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Abstract The solution-combustion synthesis (SCS)
method was used to prepare silver nanoparticles using
glycine and citric acid as fuels. The different combi-
nation of fuel to oxidant ratio was used to prepare Ag
nanoparticles and its effect on optical spectra, struc-
ture and the morphology explored. The purposed
method is rapid, effective, cheap and convenient.
Silver nanoparticles with different sizes and shapes
were synthesized depending upon the different
oxidant/fuel ratios. The nanoparticles were character-
ized using transmission electron microscopy, X-ray
diffraction and ultraviolet—visible absorption spec-
troscopy. Histograms were drawn to compare the
mean particle size of synthesized nanoparticles. It was
found that citric acid was better fuel as compared to
glycine as it results in the more spherical symmetrical
nanoparticles, which are supported by various char-
acteristic studies.
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Introduction

Novel metal nanoparticle synthesis has received
considerable attention in recent years as a result of
their optical, electronic, magnetic and chemical prop-
erties and their potential applications in subsequent
technology development (Chrystel et al. 2003). Silver
nanoparticles can be used in areas such as integrate
circuit (Kotthaus et al. 1997), cell electrode (Klaus
et al. 2001), antimicrobial deodorant fibre (Zhang and
Wang 2003), catalysis (Claus and Hofmeister 1999),
chemical analysis (Compagnini et al. 1997) and
surface-enhanced Raman spectroscopy (Shirtcliffe
et al. 1999; Bright et al. 1998). It has been demon-
strated that, in the case of noble-metal nanocrystals,
the electromagnetic, optical and catalytic properties
are highly influenced by shape and size (Liz-Marzan
2004; Mulvaney 1996; Burda et al. 2005). This has
driven the development of synthesis routes that allow a
better control of morphology and size. In most of the
related studies reported previously (Bright et al. 1998;
Sosa et al. 2003; Jiang et al. 2004; Wang et al. 2005;
Kim et al. 2009; Liang et al. 2007), characteristic
surface plasmon resonance of silver nanoparticles and
nanowires have always been given the maximum
importance because of the fact that it has been the first
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optical response of a nanoscale metal in the visible
range of the spectrum. Apart from the optical and
electronic properties, the special shape of silver
nanoparticles makes them the ideal choice for appli-
cations in modern nanotechnology of integrated
circuits (Zhou et al. 1999; Xia and Yang 2003; Huang
et al. 2001; Gudiksen et al. 2002; Nina et al. 2002).
Therefore, it could be highly useful to develop an
effective preparation method of silver nanoparticles
with well-controlled shape and size. The solution-
combustion synthesis (SCS) of metal nanoparticles is
being considered to be a promising method to obtain
nano-sized metal particles (Fu et al. 2003; Kiminami
et al. 2000) as it involves a high level of molecular
mixing of the solution components, leading to chem-
ical homogeneity of the synthesized product with high
purity in a rapid, inexpensive single step operation.
The most important fact about SCS is that it is a short
duration process and the various gases formed during
the process inhibit particle size growth, which favours
the formation of nano-sized powders (Mukasyan et al.
2007). The basis of the SCS technique comes from the
thermo-chemical concepts used in the field of propel-
lants and explosives (Aruna and Mukasyan 2008). The
SCS method involves the exothermic chemical reac-
tion between metal nitrates and organic fuels, typically
like glycine, citric acid, urea, carbohydrazide, etc.
(Aruna and Mukasyan 2007; Patil et al. 2002). The
SCS reaction, when the elements’ valances are
balanced, releases large amount of energy along with
gases like N;, H,O and CO, favouring the formation of
fine particles in few minutes. The maximum reaction
temperature, generated in this process, depends on the
fuel to oxidizer ratio (u), the initial furnace tempera-
ture, the nature of the fuel and the quantity of the initial
precursor (Varma et al. 2004). The combustion
synthesis can occur in two different ways: first, the
self-propagating high-temperature synthesis (SHS)
and second, the volume combustion synthesis (VCS);
where the samples are heated by external heating
source, respectively, locally or uniformly to initiate
reaction. In SHS mode, the self-persistent propagation
of reaction wave takes place in the heterogeneous
mixture of reactants, and the product of desired
composition is formed. However, in VCS mode, the
entire mixture of reactants is heated uniformly in
controlled manner, until the reaction takes place
throughout the volume. These modes will lead to the
formation of uniform micro, nano-structure and phase
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composition of product. The VCS mode has been
selected for the synthesis of Ag nanoparticles as it is
widely used for the weakly exothermic reactions that
require preheating before ignition (Varma et al. 2004).

Despite the fact, SCS being a very promising
method, no work on Ag nanoparticle synthesis using
this process, has ever been published. Therefore, here
we report the synthesis of the silver nanoparticles
through SCS process by using two different fuels and
varying their fuel ratio. The effect of different fuels,
fuel to oxidant ratio has also been studied on
morphology, structure and optical properties of the
synthesized Ag nanoparticles.

Experimental
Materials and synthesis

All the chemicals and reagents used were of AR grade.
For the preparation of Ag nanoparticles, silver nitrate,
glycine and citric acid were used as starting materials.
Deionised water was used for preparing solutions.
Silver nanoparticles were prepared by SCS method,
containing stoichiometric amount of corresponding
metal nitrate and a suitable fuel. The stoichiometric
composition of solution components (fuels and oxi-
dizer) was calculated according to principle of propel-
lant chemistry, keeping the oxidizer (metal nitrate) to
fuel (glycine or citric acid) ratio unity (Aruna and
Mukasyan 2008). The stoichiometric amounts of silver
nitrate (oxidizer) were dissolved in a minimum amount
of distilled water to get clear solution, and then was
added aqueous solution of glycine in this solution. This
solution after thermal dehydration (preheating the
solution to moderate temperature at 80 °C on a hot
plate to remove the excess solvent) gave highly viscous
liquid. As soon as the viscous liquid was formed, the
temperature of the hot plate increased to 250 °C. At
this stage, the viscous liquid gets linearly auto-ignited
and the burning surface recedes from top to bottom in
layers. This reaction is called linear combustion when
glycine is taken as fuel. But, however, when citric acid
is used as fuel, the volume combustion takes places and
the entire reaction mixture ignites to burn with a flame.
In both the cases, the rapid evolution of large volume of
gases takes place leaving behind product of tailored
composition. The as synthesized nano-powder was
further calcined at 500 °C for 1 h. This step was done
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Fig. 1 The temperature—time profile of SCS when a glycine and b citric acid used as fuel in stoichiometric ratio

to get crystalline phase, with high purity of silver
nanoparticles as the synthesized powder contains
unreacted silver nitrate and fuel content. However,
this step was avoided in the SCS reaction because it
occurs at high temperature. In our case, it is clear from
temperature—time profile (Fig. 1) of reaction for gly-
cine and citric, that the maximum temperature arising
in both reactions is less than 315 °C. Different
combinations of fuels and their oxidant to fuel ratio
were used to tailor the powder properties. For Ag
nanoparticle synthesis, the three different molar ratios
of oxidant to fuel were chosen viz. the stoichiometric
ratio, fuel-deficient ratio, fuel-excess ratio, respec-
tively when glycine and citric acid were used as
1:0.5560, 1:0.5445, 1:0.5775 and 1:0.2770, 1:0.2670,
1:0.2900.

Characterization

The temperature changes during the combustion
synthesis reaction were measured by a set of thermo-
couples (76 um, type C, Omega Engineering Inc.)
using a computer equipped with acquisition system.
The typical temperature—time profiles for silver nano-
particle synthesis process are shown in Fig. la, b,
respectively, for citric acid and glycine used as fuels in
stoichiometric ratios. The optical characterization of
Ag nanoparticles was made by UV-Vis spectroscopy
using (UV-Thermoevolution spectrometer). X-ray
diffraction was carried out for structural, phase

identification and crystallite size estimation using
monochromatized Cu-Ko radiation on an X’Pert PRO
(PANanalytical, Netherland). For morphology and
symmetry of nanoparticles TEM investigation was
carried out using (HRTEM, Hitachi H 7500).

Results and discussion

The emblematic temperature—time profile for silver
nanoparticle synthesis is shown in Fig. la, b, respec-
tively, for glycine and citric acid as fuels when these
are taken in stoichiometric ratio. The stoichiometric
amounts of silver nitrate (oxidizer) were dissolved in a
minimum amount of distilled water to get clear
solution and then was added aqueous solution of
glycine in this solution. After the reactants dissolution
in sufficient amount of water and thorough mixing, the
obtained solution was preheated uniformly (stage I).
This was followed by relatively long (~5-7 min)
constant temperature stage II, during which the
evaporation of water from solution takes place and
viscous liquid is formed (gel like). At stage III, the
heating rate is higher than the previous stages, and,
therefore, it fast reaches the ignition temperature, 7;_as
well as the reaction temperature abruptly rises to the
maximum value at which combustion takes place (i.e.,
the combustion temperature 7.). After this, the linear
combustion, in which the viscous liquid gets linearly
auto-ignited and the burning surface recedes from top
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to bottom in layers, takes place in the case of glycine,
and the temperature of reaction remains constant, until
the combustion is completed; the plateau in the Fig. 1a
represents this part. However, in case of citric acid, the
volume combustion takes place, in which, the entire
reaction mixture ignites to burn with a flame and the
reaction temperature rises to ~310 °C. The rate of
medium temperature change, d7/dt, is high (stage IV)
in both the modes of synthesis, i.e., in VCS and the
SHS. The duration of this region varies from ~ 10 (for
SHS mode) to 100 s (for VCS mode) after cooling
(stage V). The synthesized products are in the form of
fine powders (Varma et al. 2004). The main parameter,
varied in experiments, was the fuels and the oxidant to
fuel ratio. The choice of fuel for the SCS is the most
important factor. The glycine and citric acid have been
adopted for the synthesis of Ag nanoparticles because
they are widely used for the synthesis of nanomaterials
(Jacobsohn et al. 2010; Deganello et al. 2009; Varma
et al. 2004; Li et al. 2009) as; first, they both are the
source of N, C and H, which on combustion evolve
N,, CO, and H,0 gases, favoring the formation of
nanoparticles; second, they form complexes with the
metal ions facilitating homogenous mixing of the
cations in solution. These fuels being water soluble, a
good homogenization can be achieved in solution.
These factors make them ideal fuels.
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UV-Vis analysis

The absorption spectra of the silver nanoparticles are
presented in Fig. 2a, b with two different fuels and
their different oxidant to fuel ratios. UV-Vis spectrum
is quite sensitive to the formation of silver nanopar-
ticles. All samples present the characteristic surface
plasmon of silver nanoparticles, in case of glycine and
citric acid. At the stoichiometric ratios, the UV-Vis
spectra for glycine reveal wide band at low intensity;
and for citric acid, narrow band at comparatively high
intensity with maxima at 410 nm. Thus citric acid
seems to be a better fuel than glycine; this can
precisely be because of the fact that, in case of citric
acid, the Ag nanoparticles are quite uniform, smaller
in size and possess spherical symmetry (see TEM
Fig. 5). However, in case of fuel-deficient ratios, the
spectra seem to be better and more profound at slightly
lower wavelength with high intensity for glycine; this
pertains to the fact that, in case of glycine, Ag
nanoparticles are more uniform in size and symmet-
rical vis-a-vis citric acid, which has different mor-
phology and lacks symmetry (TEM Fig. 4). This is
supported by the fact that the number and position of
surface plasmon resonance (SPR) peaks as well as the
effective spectral range for surface-enhanced Raman
scattering are strongly dependent on the particle shape,
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Fig. 2 UV-Vis spectra for silver nanoparticles at different oxidant/fuel ratios using the fuels a glycine and b citric acid
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size, symmetry and morphology (Burda et al. 2005;
Sosa et al. 2003; Jensen et al. 1999). But in case of
fuel-excess ratio, for both fuels, shifting of the band, at
higher wavelength and low intensity, was supported
by the aggregation in nanoparticles (TEM Figs. 4, 5).

For citric acid, for fuel deficient and excess ratio,
the UV-Vis spectra show a shift towards the longer
wavelength side at low intensity and narrow band,
which reveals the bigger nanoparticle size on using
citric acid as fuel. It is reported that absorption
spectrum of spherical nanoparticles present the
maximum between 420 and 450 nm with blue or
red shift, respectively, when particle size decreases or
increases (Pal et al. 2007; Jana et al. 1999; Manna
et al. 2001; Sonnichsen et al. 2002). The bandwidth
of each plasmon is related to the size distribution of
the nanoparticles. As the particles become larger in
size, the plasmon peak shifts to the longer wavelength
side, and broadens, as can be seen in case of silver
nanoparticles synthesized with two different fuels,
i.e., glycine and citric acid, where peak broadening
occurs along with decrease in intensity with shift in
the wavelength indicating bigger size of Ag nano-
particles. However, UV—Vis concluded that citric
acid is better fuel as it shows strong characteristic
surface plasmon resonance as compared to that of
glycine.

Glycine a fuel
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XRD analysis

The structure of prepared silver nanoparticles has been
investigated by X-ray diffraction (XRD) analysis.
Figure 3 shows a typical XRD pattern of the as-
prepared silver nanoparticles using citric acid and
glycine as fuels in stoichiometric, fuel deficient and
fuel-excess ratio. The X-ray diffractogram clearly
depicts the peaks corresponding to the (100), (200),
(220), (311) planes, which suggest the cubic structure
of Ag nanoparticles as per the JCPDS (File no. 03-
0931). The lattice constant (a) calculated from these
patterns comes out to be 4.067 A°, which is consistent
with the standard value (JCPDS File no.03-0931). No
impurities are detected from this pattern. This indicates
that pure silver metal was obtained under the present
synthesis conditions. The broadening of XRD peaks
was due to smaller crystallite size; this is since the
number of planes available is too small. The crystallite
size (D) of the Ag nanoparticles was calculated using
the Debye—Scherrer formula from the full-width at half
maximum (FWHM), f3, of a diffraction peak (Venkata-
chalam et al. 2005):

D = 0.942/fcos0,

where 4 is the X-ray wavelength, 0 the diffrac-
tion angle. To eliminate additional instrumental

iy
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Fig. 3 The XRD spectrum of Ag nanoparticles for stoichiometric, fuel deficient and fuel-excess ratio using the fuels a glycine and

b citric acid
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Table 1 The crystallite size and particle size calculated,
respectively, from XRD and TEM analysis

S. no. Fuel to oxidant XRD analysis

TEM analysis
particle size
(nm)

Citric  Glycine Citric

acid

090 554 1.65
479 40.64 11.26

ratio crystallite size
(nm)
Glycine
acid
Stoichiometric 2.62
Fuel deficient 15.43
3. Fuel excess 31.54

2459 - -
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»
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g

o < L
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broadening, the FWHM was corrected, using the
FWHM from a large grained Si sample.

p Corrected = <FWHM2

sample

12
FWHMZ ) .

Table 1 shows the crystallite size of Ag nanopar-
ticles calculated by Scherrer formula for different
oxidant to fuel ratio of citric acid and glycine. It is
clear from Table 1 that the crystallite size found in
the case of citric acid for different ratios of fuel is less
than glycine, which shows that citric acid is more

=

Fig. 4 The TEM images of Ag nanoparticles using glycine as fuel at a stoichiometric ratio b fuel-deficient ratio ¢ fuel-excess ratio
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effective fuel as compared to glycine to produce
smaller nanoparticles.

TEM analysis

The TEM images in Fig. 4a, b, c show that combustion
reaction performed between silver nitrate and glycine
as fuel in the stoichiometric ratio (1:0.5560) results in
different shapes, i.e., spherical, prismatic and penta-
gonal shape with mean particle size 5.5423 nm (inset

Fig. 4a). However, the particles, obtained in case of
fuel-deficient ratio (1:0.5445), were nearly spherical
in shape with mean particle size, 40.6518 nm (inset
Fig. 4b); and at fuel-excess ratio (1:0.5775) for
glycine, the spherical nanoparticles aggregate and
attain stability. These spherical particles, obtained in
case of glycine at fuel deficient, generate low temper-
ature, whereas at stoichiometric ratio, combustion
reaction generates higher temperature, which results in
high crystallite size with smaller surface area; similar

Fig. 5 The TEM images of Ag nanoparticles using citric acid as fuel at a stoichiometric ratio b fuel-deficient ratio ¢ fuel-excess ratio
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is the case with fuel-excess ratio, where flame
temperature is quite higher. It can be inferred, that
higher flame temperatures can affect powder proper-
ties adversely. However, in case of citric acid, it has
been observed that, for the stoichiometric ratio
(1:0.2770), we get the finest spherical nanoparticles
(Fig. 5a, b, ¢) with mean particle size, 1.6489 nm
(inset Fig. 5a); and, in case of fuel-deficient ratio
(1:0.267), the bigger nanoparticles with mean particle
size, 11.26 nm (inset Fig. 4b); and, for fuel-excess
ratio (1:0.290), the smaller nanoparticles coalesce to
form large size nanoparticles clusters. The Table 1
displays the comparative particle size of Ag nanopar-
ticles for different fuels at different fuel to oxidant
ratio. This observation can be attributed to the fact that
in case of citric acid, taken in stoichiometric ratio,
there is more number of gaseous products, which
fragment the product whilst escaping to give finer
particles. It appears that the superior powder proper-
ties in case of citric acid are due to dominant effect of
gas molecules. Thus the TEM studies confirm that the
citric acid is considered to be more suitable and
effective fuel for the formation of the finer silver
nanoparticles as compared to those of the glycine.

Conclusion

In summary, silver nanoparticles were prepared by
the solution-combustion reaction by using two dif-
ferent fuels, i.e., glycine and citric acid. The effect of
fuel to oxidant ratio on Ag nanoparticles formation,
their morphology and size has been studied. The UV-
Vis spectra reveal that the number and positions of
SPR peaks, the effective spectral range, and the band
position are strongly dependent on the particle shape,
size, symmetry and the morphology. The XRD
studies confirm that for both fuels, the Ag nanopar-
ticles possess cubic structure. The TEM and XRD
studies confirm that for the stoichiometric ratios of
fuels to oxidant, the Ag nanoparticles are more
spherical and symmetrical in shape and size. But,
however, in the case of fuel-excess ratio, the smaller
nanoparticles coalesce to form large size nanoparticle
clusters. Thus, the synthesized nanoparticles have
been found to be spherically symmetrical in case of
citric acid, whereas, with glycine, they are found to
be of different shape and size. Therefore, citric acid
has been found to be a better fuel than glycine to
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synthesize spherical silver nanoparticles using solu-
tion-combustion reaction.
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