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Controllable Synthesis of Silver Nanoparticles
Using Citrate as Complexing Agent:
Characterization of Nanopartciles
and Effect of pH on Size and Crystallinity
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ABSTRACT: A method for the controllable synthesis of silver nanoparticles based on a complexing
agent method was developed. Citric acid was used as a complexing agent. The effect of pH (1.6 to 5.17) on
the size and net height (as obtained from XRD. analyses) of silver nanoparticles was investigated.
The nanoparticles (10 to 40 nm) were characterized using XRD, TEM, SEM, EDX, UV-Vis spectroscopy and
TG/DTG instrument. It was found that pH has a significant influence on both size and crystallinity of the
nanoparticles. This is due to the effect of pH on the distribution of citrate ion species which in turn affects
the size and crystallinity of the nanoparticles. Increasing the pH value enhances the percentage of [citrate” |
ion species which allows lower size and higher crystallinity of the nanoparticles. Thus, we were able
to develop a method for the controllable synthesis of nanoparticles based on the pH.
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INTRODUCTION
Recently, silver nanoparticles have attracted worldwide and biosensors [4-6], antimicrobial agents [7], and have

research interest due to their unique physical and chemical applications in optical [8-10], electrical [11, 12] and
properties which lead to numerous potential applications. biological [13, 14] industries.
For instance, they can be used as catalysts [1-3], sensors Several methods including chemical reduction [15, 16],
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hydro and solvothermal [17, 18], radiational [19, 20], laser
ablation [21], and microemulsion [22] methods have been
used to synthesize silver nanoparticles. Since the size of
nanoparticles can affect their properties, the ability to control
the size of nanoparticles during synthesis is of crucial importance.
Although a variety of methods have been reported for the
[23-25],
introducing an efficient and simple method for the controllable

controlled synthesis of silver nanoparticles
synthesis of silver nanoparticles is still a challenge. In this work,
we have developed a method for the controlled synthesis
of silver nanopowders which is based on citrate as
a complexing agent. The role of Citrate Ion Species (CIS)
on the control of size and crystallinity of silver nanoparticles
was also investigated.

EXPERIMENTAL SECTION
Chemicals

Silver nitrate (AgNO;) was provided by Irana
Company (Isfahan, Iran) with 99.99 % purity and
citric acid (C¢HgO;), ammonium hydroxide (NH,OH)
were purchased from Merck (Germany).

Synthesis of silver nanoparticles

Silver nitrate (1.7 g) and citric acid (4.2 g), as complexing
agent, were dissolved in 9.2 mL distilled water in separate
well-cleaned dry beakers. They were mixed together
at pH 1.6- 5.17 that it was adjusted by using appropriate amounts
of NH,OH solution. This solution was then heated on
a stirring hot plate at 250 °C for 45 min.

Heating the mixture led to the evaporation of water
and dehydration followed by decomposition of the
complexed silvers ions, foaming and formation of fluffy
ultra fine powder of silver.

Influence of pH

Variation of pH affects CIS ratio. Therefore, to study
the impact of the CIS ratio on the synthesis of
nanoparticles samples were prepared with different
pH values by adjusting the concentration of ammonium
hydroxide. Five samples were characterized with X-Ray
Diffraction (XRD) after adjusting their pH at 1.6 (without
NH,OH), 3.07, 4.24, 5, and 5.17.

Characterization
XRD patterns of samples were measured using Cu ka
radiation (A=1.54 A) on a D8 Advance (Bruker, Germany)
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instrument. Transmission Electron Microscopy (TEM,
Philips CM10), Scanning Electron Microscopy (SEM,
Seron Technology AIS 2500) and Energy Dispersive
X-ray (EDX) analysis were performed to analyze the size,
morphology and purity of silver nanoparticles. Formation
of silver nanoparticles was also confirmed by UV-visible
(JASCO V-670 Spectrophotometer).
The thermal properties of synthesized silver nanoparticles

spectroscopy

were determined using TG/DTA instrument (Setaram
Instrumentation, Labsys TG-DSC1600).

RESULTS AND DISCUSSION
X-Ray diffraction characterization

The XRD patterns of the
nanoparticles are shown in Fig.la. The four diffraction
peaks, obtained at39.980°, 44.280°, 64.460°, and 77.320°
angles, respectively, could be completely attributed

synthesized silver

to the face-centered cubic (fce) crystalline nature of the sample.
We chose a main peak for the comparative study and size
and ‘net-height of the main peaks were compared for all
samples at various pH values (Fig. 1b). The mean sizes of
obtained. silver nanoparticles at different pH values
were estimated from Scherrer equation. The mean sizes
were found to be 27.2, 25.7, 254, 25.2, 19.2 for
pH values of 1.6, 3.07,4.24, 5, 5.17, respectively.

Electron microscopy characterization

Fig. 2 depicts TEM photograph for one of the
synthesized samples that proves formation of
nanoparticles for this sample. As seen in the figure, silver
nanoparticles have semispherical morphology and
the size of nanoparticles varies from 10 to 40 nm.
SEM photograph of silver nanoparticles (Fig. 3a) also confirms
the spherical morphology of nanoparticles. The purity of
the prepared sample was determined by EDX spectrum of
the silver nanoparticles (Fig. 3b). Appearance of the other
peaks such as oxygen and carbon is probably due to the
thermal process used in the synthesis of nanoparticles.

As seen in fig. 3b the purity of silver nanoparticles is
about 90%. Also from Fig. 2 and Fig. 3a it can be
concluded that the synthesized silver nanoparticles have

spherical morphology.
UV-Vis spectroscopy

Formation of silver nanoparticles was confirmed by
UV-Vis spectroscopy as well (Fig. 4). Sample for this test
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Fig 1: XRD pattern of Ag nanoparticles (a) A full pattern
(b) A main peak for comparison (sample without any ammonium
hydroxide addition; 1.6, used for full pattern and main peaks
are in all of pH from 1.6 to 5.17).

Fig 2. TEM image of Ag nanoparticles of an arbitrary sample
(10 to 40 nm).
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was prepared by dispersing silver nanoparticles in water
in an ultrasonic bath. Silver nanoparticles show a surface
Plasmon absorption band about 425 nm. Optical properties
of metal nanoparticles are more sensitive to shape
than size [26]. Since all samples in this work
had semispherical geometry, a random sample was taken
for this test.

Thermal properties

The TG/DTG graph for a random sample of silver
nanoparticles is illustrated in Fig. 5. As it can be seen,
there is only a distinguished peak at 57.4 °C which
continues to 110 °C. This peak indicates the loss of water
in the sample. There is‘not any more phase change or
weight loss from 110 °C to 800 °C which suggests
crystallinity stability of nanoparticles at high temperatures.

pH effect
Fig. 6 shows the effect of pH on the size and net

height of different samples. Increasing pH led to the
reduced size of the synthesized silver nanoparticles using
citric acid as complexing agent (Fig. 6). A similar pattern
has been shown by others when citrate was used as
complexing agent [27]. However, it should be noted that
obtaining a small average size of silver nanoparticles
using complexing agents such as citrate is a challenge.
The reported average size of nanoparticles in similar
works varies from 50 to 100 nm and it can even be
as high as 200 nm [28]. In this work, however, we were able
to reduce the average size of nanoparticles to less than
30 nm even at low pH values (Fig. 1b and Fig. 2).

Increasing pH also led to greater net height of
nanoparticles. Since net height is a measure of
crystallinity, it can be concluded that higher cryatallinity
is obtained at higher pH values.

The CIS percentages were calculated through known
pH values (Table 1) [29].

Then, the profile of obtained sizes and net heights
were plotted with respect to percentages of different ion
species ([citrate], [citrate’], [citrate™], [citrate™]) (Fig. 7).
The Power of Complexing Species (PCS) and Forces
between Complexing Species (FCS) were used as two
parameters to better discuss the effect of CIS percentage
on the size and net height of the particles, respectively.

The profile of size and net height versus [citrate]
percentage are shown in Fig. 7-a. Since [citrate] has
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Fig. 3: SEM Image (a) and EDX (b) of silver nanoparticles both for arbitrary sample that used in TEM. Inset:
Representative EDX analysis of the spherical silver particles marked with box.
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Fig. 4: UV-Vis absorption spectra of silver nanoparticles.
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Fig. 5: TG/DTG graph of silver nanoparticles in 0-900 °C
thermal range.
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Fig. 6: Graph of size and net height with respect to pH.

the weakest PCS, higher sizes are obtained when the percentage
of [citrate] increases. However, due to hydrogen bonds,
[citrate] has high FCS and this causes higher crystallinity
and consequently larger net heights for the particles.

[citrate’] has higher PCS and lower FCS (due to the
formation of internal hydrogen bonds) as compared to
[citrate]. Therefore as expected increasing [citrate’] is
concomitant with increased size and reduced net height
for the particles (Fig. 7-b).

PCS and FCS are not completely independent parameters
and at some point there might be a significant interaction
between these two parameters. This can be observed in
[citratez'] for which there is not a predictable trend for the
size and net height of particles when the [citrate]
percentage increases (Fig. 7-c). However, it should be
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Table 1: Percentages of species in different pH values.
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~ ™
pH Species [citrate] [citrateT] [citrate?] [citrate™]
1.6 97.2 % 2.8 % 0% 0%
3.07 14.9 % 83.4 % 1.67 % 0%
4.24 0 % 67.8 % 29 % 3.2 %
5 0% 0% 36 % 64 %
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Fig. 7: Graph of size and net height with respect to [citrate] (a) [citrate ] (b) [citrate”’] (c) [citrate”’] (d) percentages.

mentioned that we did not perform the experiments at
[citrate®] percentage higher than 36%. Therefore it is likely
that we can observe a better trend for the size and net height
as the [citrate”] percentage goes beyond 36%.

The most interesting results were obtained for [citrate'3]
where increasing [citrate”®] percentage resulted in lower

size and higher net height for the particles (Fig. 7-d).
The [citrate'3] has the highest PCS and FCS because
of dissociated internal hydrogen bonds and homogenity
of intermolecular forces. The high PCS and FCS resulted
in smaller size and higher net height (crystallinity) for
the particles, respectively. This is consistent with the results
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in Fig. 6 where increasing pH (i.e. higher [citrate™] percentage)
led to the best reaction conditions (smallest size and highest
net height) for synthesizing the silver nanoparticles.
The results are also in agreement with the observations
in our lab when we used oxalic acid, ascorbic acid, and
tartaric acid as complexing agents (unpublished data).

Obtaining spherical morphology for the nanoparticles
at low pH values is very important as the spherical
morphology is desired in many applications due to the
symmetry of the nanoparticles [30]. Although CIS
concentration changed the size and crystallinity of
the nanoparticles it did not have any effect on the geometry of
nanoparticles. Thus, the spherical morphology was
obtained for all samples regardless of CIS concentration.

In most of the reported synthetic methods [15-24],
nanoparticles are synthesized in the presence of a stabilizer
such as surfactants or ionic polymers. However, these
stabilizers cannot be easily removed from the silver
colloids and this would consequently influence the
physical and chemical properties of the synthesized
nanoparticles [25].

Yin et al. [25] used citrate as stabilizer and
formaldehydes as reducing agent simultaneously but
citrate was used in this work to play role as stabilizer;
reducing as well as complexing agent. The multiple role
of citrate has already been reported [28, 31]. We
synthesized the nanoparticles as powders and compared
to other methods for preparing powdered nanoparticles [32],
this method offers suitable size and /crystallinity for
mass production of powdered nanoparticles.

It should be noted that the contribution of citrate
in the synthesis of nanoparticles is mnot completely
understood but our analysis of the role of citrate is
in good agreement with the experimental results.

CONCLUSIONS

A method was demonstrated for the controllable
synthesis of silver nanoparticles using citric acid as
complexing agent. It was shown that pH plays a critical
role in the synthesis of silver nanoparticles since it affects
the CIS percentage. The CIS percentage will in turn
influence the PCS and FCS of different ion species.
The best conditions for the synthesis of silver nanoparticles
were obtained at high pH values where the [citrate®] has
the highest percentage. It was possible to reduce the
average size of nanoparticles to less than 30 nm even
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at low pH values without affecting the spherical geometry
of nanoparticles. The method we used did not require any
stabilizer or ionic polymer which is an advantage
compared to other synthetic methods. The nanoparticles
were obtained as powder with suitable size and
crystallinity for mass production.
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