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Abstract: The mechanical decomposing and mechanochemical reductions of silver oxide for preparation of nanocrystalline silver 
powders by high planetary ball mill was investigated. XRD and HRSEM techniques were used to characterize the structural 
evolution and morphological changes of products. The results show that the nanostructured silver with an average crystallite size of 
14 nm and internal strain of 0.75% is synthesized by mechanical decomposing of Ag2O after 95 h milling. While, the product of 
mechanochemical reduction of silver oxide using graphite after 22 h milling is nanostructured silver with an average crystallite size 
of 28 nm and internal strain of 0.44%. 
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1 Introduction 
 

Mechanochemistry is a branch of science referring 
to the chemical and physicochemical reactions of 
substances due to the influence of mechanical force [1]. 
Recently, mechanochemistry has been widely applied in 
many fields, such as preparation of intermetallic 
compounds, extractive metallurgy, crystal engineering, 
coal industry, composites and complex oxides, 
nanocrystalline substances, building industry, agriculture, 
pharmacy and waste treatment [2−6]. According to the 
literature, a broad variety of Ag nanoparticle applications 
were reported ranging from sterilization of medical 
devices and purifying appliances to water treatment. 
Furthermore, due to the unique characteristics, Ag 
nanoparticles have also been used in a broad variety of 
application such as magnetic, biomedical, optoelectronic, 
dielectric, hygienic and healing purposes [7,8]. 

In our previous work, mechanochemical reduction 
of Ag2O was carried out in a planetary ball mill [9]. 
However, no information is available on the structural 
evolution of Ag2O mechanical decomposing as well as 
the effect of graphite on reaction mechanism and product 
properties. In this study, nanostructured silver has been 

synthesized using mechanical decomposing of Ag2O by 
high energy ball milling without any reducing agent, and 
the results are compared with the results of 
mechanochemical reduction of Ag2O using graphite. 
 
2 Experimental 
 

Raw materials were commercially pure Ag2O 
powder (99%, 5−40 µm) and graphite (99.9%, 10−50 
μm). The powder samples were milled in a high energy 
planetary ball mill. Details of ball milling process for 
both mechanochemical reduction and mechanical 
decomposing are given in Table 1. The only difference 
between two types of reduction process was the 
composition of initial powder. Ag2O powder in 
mechanical decomposing and a mixture of graphite- 
Ag2O in mechanochemical reduction are used as initial 
materials. 

The samples were characterized by high-resolution 
transmission electron microscopy (HRSEM, Hitachi 
S-4160) and X-ray diffraction (XRD, Philips PW-1730) 
using Cu Kα. The broadening owing to the instrument 
was computed from Warren’s method [10]. Peak 
positions (2θ) and the full-width at half maximum 
(FWHM) were obtained from the XRD spectra by 
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Table 1 Details of planetary ball milling process 

Parameter Value 

Rotation speed of disc/(r·min−1) 250 

Rotation speed of vial/(r·min−1) 450 

Diameter of disc/mm 350 

Diameter of vial/mm 90 

Vial material Hardened chromium steel 

Capacity of vial/mL 150 

Ball material Hardened carbon steel 

Diameter of balls/mm 20 

Number of balls 6 

Balls to powder mass ratio 201׃ 

Time of milling/h 0−95 

Process control agent − 

Type of milling Dry 

Atmosphere of milling Air 

Total powder mass/g 9.75 

 
OriginPro 8 from the Ag2O planes selected for the profile 
analysis. The line broadening due to the instrument was 
calculated from Warren’s method [11]. The average 
crystallite size and internal strain were estimated using 
Williamson-Hall plot [12]. 
 
3 Results and discussion 
 

Figure 1(a) shows the XRD spectra of mechanical 
decomposing of Ag2O milled for various times of 0, 10, 
20, 21, 22, 25, 35, 50, 75, 90 and 95 h. Analysis of the 
XRD patterns shows that, up to 20 h milling, gradual 
refinement is the only considerable occurrence in Ag2O 
powders, and no detectable transformation is happens to 
introduce any new phase. The traces of silver could be 
produced after 21 h milling. The XRD results also show 
that the Ag2O peaks progressively disappear with 
increasing the milling time. In fact, they are well below 
the resolution limit of XRD after 95 h of milling, which 
suggests the completion of dissociation reaction as 
follows [13]: 
 
Ag2O(s)=2Ag(s)+1/2O2(g), ∆H=61080 J          (1) 
 

Figure 1(b) shows the XRD patterns of the 
mechanochemical reduction of Ag2O together with 40% 
(molar fraction) of extra graphite as reducing agent 
according to Eq. (2) [13]: 
 
2Ag2O(s)+C(s)=4Ag(s)+CO2(g), ∆H=−363560 J   (2) 
 

The samples were milled for various times up to 22 
h. It could be seen that Ag peaks appear after a relatively 
short milling time of 3 h in comparison with that of  

 

 

Fig. 1 XRD patterns as function of milling times: (a) 
Mechanical decomposing of Ag2O; (b) Mechanochemical 
reduction of Ag2O 
 
mechanical decomposing of Ag2O, where Ag peaks are 
first observed after 21 h milling. The XRD results also 
show that the Ag2O peaks progressively disappear with 
increasing milling time. The fraction of Ag2O reduced 
during milling, α, is estimated by considering the 
intensity of Ag2O (111) peak as follows [5]: 
 
α=1−(It/I0)                                   (3) 
 
where It is the Ag2O (111) peak intensity of sample 
milled for a certain time and I0 is the intensity of Ag2O 
(111) peak of unmilled sample. Figure 2 shows the 
calculated values of α as a function of milling time for 
mechanical decomposing and mechanochemical 
reduction of Ag2O. An incubation time of approximately 
22 h in mechanical decomposing and 3 h in 
mechanochemical reduction of Ag2O are observed, then 
the rate of reduction reaction is increased. The presence 
of graphite in mechanochemical reduction performed as 
the reducing agent enhances the reducing potential of 
Ag2O in comparison to the mechanical decomposing and 
consequently the time dependence of α is more drastic in 
mechanochemical reduction than in mechanical 
decomposing. It seems that the reduction energy barrier 
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diminishes by increasing milling time due to the 
increasing of imperfection sites in both cases. Meanwhile, 
as a general trend, the rate of Ag2O reduction decreases 
slowly at the final stages of reduction process in both 
cases. 
 

 
Fig. 2 Calculated values of α as function of ball milling time: (a) 
Mechanical decomposing of Ag2O; (b) Mechanochemical 
reduction of Ag2O 
 

The changes in crystallite size and lattice strain of 
mechanical decomposing and mechanochemical 
reduction of Ag2O are shown in Fig. 3. The average 
crystallite size and internal strain of Ag particles 
prepared from mechanical decomposing of Ag2O (called 
S1 sample) show irregulartrend in comparison of Ag 
particles prepared from mechanochemical reduction of 
Ag2O (called S2 sample). As a general trend in Fig. 3, 
the milling process had two stages. 

1) In the former, the Ag crystallite size decreases 
with milling time whereas the internal strain increases in 
Ag prepared from S1 sample. While, the changes of Ag 
crystallite size and strain prepared from S2 sample are 
exactly in opposite direction. This trend can be 
interpreted by the following reasons: 

First, due to the lower reduction potential of Ag2O 
in S1 sample, the process prolongs in a longer time  
(up to 50 h). The longer time of milling enhances the 

 

 
Fig. 3 Evolution of crystallite size and internal strain of Ag 
particles as function of milling time: (a) Mechanical 
decomposing of Ag2O; (b) Mechanochemical reduction of 
Ag2O 
 
dislocation density due to the plastic deformation and 
refining the structure by the formation of dislocation 
cells. As illustrated in Fig. 3(b), the major fraction of 
reaction (2) in S2 sample is completed up to 19 h, 
consequently a large fraction of strain-free silver 
particles are prepared in this period. These particles are 
deformed by further milling, but high preparation rate of 
strain-free silver could balance it. Second, the 
mechanical decomposing of Ag2O is an endothermic 
transformation (Eq. (1)) and consequently the operational 
temperature of vial is lower. However, the mechano- 
chemical reduction of Ag2O with graphite is an 
exothermic transformation (Eq. (2)) and the reaction in 
sample S2 is done in an enhanced temperature condition. 
Thus, dynamic recovery and recrystallization occur in 
the silver particles with high internal strains [13]. 

2) In the later, according to Fig. 3(a), the internal 
strain decreases and crystallite size increases in S1 
sample. It can be seen that under specific conditions of 
mechanical decomposing of Ag2O for S1 sample, 
enhancing the temperature relatively reduces the rate of 
changes of crystallite size and internal strain with milling 
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time. The trends of changes are reversed by increasing 
the internal strain and decreasing the crystallite size in S2 
sample. In this case, the effect of severe plastic 
deformation on Ag particles prepared from S2 sample 
dominates the generation of latest strain free particles as 
well as the recrystallization and dynamic recovery. 

The strain and crystallite size of Ag powder 
prepared by mechanical decomposing and 
mechanochemical reduction of Ag2O are summarized in 
Table 2. 
 
Table 2 Strain and crystallite size of Ag powder prepared from 
samples S1 and S2 

Sample Milling time/h 
Crystallite 

size/nm 
Internal 
strain/% 

S1 95 14 0.75 
S2 22 28 0.40 

 
The crystallite size of Ag in S1 sample reaches to a 

stable size of about 14 nm in 95 h, and in S2 sample it 
reaches to 28 nm in 22 h (Table 2). The lattice strains of 
Ag in S1 and S2 samples are 0.75% and 0.40%, 
respectively. Thus, the silver powders with the smaller 
crystallite size contain larger lattice residual strains. This 
is related to longer milling time of silver powders 
produced by mechanical decomposing. 

Moreover, from the start point of Ag preparation in 
Figs. 1(a) and 1(b), the smaller crystallite size of S1 
sample after 95 h milling probably refers to the size of 
Ag2O particles. The size of Ag2O particles formed in S1 
sample after 21 h is smaller than that of the Ag2O 
particles in S2 sample after 3 h, and consequently due to 
prolonged mechanical decomposing duration in S1 
sample, the high density of defects is generated in fine 
Ag2O particles. Therefore, the number of Ag nucleation 
sites in the S1 sample is increased. So, the kinetics of 
nucleation of Ag from Ag2O increases in S1 sample due 
to the increase in nucleation sites as well as the reduction 
of the activation energy for non-homogeneous nucleation. 
As the ratio of the nucleation to growth rates is high, 
many nuclei will create before the reduction is completed, 
and fine crystallite sizes will be obtained. 

Figure 4 shows the HRSEM images of Ag powders 
prepared from S1 and S2 samples. The Ag particles after 
95 h (Fig. 4(a)) are in irregular shape and have a wide 
distribution in particle size ranging from about 2 to 30 
µm. Moreover, the agglomeration of particles of silver in 
large aggregates and plate-like nature can be observed. 
As silver is ductile, extending milling flattens the surface 
of Ag particles by ball–powder–ball collisions. 

Figure 4(b) shows the HRSEM of S2 sample. 
Although the silver particles are ductile and deformed by 
increasing milling time, the high lubricating effect of 
graphite could compensate it. Consequently, the 

tendency to fracture dominates over cold welding. The 
shape of Ag particles after 22 h is regular with relatively 
spherical geometry in the nanoscale regime. 
 

 

Fig. 4 HRSEM images of Ag prepared from sample S1 (a) and 
sample S2 (b) 
 
4 Conclusions 
 

1) The preparation of Ag powder by mechanical 
decomposing and mechanochemical reduction of Ag2O 
under the given experimental conditions takes place after 
95 h and 22 h milling respectively. 

2) The crystallite size and internal strain of the 
silver powders for reduction of Ag2O with milling energy 
reach to 14 nm and 0. 75%, respectively, after 95 h of 
ball milling. 

3) The crystallite size and internal strain for silver 
produced through reduction of Ag2O with graphite are 28 
nm and 0.40%, respectively, after 22 h of ball milling. 

4) Smaller crystallite size and larger lattice residual 
strains in Ag produced through mechanical decomposing 
of Ag2O may result in better mechanical properties. 
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摘  要：采用高速行星球磨研究机械分解以及机械化学还原氧化银法制备银纳米粉末工艺。采用 XRD 和 HRSEM

对产物的结构以及形貌的变化进行表征。结果表明，采用机械分解氧化银法，球磨 95 h 后得到的银纳米粉末的平

均晶体尺寸为 14 nm，内应变为 0.75%。而通过机械化学还原氧化银法，加入石墨后球磨 22 h 后得到的银纳米粉

末的平均晶体尺寸为 28 nm，内应变为 0.44%。 

关键词：银纳米晶；氧化银；机械分解；机械化学还原 
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