to 4-aminophenol (4-AP) by sodium borohydride.
S-8
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Fig. 4. Diffuse reflectance spectra of (a) silver–nanocrystalline alumina

nanocomposite powders and (b) silver–macro-crystalline alumina nano-

composite powders.

Table 2

Time required for the complete reduction of 4-nitrophenol

in the presence of silver–alumina nanocomposite powders

as catalysts.

Catalyst Time required for

the reduction (s)

No catalyst No reduction

Pure Ag nanoparticles 1320

Pure sol–gel alumina No reduction

Pure commercial alumina No reduction

S-1 15

S-2 6

S-3 20

S-4 5

S-5 6

S-6 4

S-7 240

S-8 480

S-9 480

S-10 240

S-11 1020

S-12 540

NO2

OH

BH4

H: BH3
e- transfer from

BH4
- to NO2 group

Reduction

2nd process

1st process

Adsorption on the catalyst surface

NO NH2OH
NH2

Desorption from the catalyst surface

Ago __Al2O3

Ago __Al2O3

Ago __Al2O3

Ago __Al2O3

HO- HO-
HO-

reduction
H H

Nanocomposite

Fig. 5. Schematic indicating the mechanism of reduction of 4-nitrophenol

to 4-aminophenol in the presence of silver–alumina nanocomposite

powders as catalysts.

R.K. Sharma, P. Jeevanandam / Ceramics International 39 (2013) 3337–33443342
The reduction of 4-nitrophenol with NaBH4 was also
carried out in the absence of the catalyst. The time required
for the complete reduction of 4-nitrophenol, as indicated by
the decolorization when different nanocomposite powders
were used as catalysts, is given in Table 2. It can be noticed
that the reduction of 4-nitrophenol does not take place in
the absence of the catalyst. Also, the reduction of 4-
nitrophenol does not occur when pure nanocrystalline
alumina or macro-crystalline alumina is used as the catalyst.
The silver–nanocrystalline alumina nanocomposite powders
(time of reduction: 4–20 s) and the silver–macro-crystalline
alumina nanocomposite powders (time of reduction: 240–
1020 s) act as better catalysts compared to pure Ag
nanoparticles (time of reduction: 1320 s). The performance
of silver–nanocrystalline alumina nanocomposite powders
(S1–S6) is better compared to that of silver–macro-crystal-
line alumina nanocomposite powders (S7–S12). Silver
nanoparticles are highly dispersed on the surface of
nanocrystalline alumina and hence the catalytic activity of
silver–nanocrystalline alumina nanocomposite powders is
better. On the basis of reported reduction mechanism
[15,18], two processes occur during the reduction of 4-
nitrophenol by NaBH4 in the presence of silver–alumina
nanocomposite powders (Fig. 5). The first one is the
adsorption of 4-nitrophenolate and BH4

� ions on the sur-
face of the composite powder by chemisorption. The second
process then starts in which the Ag nanoparticles help with
the electron transfer from BH4

� ions (donor) to the NO2

group (acceptor) to form 4-aminophenolate ions. Deso-
rption of 4-aminophenolate ions occurs afterwards from the
surface of the catalyst. The catalytic activity of silver–
alumina nanocomposite powders increases with the decrease
of Ag concentration in the nanocomposite powders in the
following order: Ag–nanocrystalline Al2O3 (S-6, [Ag acet-
ate: alumina]¼0.25:1)4Ag–nanocrystalline Al2O3 (S-4,
0.5:1)4Ag–nanocrystalline Al2O3 (S-1, 1:1).
The performance of the silver–nanocrystalline alumina

nanocomposite powders as catalyst for the reduction of



Table 3

Reported studies on the reduction of 4-nitrophenol using different catalysts.

Sl. no. Catalyst Time of reduction (s) Ref.

1. Ag–Al2O3 nanocatalyst 1320 [14]

2. Ag nanoparticles on SiO2 300 [15]

3. Polymer particles with dendrimer@SiO2–Ag shell o480 [16]

4. Ag NP immobilized on polymer nanofibers 1800 [17]

5. Silver nanoparticles �1500 [19]

6. CTAB-stabilized Au nanoparticles 6600 [30]

7. Au nanoparticles–PMMA 600 [31]

8. Ag–Al2O3 nanocomposite powders (S1–S6) 4–20 Present work
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4-nitrophenol has been compared in Table 3 with those
of the other reported nanostructured catalysts [14–
17,19,30,31]. It can be noted that the performance of
Ag–nanocrystalline alumina nanocomposite powders (e.g.
sample S-6) is excellent compared to those of the other
reported catalysts.
4. Conclusions

Silver–alumina nanocomposite powders have been suc-
cessfully synthesized by a simple thermal decomposition
approach. Two types of alumina (nanocrystalline and
macro-crystalline) were employed for the synthesis of the
nanocomposite powders which were characterized using a
variety of analytical techniques. Nanocrystalline alumina
acts as a better support compared to the macro-crystalline
alumina and the silver nanoparticles are well dispersed on
the surface of nanocrystalline alumina compared to macro-
crystalline alumina. Catalytic activity of the silver–alumina
nanocomposite powders as tested by the reduction of
4-nitrophenol indicates that the silver–nanocrystalline
alumina nanocomposite powders act as better catalysts
compared to silver–macro-crystalline alumina nanocom-
posite powders.
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