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Abstract: A novel and facile wet-chemical method for synthesis of silver microwires was developed. The well-defined particles were 
prepared by adding an iron (II) sulfate heptahydrate solution into a silver nitrate solution containing citric acid drop by drop at 50 °C. 
The resulting products were characterized by scanning electron microscopy and X-ray diffraction. It was found that the particles 
consisted of numerous silver microwires. The reaction temperature greatly affected the morphologies of the as-prepared particles. 
Both of the mean length and width of the silver microwires increased with the decrease of the concentration of silver nitrate. And the 
lower concentration was unfavorable for the formation of more silver microwires. Similar findings were also observed when the 
concentration of iron (II) sulfate was decreased. The amount of citric acid also greatly affected the shape of the as-prepared particles. 
It was concluded that citric acid was the key role in the formation of silver microwires via the Oswald ripening mechanism. 
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1 Introduction 
 

Systematically manipulating the one-dimensional 
(1D) metal nano/micro structures has gained increasing 
interest because of their unique electrical, optical, 
thermal, and mechanical properties and the potential 
applications in electronics, photonics, (bio)chemical 
sensing and imaging, catalysis, and so on [1−3]. This is 
particularly true for 1D silver nano/microwires. They 
have shown potential in plasmonic waveguiding [4−6], 
surface-enhanced Raman spectroscopy [7−9], catalysis 
[10], photoluminescence [11], electrical and thermal 
conductivity [12], biological and chemical sensing [13], 
and the templating synthesis of other 1D metals [14−16]. 
Consequently, considerable effort has been devoted to 
the synthesis of silver nano/microwires. The 
wet-chemical methods are severely preferred for the 
advantage of controlling the particle morphology and 
size. Currently, the most commonly used wet-chemical 
methods for the preparation of silver nano/microwires 
involve “hard templates,” such as porous anodic alumina 
membranes [17,18], polycarbonate [19], and carbon 
nanotubes [20], “soft templates,” including DNA chains 
[21−23], double-hydrophilic block copolymer [24], 
poly(methacrylic acid) [25], polyacrylic acid [26], 

L-cysteine [27], and hydrothermal or solvothermal 
synthesis, in which ethylene glycol [28−32], ethanol [33], 
citrate ion [34−36], tartaric ion [37], methanol [38] 
N,N-dimethylformamide [39], and methenamine [40] 
were used as reductants of silver ions. Clearly, the 
synthesis template often needs to be removed to obtain 
the pure silver nano/microwires in the template-directed 
synthesis. And the hydrothermal or solvothermal 
synthesis processes are often carried out above 100 ºC. 
Thus, the exploration of novel wet-chemical methods for 
the synthesis of silver nano/microwires is still needed. 
Here, a novel and facile wet-chemical method for the 
synthesis of silver microwires is presented. The defined 
silver microcrystals are prepared by adding an iron (II) 
sulfate heptahydrate solution into a silver nitrate solution 
containing citric acid drop by drop at 50 °C. 
 
2 Experimental 
 
2.1 Materials 

Silver nitrate (AgNO3, analytical reagent, Shanghai 
Chemical Reagent Co., Ltd.), iron (II) sulfate 
heptahydrate (FeSO4·7H2O, analytical reagent, 
Sinopharm Chemical Reagent Co., Ltd.), citric acid 
(C6H8O7·H2O, analytical reagent, Shanghai Chemical 
Reagent Co., Ltd.) and deionized water were used as raw 
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materials without further purification. 
 
2.2 Methods 

In a typical procedure, the silver nitrate and the iron 
(II) sulfate heptahydrate solutions were prepared by 
dissolving 21 mg silver nitrate and 50 mg iron (II) sulfate 
heptahydrate in 10 mL deionized water respectively. The 
citric acid solution was also obtained by dissolving 19.2 
mg citric acid in 3 mL deionized water. After the citric 
acid solution was mixed into the silver nitrate solution, 
the iron (II) sulfate solution was uniformly added into the 
mixed solution drop by drop at 50 °C in 30 min. The 
precipitates were separated from the solution and washed 
with deionized water 3−4 times and then with ethanol 
2−3 times. After they had been desiccated in a vacuum 
desiccator at 50 °C for 30 min, the powders were 
obtained. 

The powders were characterized by scanning 
electron microscopy (SEM, S−3000, Hitachi) and X-ray 
diffraction (XRD, X’Pert PRO, PANalytical B.V.). 
 
3 Results and discussion 
 

Typical SEM images of as-prepared powders are 
shown in Fig. 1. The powders consist of many 
microwires (Fig. 1(a)). And the mean length and width of 
them are about 10 µm and 0.2 µm, respectively. And 
there are also several agglomerated nanoparticles among 
the microwires (Fig. 1(b)). 

The XRD pattern of the product is shown in Fig. 2. 
Significant diffraction peaks are located at 38.3°, 44.4°, 
 

 

Fig. 1 Typical SEM images of silver microwires with low 
magnification (a) and high magnification (b) 

 

 
Fig. 2 XRD pattern of as-prepared silver microwires 
 
64.6°, and 77.6°. And they correspond respectively to the 
(111), (200), (220), and (311) plane diffraction peaks of 
the metallic silver cubic structure, indicating that the 
powders are composed of pure crystalline silver. 

The reaction temperature was 50 °C according to 
the description of the synthesis above. The citrate ions, 
as reducing agents, are often used in a boiling solution 
[34−36]. And iron (II) sulfate heptahydrate is often 
considerably more capable than citrate ions reducing 
silver ions. Hence, the citric acid acted as an additive 
rather than a reductant in the proposed system. The 
reaction thus can be formulated as follows: 

+ 2+ 3+Ag +Fe =Ag+Fe  

The formation of silver microcrystal commonly 
includes the production of nuclei and the growth of 
nuclei in aqueous solutions. The latter has a considerable 
effect on the final morphologies of the silver 
microcrystals, which is related to the reaction rate and 
the mediation of additives. Citric acid, an organic 
polybasic acid, with three carboxyls and one hydroxyl, 
shows typical chemical and physical characteristics of 
carboxylic acids in an aqueous solution. Citric acid acted 
as a complexant of silver ions and as a capping agent of 
silver nuclei when it was added to a silver nitrate 
solution. During the synthesis process, on one hand, the 
reduction rate decreased for the complexation of citrate 
ions ( dissociated from citric acid ) with silver ions. On 
the other hand, citrate ions could selectively adsorb onto 
certain crystal facets of the formed Ag nuclei. As 
documented in the literature, the plane (111) of silver 
possesses the lowest surface energy and can adsorb 
suitable additives, such as citrate ions [41,42]. This 
preferential adsorption of citrate ions onto the Ag (111) 
plane could promote crystal growth along other planes 
(such as the (110) plane) of the Ag nuclei. Both of them 
were favorable for the anisotropic growth of silver nuclei 
into 1D structures through the Ostwald ripening 
mechanism [43,44] in the presence of Fe (III), which was 
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produced through the reduction reaction of silver ions. It 
is a well-established wet etchant for silver and other 
noble metals [45]. Its role in promoting the Ostwald 
ripening process requires further study. Thus, silver 
microwires were prepared. 
 
3.1 Effect of reaction temperature 

To investigate the effect of the reaction temperature 
on the morphologies of silver powders, the particles were 
prepared at 22 and 80 °C while other conditions were 
kept the same as the description in section 2.2. The 
resulting microwires were then compared with the 
particles obtained at 50 °C. The results are shown in  
Fig. 3. 

It is obvious that the reaction temperature has much 
impact on the morphologies of the resulting silver 
particles. At the reaction temperature of 22 °C, the silver 
powders consist of a number of agglomerated silver 
nanoparticles, and few silver microwires are observed    
(Fig. 3(a)). When the reaction temperature is 50 °C, more 
silver microwires are observed (Fig. 3(b)). However,  
 

 

Fig. 3 Typical SEM images of silver microwires obtained at 
reaction temperatures of 22 °C (a), 50 °C (b), and 80 °C (c) 

when the reaction temperature is further increased to 80 
°C, few silver microwires are observed again, but their 
width is larger (Fig. 3(c)). The Oswald ripening 
mechanism is known to have a close relationship with 
the reaction temperature and time, which can be 
described by the equation (D−D0)=Kt1/n, where t is the 
time, K is a temperature-dependent material constant 
appropriate to the value of the exponent n, D and D0 are 
the average particle diameters at t and 0, respectively 
[46]. Referring to the equation, the reaction temperature 
has an effect on the morphology of the resulting silver 
particles. The relationship of the silver particle 
morphologies with the reaction temperature shown in  
Fig. 3 also supports the hypothesis that silver microwires 
were formed through the Oswald ripening mechanism 
mentioned above. In the present study, the dissolution 
rate of smaller nuclei at 22 °C was so slow that Oswald 
ripening almost did not occur. As a result, only 
agglomerated silver nanoparticles were obtained and 
silver microwires were not prepared. It is similar to the 
work of DU et al [33]. When the reaction temperature 
was 80 °C, the reduction rate and the ripening rate of the 
silver ion also increased. However, the former may be 
increased much more, leading to the production of a 
large number of silver nuclei within a short time at the 
initial stage of the reaction. And most of the nuclei 
agglomerated instantly, which was not beneficial for the 
anisotropic growth of silver nuclei into 1D structures 
through the Oswald ripening mechanism. 
 
3.2 Effect of concentration of silver nitrate 

The effect of concentration of silver nitrate on the 
particle morphologies was also examined. Keeping the 
molar ratio of Ag+ to Fe2+ a constant, the silver particles 
were prepared at the 50% concentration of silver nitrate 
described in section 2.2. And other conditions were kept 
constants. The results are shown in Fig.4. The width and 
the length of the silver microwires prepared at the lower 
silver nitrate concentration (Fig. 4(b)) are larger than 
those prepared in section 2.2 (Fig. 4(a)). The average 
length and width of the microcrystals are 25 µm and 0.6 
µm, respectively (Fig. 4(b)). But the yield of silver 
microwires is few. The reduction rate decreased when the 
concentration of silver nitrate was decreased to 1.05 g/L, 
resulting in fewer silver nuclei. But it was beneficial for 
the formation of the larger silver nuclei, that is, the D0 

increased. According to the Oswald ripening equation, 
the D increases with the increase of D0. Hence, it is 
favorable for the formation of wider and longer silver 
microwires at the lower concentration of silver nitrate. 
However, the Ostwald ripening process was difficult to 
achieve because of the slow dissolution rate of the larger 
silver nuclei, which resulted in a lower yield of silver 
microwires. 
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Fig. 4 Typical SEM images of silver microwires obtained at 
concentrations of silver nitrate of 2.1 g/L (a) and 1.05 g/L (b) 
 
3.3 Effect of concentration of iron (II) sulfate 

To clarify the behavior of the growth of silver 
microcrystals at different concentrations of the reductant, 
systematic experiments were carried out at different 
concentrations of iron (II) sulfate. The silver particles 
were synthesized at the 50% concentration of iron (II) 
sulfate described in section 2.2, while other conditions 
remained unchanged. The results are shown in Fig. 5. 

The morphologies of the prepared silver powders 
also changed when the concentration of iron (II) sulfate 
solution was decreased from 5.0 g/L to 2.5 g/L. When 
the concentration is 5.0 g/L, the powders consist of many 
silver wires (Fig. 5(a)). And when the concentration is 
2.5 g/L, the powders mainly consist of agglomerated 
silver nano particles (Fig. 5(b)). The reduction rate of 
silver ion decreased with the decrease of the 
concentration of iron (II) sulfate solution. This is similar 
to the description in section 3.2, the concentration of 
silver nuclei decreased and larger silver nuclei were 
produced. It is not favorable for the formation of silver 
microwires via Oswald ripening. Thus, a large number of 
silver nuclei agglomerated. 
 
3.4 Effect of amount of citric acid 

As previously mentioned, citric acid acted as a 
complexant of the silver ions and as a capping agent of 
the silver nuclei during the synthesis of silver microwires. 
Silver particles were prepared at different amounts of 
citric acid to investigate the influence of citric acid on 
the formation of silver microwires. The results are shown 

in Fig. 6. 
The powders consist of numerous silver microwires 

when the amount of citric acid is 38.4 mg (Fig. 6(a)). But 
when citric acid is 6.4 mg, most of the particles are silver 
nano crystals (Fig. 6(b)). In the described process, the 
citric acid acted as a capping agent of silver nuclei and a 
 

 

Fig. 5 Typical SEM images of silver microwires obtained at 
concentrations of iron (II) sulfate solution of 5.0 g/L (a) and 2.5 
g/L (b) 
 

 

Fig. 6 Typical SEM images of silver microwires obtained at 
amount of citric acid of 38.4 mg (a) and 6.4 mg (b) 
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complexant of the silver ions. So, under the mediation of 
it, the anisotropic growth of the silver nuclei through the 
Ostwald ripening mechanism occurred and silver 
microwires were produced. When the amount of citric 
acid in the solution was 6.4 mg, the citrate ions were 
insufficient to cover all the certain crystal facet of the 
silver nuclei. And at the same time, the reaction rate was 
higher for the lower concentration of citrate ions. Both of 
them would affect the anisotropic growth of the silver 
nuclei through the Ostwald ripening mechanism. 
Consequently, fewer silver microwires were synthesized 
and more agglomerated silver nanoparticles were 
produced. Therefore, enough citric acid is necessary for 
the synthesis of many silver microwires in the present 
method. And it is concluded that citric acid played a key 
role in the formation of silver microwires. 
 
4 Conclusions 
 

1) Silver microwires can be synthesized by adding 
iron (II) sulfate heptahydrate solution into silver nitrate 
solution containing citric acid drop by drop at 50 °C. 

2) The reaction temperature significantly affects the 
morphologies of as-prepared particles. Too high or too 
low temperature, it is not beneficial for the formation of 
silver microwires. Lower concentrations of silver nitrate 
and iron (II) sulfate are not favorable for the synthesis of 
numerous long and thin silver microwires. 

3) Citric acid is the key role in the formation of 
silver microwires through the Oswald ripening 
mechanism, and an adequate amount of citric acid is 
necessary for the synthesis of silver microwires in this 
presented method. 
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摘  要：提供一种新颖简单的银微米线的湿化学制备方法。在反应温度为 50 ℃的条件下，把硫酸亚铁溶液逐渐

滴加到含有柠檬酸的硝酸银溶液中，合成银微晶体。采用扫描电镜(SEM)和 X 射线衍射仪(XRD)对所制备的银微

晶体进行表征。结果表明：所制备的银微晶体主要由大量的银微米线组成；银微晶体的形态与反应温度有很强的

联系；当硝酸银浓度降低时，银微米线的长度和直径都逐渐增大，且较低的硝酸银浓度不利于生成更多的银微米

线。降低硫酸亚铁浓度时也出现类似的结果。柠檬酸的用量对银微晶体的微观形态有很大的影响。根据银微米线

的形成机理，推断柠檬酸在 Oswald 熟化形成银微米线的过程中起着非常重要的作用。 

关键词：银微米线；硫酸亚铁；柠檬酸；湿化学法 

(Edited by YANG Hua) 


