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Abstract: f-Ag,Se and f-AgCuSe nanoparticles were synthesized using AgCl precursor instead of conventional AgNO; by simple
precipitation method. It was found that orthorhombic structures were obtained for both f-Ag,Se and fS-AgCuSe nanoparticles. The
result shows Ag,S as impurity while increasing the concentration of AgCl. Moreover, the microstructural images show polyhedral-
and pebble-like particles. The band gap energy is increased for f-Ag,Se owing to small crystallite size. The AgCl precursor can
effectively produce pure nanoparticles. Hence, it is interesting in terms of identification of potential precursor for synthesizing

p-AgySe and -AgCuSe nanoparticles.
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1 Introduction

Silver selenide nanoparticles have semiconducting
as well as metallic properties and exist in different
polymorphic phases. The low temperature phase below
400 K was identified as f-Ag,Se with a structure of
orthorhombic and the high temperature a-Ag,Se has
BCC structure [1]. Semiconductor properties are
observed at low temperatures and metallic-like
conduction is generally believed to occur above the
critical temperature [2].

The a-Ag,Se belongs to the family of super ionic
conductors which are of present and future technological
interest. It is used as solid electrolyte in photochargable
batteries, multipurpose ion-selective electrodes, infrared
sensors, electrochemical storage cells, electrochemical
potential memory devices, and magnetic field sensing
devices [3,4].

Semiconducting f-Ag,Se compound is rarely found
in the nature as mineral naumannite [3]. f-Ag,Se is a
promising material for technological applications in
various fields such as thermo-chromic material for
non-linear optical devices, photoconductors, photovoltaic
cells, photo sensitizer in photographic films [5-7].
Besides, f-Ag,Se nanostructures exhibited excellent

photocatalytic activity for the degradation of Rhodamine
B under UV light irradiation. Additionally, they display
superhydrophobic characteristics [7]. f-AgySe is an
important n-type semiconductor with a narrow band
gap [3]. The recent studies on optical properties of Ag,Se
have exhibited the optical band gap energy between 1.2
and 1.8 eV [6]. Many researchers have explored the
synthesis of Ag,Se nanoparticles via simplest routes such
as sonochemical [8—10], solvothermal [7,11] and solid
state reaction [12] methods under mild and nontoxic
conditions.

The incorporation of copper metal ions in the
semiconducting low temperature Ag,Se system leads to
the formation of super ionic conducting Silver copper
selenide (AgCuSe) ternary compound. In recent years,
AgCuSe has sporadic attention in the mineralogical
literature due to its many interesting physical properties.
The Ag—Cu—Se system exhibits mixed conduction
mechanisms, i.e., partly electronic and partly ionic
conductivity at room temperature [13]. AgCuSe is a
superionic conductor with exceptional large ionic
conductivity in the superionic phase. Hence, it has more
application in electrochemical devices such as batteries,
fuel cells and gas sensors [14]. It exists in two phases
where the p-AgCuSe phase indexes orthorhombic
structure and oa-AgCuSe phase indexes cubic
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structure [15]. AgCuSe was synthesized by fusing the
elements in vacuum, mechanical alloying, solidification,
hydrazine reduction at the boiling temperature, and
simple redox reaction at room temperature,
respectively [13,14,16].

AgNO; was widely used as a silver source for the
synthesis of Ag-based nanoparticles, while there is not
much work found for AgCl as precursor since it is
insoluble in water. In many reactions, AgNO; combines
with chlorine ions to yield AgCl residues. These waste
AgCl by-products could be used as an alternative
precursor for AgNO; in the preparation of Ag,Se
nanoparticles. Hence, it is motivated to synthesize low
temperature Ag,Se and the ternary AgCuSe nanoparticles
using AgCl. In this work, we reported the preparation
and characterization of f-Ag,Se and p-AgCuSe
nanoparticles using the inorganic precursor AgCl by
precipitation method.

2 Experimental

The AR grade chemicals AgCl, SeO,, Na,SO; and
CuSO45H,O were used. First;, 1 mol/L SeO, was
dissolved in 20 mL distilled water under constant stirring
for 30 min. Meanwhile, 0.25 mol/L Na,SO; was
dissolved in 15 mL distilled water under constant stirring
for 30 min. Then, the two solutions were mixed together
and again stirred well for 30 min to obtain a
homogeneous solution.

Similarly, 0.5 mol/L AgCl was dissolved in 15 mL
NH;-H,O, and the solution was stirred for 30 min and it
was added into the mixed solution. The composite
solution again stirred well for 30 min. Subsequently, a
clear black precipitate was obtained. It was filtered by
using filter paper and was kept in the oven at 80 °C for
1 h. The dried sample was finely ground by using mortar
and pestle. Similar procedure was adopted to synthesize
Ag,Se nanoparticles with 1 mol/L AgCl, 2 mol/L SeO,
and 1 mol/L Na,SO; solutions.

To prepare AgCuSe, 0.25 mol/L CuSO, was
dissolved in 10 mL distilled water under constant stirring
for 30 min and the rest of the experimental steps were
adopted similarly to that of Ag,Se. The prepared solution
was added into the composite solution. Consequently,
blue precipitate was obtained. The structural
characterization was carried out by analyzing the XRD
patterns obtained using Cu K, radiation (A=1.5406 A)
with an X’pert PRO X-ray diffractometer. The presence
of vibrational modes of functional groups is identified
from the Fourier transform infra red (FTIR) spectral
analysis in the range of 4000—400 cm ' by Perkin Elmer
FTIR spectrometer with resolution of +4 cm '. The
optical measurements were performed using Hitachi
U3400 UV—Vis spectrometer. The surface morphology

was recorded using JEOL SEM model JSM—5610 LV
with an accelerating voltage of 20 kV, at high vacuum
(HV) mode and secondary electron image (SEI).

3 Results and discussion

3.1 X-ray diffraction analysis

Figure 1(a) shows the XRD pattern of S-Ag,Se
nanoparticles obtained at 0.5 mol/L AgCl, 1 mol/L SeO,
and 0.25 mol/L Na,SO;. It can be seen from the
diffraction pattern that the prominent polycrystalline
peaks observed at 26 of 28.11°, 32.49°, 46.46°, 55.05°,
57.67°, 67.66°, 74.58° and 76.90°, which respectively
correspond to (2 1 0), (201),(040),(032),411),
(510),(052),and (1 33) reflections of orthorhombic
structure of Ag,Se (JCPDS card No: 89-2591). The
result is in agreement with the earlier reports on Ag,Se
obtained using AgNO; as precursor. However, purer and
more intense crystalline peaks present in the
nanoparticles obtained using AgCl precursor than using
AgNO; [7-9].
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Fig. 1 XRD patterns of f-Ag,Se (a, b) nanoparticles produced
at 0.5 mol/L AgCl + 1 mol/L SeO,+ 0.25 mol/L Na,SO; (a),
1 mol/L AgCl + 2 mol/L SeO, + 1 mol/L Na,SO; (b) and
[-AgCuSe nanoparticles (c)

Figure 1(b) shows the XRD pattern of S-Ag,Se
nanoparticles obtained at 1 mol/L AgCl, 2 mol/L SeO,
and 1 mol/L Na,SOs;. The intensity of orthorhombic
characteristic peaks gets increased in comparison with
Fig. 1(a) and slightly moved towards the lower
diffraction angles 26 of 27.81°, 32.66°, 46.20°, 54.78°,
57.45°, 67.42°, 74.42° and 76.69°. This suggests that the
Ag and Se ions occupy their lattice points perfectly
without any defect. Subsequently, the diffraction planes
show sharper and intenser signals in comparison with
lower raw material concentrations. Some new
orthorhombic crystalline peaks also emerge at 26 of
23.44°, 33.42°, 34.67°, 36.91°, 42.55°, 43.27°, 44.94°,
48.45°. Although, the formation of Ag,S impurity
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observed at 26 of 29.66° and 39.94° cannot be avoided
when increasing the molar concentrations of the raw
materials.

A possible mechanism for the growth of the Ag,Se
nanostructures is as follows. It is usually believed that
the growth of nanostructures in solution involves two
important processes, namely nucleation followed by
growth. The fresh Ag,Se nuclei are thermodynamically
unstable due to their high surface energy and tend to
aggregate, driven by the minimization of interfacial
energy [7].

Figure 1(c) shows the XRD pattern of f-AgCuSe
nanoparticles obtained at 0.25 mol/L CuSO,, 0.5 mol/L
AgCl, 1 mol/L SeO, and 0.25 mol/L Na,SOs. It can be
seen from the pattern that the polycrystalline peaks
detected at 26 of 27.84°, 30.90°, 33.43°, 36.99°, 42.60°,
43.32°,43.71°, 44.97°, 48.45°, 51.69°, 75.03° and 76.74°
belongto (002),(110),(111),(012),(112),(003),
(200),(020),(103),211),(131)and (032
reflections of orthorhombic structure of A-AgCuSe
nanoparticles (JCPDS card No: 25—1180), respectively.
The intensity of the peaks is low and 26 is relatively
different in comparison with that of Ag,Se; however, the
inclusion of copper ions into the Ag,Se system has not
changed its orthorhombic phase. It is noticed that the
obtained results well match with the earlier report by
ALIYEV [16]. It is noticed that the majority of the
p-AgCuSe crystalline peaks get broadened compared
with those of f-Ag,Se. It is presumably because Ag’ ion
is replaced by Cu’ ion in its lattice point or occupies
interstitial position in the Ag,Se lattice. The formation of
impurity could not be avoided. CuSe impurity was
observed at 26 of 32.25°, 41.97°, 45.24°, 46.24°, 54.83°,
56.86°, 60.40° and 70.44° (JCPDS No. 89-7391). XRD
results confirm that the structural characteristics of
p-Ag,Se and f-AgCuSe nanoparticles are much better
than those obtained using AgNO; precursor.

Table 1 Lattice parameters of f-Ag,Se and f-AgCuSe nanoparticles
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Lattice parameters a, b, and c¢ values were
calculated for the synthesized Ag,Se and AgCuSe
nanoparticles using “UNIT CELL Software” and their
results are reported in Table 1. It is an important notice
that the lattice parameters a, b and ¢ are compressed at
higher raw material concentrations in comparison with
the lower concentration.

The crystallite sizes of f-Ag,Se and f-AgCuSe were
calculated using Debye—Scherrer formula D=kA/(ficos6),
where D is the crystallite size (nm), 4 is the wavelength
of the characteristics X-ray (A), 6 is the Bragg diffraction
angle of the respective diffraction peak (°), f is the full
width at half maximum of the peak (°) and £ is constant
(0.94). The calculated crystallite sizes are given in Table
2, indicating that the crystallite size of Ag,Se decreases
with increasing the concentration of raw materials. This
is contrary to the earlier report on Ag,Se thin films where
the crystallite size increases with increasing the raw
material concentration [3]. Whereas, the crystallite size
of f-AgCuSe is larger than that of f-Ag,Se due to the
inclusion of Cu'" ions into the Ag,Se system.

When AgCl is dissolved in ammonia, it favors to
form a silver amide complex. Similarly, solutions of
SeO, and Na,SO; yield Se*” and SO; ions in water. In
the composite solution, the presence of ions reduces
silver amide complex and generates Ag  ions which
combine with Se’  ions to give insoluble Ag,Se
precipitates. The formation of Ag,Se and AgCuSe can be
understood from the following equations:

Se0,+H,0—H,Se0; (1)
Na,S0;+2H,0=2NaOH+S0; +H, ()
H,Se0;+2NaOH=Na,Se0;+2H,0 (3)
Na,SeO;+OH —HSe +Na,0, 4)
AgCI+2NH;= [Ag(NH;),]"+CI” 5)
2[Ag(NH;),] +HSe +OH =2Ag +Se’ +4NH; t +H,0

(6)

Lattice constant/A

Sample

Observed

JCPDS Reported

a

c a b c a b c

p-AgySe (0.5 mol/L AgCl +
1 mol/L SeO,+ 0.25 mol/L Na,SO;)
S-AgySe (1 mol/L AgCl +
2 mol/L SeO,+ 1 mol/L Na,SO3)

S-AgCuSe (0.25 mol/L CuSO,+
0.5 mol/L AgCI + 1 mol/L SeO,+ 0.25 mol/L Na,SO3)

7.140 7.825 4.290 7.050 7.850 4.330 4.333[7] 7.062[7] 7.764[7]

7.124 7.752 4.140 7.050 7.850 4.330 4.333[3] 7.062[3] 7.764 [3]

4.105 4.070 6.310 4.105 4.070 6.310

Table 2 Crystallite sizes of f-Ag,Se and f-AgCuSe nanoparticles

Crystallite size/nm

Sampl
ampre Observed Reported in Ref. [3]
[-AgSe (0.5 mol/L AgCl + 1 mol/L SeO,+ 0.25 mol/L Na,SO;) 40 63
S-AgSe (1 mol/L AgCl + 2 mol/L SeO,+ 1 mol/L Na,SO3) 30 75

S-AgCuSe (0.25 mol/L CuSO,+ 0.5 mol/L AgCl + 1 mol/L SeO,+ 0.25 mol/L Na,SO;) 56
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2Ag +Se’ =Ag,Se (7)
CuSO,+2H,0=Cu(OH),+H,S0, (8)
Cu(OH),+H,SO,~Cu'+S0, +2H,0 9)

Cu' ion replaces Ag' ion to form AgCuSe
nanoparticles:

Ag'+Cu'+Se* =AgCuSe (10)

3.2 FTIR analysis

The spontaneous orientation of dipole moments in
semiconductors is carried out by infrared spectroscopy,
which gives information on atomic arrangement and
inter-atomic forces in the crystal lattice itself. The FTIR
vibrational bands of f-Ag,Se (0.5 mol/L AgCl + 1 mol/L
SeO, + 0.25 mol/L Na,SO;) and f-AgCuSe are shown in
Fig. 2.
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Fig. 2 FTIR spectra of f-Ag,Se (0.5 mol/L AgCl+1 mol/L SeO,

+ 0.25 mol/L Na,S0s3) (a) and S-AgCuSe (b) nanoparticles

It can be seen from Fig. 2(a) that a band observed at
3744 cm™' due to free —OH group and a band at 1384
cm ' correspond to the stretching vibrations of Ag—Se
bond, which confirms the formation of Ag,Se [3]. A
strong band centered at 1033 cm ' is due to stretching
vibration of S=—O and a medium sharp peak appears at
900 cm ' due to the symmetrical stretching vibration of
Se—O—Se molecules. Sharp peaks are observed at 668
and 608 cm ' due to the double degeneration of
anti-symmetrical stretching vibration of Se—O—Se
molecules and SO4> vibration respectively, [17].

By comparing the FTIR spectra in Fig. 2(b) with
Fig. 2(a), the stretching vibration of Ag—Se gets shifted
to a higher frequency region (from 1384 to 1423 cm™') in
comparison with Ag,Se due to the inclusion of Cu" ions.
Similarly, the stretching vibration of S=—O gets strong
and sharp at 1066 cm_l, while the intensity of SO42_
vibration gets reduced at 608 cm ™' [17]. It is important to
notice that, Cu—H bending vibration is observed at
741 ecm”' which is not identified in the Ag,Se spectrum.
This observation confirms the presence of copper in the
Ag—Se system.

3.3 UV—Vis analysis

Figure 3 shows the optical absorption spectra of the
synthesized f-Ag,Se (0.5 mol/L AgCl + 1 mol/L SeO, +
0.25 mol/L Na,SO;) and S-AgCuSe nanoparticles. It is
observed that the optical absorption increases from
800 nm and reaches the maximum around 250 nm. Both
samples show good absorption in the visible region.
However, the f-Ag,Se exhibited higher absorption than
p-AgCuSe nanoparticles. The optical band gap is
determined by plotting a curve (ahv)’ versus photon
energy hv and extrapolating the linear portion to the
X-axis.

300 400 500 600 700 800 900
Wavelength/nm

Fig. 3 Optical absorption spectra of f-Ag,Se (0.5 mol/L AgCl +
1 mol/L SeO, + 0.25 mol/L Na,SO;) (a) and S-AgCuSe (b)
nanoparticles

Figures 4(a) and (b) show the band gap plots for
p-AgySe (0.5 mol/L AgCl + 1 mol/L SeO,+ 0.25 mol/L
Na,S0;) and S-AgCuSe, respectively. The band gap
energy is found to be 1.78 eV for f-Ag,Se and 1.70 eV
for f-AgCuSe. By comparing the E, values, they are
slightly higher than those of the earlier report on Ag,Se
synthesized via the solvothermal route by CAO et al [7].
They obtained E, about 1.64 eV and their absorption
peak shifted towards higher wavelength. The higher
value of the band gap energy is most probably due to size
quantization effects that lead to a series of discrete states
in the conduction and valence bands, resulting in the
increase of the effective band gap [5]. Higher absorbance
in the UV—Vis region of f-Ag,Se evidenced for its good
optical property and lower energy band gap value of
p-AgCuSe evidenced for its good conducting property.

3.4 SEM analysis
The SEM
nanoparticles (lower

images (Fig. 5) of the p-AgSe
mole concentration of raw
materials)  show  polyhedral- and  pebble-like
morphologies. Similar morphological features were
recorded for f-Ag,Se nanocrystals synthesized via
solvothermal method [11]. The mono-dispersed

particles are inhomogeneously distributed on the surface.



P. PRATHIBA JEYA HELAN, et al/Trans. Nonferrous Met. Soc. China 25(2015) 22412246 2245

(ahv)?/(10%eV2-m2)

4
7/ E~178ev

1.0 1.5 2.0 2.5 3.0
hvleV

(b)

2.0r

1.5¢

1.0

(ahv)*(10°%€V?.m2)

0.5+ 7

4
47 EF170eV

0 . . .
1.0 1.5 2.0 2.5 3.0

hvleV
Fig. 4 (ahv)* vs ho plots of f-Ag,Se (a) and S-AgCuSe (b)
nanoparticles

Fig. 5 SEM images of f-Ag,Se (0.5 mol/L AgCl + 1 mol/L
SeO, + 0.25 mol/L Na,SO;) nanoparticles at different
magnifications

In higher magnification, f-Ag,Se shows massive solid
product, which indicates that Ag and Se bound strongly.
It is observed that some cracks appear on the surface of
the solid particle. It may be formed during sample
preparation for SEM analysis. The average grain size
was measured to be less than 10 um.

Figure 6 shows the randomly distributed grain
clusters (lower magnification) which may have formed
from the aggregation of smaller nanospheres of different
sizes. Due to the incorporation of Cu' ions in the Ag—Se
system the pebble-like morphology distorted into clusters
of p-AgCuSe nanospheres. The individual polygonal
shape particle is obviously visible in higher
magnification and the average size of the particles was
found to be less than 0.5 pm.

Fig. 6 SEM images of f-AgCuSe nanoparticles at different
magnifications

4 Conclusions

p-Ag,Se  and B-AgCuSe nanoparticles were
synthesized by simple and low cost precipitation method
using AgCl as precursor. The XRD analysis confirmed
the orthorhombic structure for both Ag,Se and AgCuSe
nanoparticles. It is revealed from the XRD pattern that
the additional impurities were observed when the
concentrations of raw materials increased. The FTIR
analysis confirmed the vibrations of products Ag—Se at
1384 cm™' and Cu—H at 741 cm™'. The band gap
energies of f-Ag,Se and f-AgCuSe were found to be
1.78 eV and 1.70 eV, respectively. Taking into account
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these values, f-Ag,Se and S-AgCuSe seem to be much
more promising materials for the semiconducting and
super ionic applications, respectively. The SEM images
indicate polyhedral- and pebble-like morphologies. The
average grain sizes were less than 10 pm and 0.5 pm for
p-Ag,Se and f-AgCuSe nanoparticles, respectively. By
comparing the UV—Vis spectra of f-Ag,Se, the band gap
energy was found to be lower for f-AgCuSe. Hence, it is
concluded that AgCl is a simple novel precursor and can
be used as an alternate precursor for AgNOs; in the
preparation of f-Ag,Se and -AgCuSe nanoparticles.
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