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The electrodeposited superionic conductor Ag614WO4 was doped with various 
concentrations of [CrO4] 2- to form the quarternary compound Agel4WO4{1-x/CrO4ix/. The 
doping level, x, was varied from 0 to 0.6 and the optimum compound was used for further 
analysis. X-ray diffraction (XRD) analysis indicated major peaks occurring at d values of 
3.75,2.29, 1.96 and 3.96 in the order of decreasing intensity. The energy dispersive analysis 
of X-rays (EDAX) technique verified quantitatively the ratio of the components in the solid 
electrolyte. From the fringes seen in the interference pattern of the transmission spectrum, 
the refractive index and thickness of the film was calculated. The absorption spectrum 
indicated the characteristic chromate peak at 310 nm when the dopant was present. An open 
circuit voltage (OCV) of 670 mV was observed for the fabricated cells with optimum 
performance at a doping level of x =  0.1, where the best discharge characteristics were 
observed. The subsequent conductivity was calculated to be of the order 10-3~ 1 cm 1 
from the Cole-Cole plot. 

1. Introduction 
The study to find ionic materials with high conductiv- 
ity has uncovered numerous superionic conductors 
which have become the focus of interest in recent years 
[,1, 2]. These materials are known to have properties 
that are feasible for practical uses, such as solid state 
batteries and electrochemical devices. 

Silver based materials are fast ion conductors, but 
often they are not suitable to be commercially useful at 
room temperature. The conductivity of such materials 
is known to be enhanced if the material is doped with 
additional impurities [-3-5]. The purpose of incorpor- 
ating oxide dopants is to modify the lattice structure 
for the improved mobility of silver ions. Many 
superionic materials have been derived from silver for 
studies involving structural, transport and physical 
characteristics. The method of electrodeposition is 
a good way of preparing superionic conductors due to 
the ease of preparation and accuracy of deposition as 
shown in earlier work [-6-8]. The other methods that 
have been employed in the preparation of Ag614WO 4 

are aqueous deposition [9] and vacuum melting of its 
constituents [3]. 

In this work, the optical and electrical properties of 
the quarternary fast ion conducting compound 
AgoI4WO4(1-x)CrO4(x) are studied. This material has 
been synthesized by varying the dopant concentration 
[CrO4]  z -  in the solid electrolyte Ag614WOr Pre- 
vious studies have also shown that the Ag + mobile 
ions in silver tungstate (Ag614WO4) electrolytes have 
a conductivity of the order 10 -2 f2 - t  cm -a [10-12] 
and Ag/AgoI4WO4/I2 cells have been known to give 
an open circuit voltage of 687 mV [-4]. 

2. Experimental procedure 
2.1. Sample preparation 
The method of electrodeposition was employed for 
preparing the material. Two identical silver plates 
of 99.9% l~urity were used as electrodes. Earlier 
studies [-9] outlined the ideal parameters of 
deposition and some of these have been followed 
closely to obtain good deposition conditions. 
Analar grade sodium tungstate (99%) and a 56% 
solution of hydroiodic acid were used as the 
starting materials for the preparation of the electro- 
lyte. A solution of sodium tungstate and a dilution of 
the acid were added together with the molar ratio of 
1:4. This electrolyte was used in the fabrication of 
Ag614WO4. 

The silver plates were held by an insulating 
separator and dipped in the electrolyte and a potential 
was applied across them from a regulated power 
supply. The current flow was monitored throughout 
the process. An initial study indicated that the 
optimum quality samples were obtained with 
an applied potential of 5 V a n d  a plate separation 
of 4 cm. Through a process similar to electrolysis, 
the required deposition was obtained on the anode 
plate. 

For the preparation of Ag614WO4(1-x)CrO4(x), 
carefully calculated amounts of potassium chromate 
(K2CrO4) were introduced in the earlier electrolyte at 
various doping concentrations to maintain the ratio 
of WO4(1-x)CrO4(x) and to ensure the molar ratio of 
this compound and hydroiodic acid (HI) was at 1:4. 
The deposition was then dried in an oven at 120 ~ 
for l h .  
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2.2. Mater ia l  Ana lys is  
2.2.  1. X-ray diffraction analysis 
XRD was carried out using a Shimadzu X-ray diffrac- 
tometer with CuK~ radiation (2 = 0.15418 nm) to de- 
duce the phase of the material as well as for crystal 
identification and orientation. The effects of [CrO4] - 2 
doping on the diffractogram were subjects of interest. 
The samples for this analysis were prepared by smear- 
ing a small quantity of finely ground electrolyte onto 
a section of a microscope slide prior to mounting it 
into the sample compartment. 

2.2.2. Quantitative analysis 
Quantitative analysis of the material was carried out 
Using energy dispersive analysis of X-rays technique 
on the EDAX system coupled with a Philips 515 
scann!ng electron microscope (SEM). The materials 
were mounted on aluminium stubs with graphite glue 
for this purpose. 

2.2.3. Optical analysis 
Due to the opaque nature of the electrolyte formed on 
the electrodes, conventional methods of optical analy- 
sis were not possible. A small quantity of the sample 
was ground into a talcum texture. The sample was 
then dissolved in acetone and smeared evenly onto 
a thoroughly cleaned microscope slide and left to dry. 
These films of electrolytes were subsequently used in 
all the optical analyses. The Shimadzu UV-3101PC 
was used for ultra violet (u.v.) and visible analysis. In 
these analyses, both the absorption and transmission 
spectra were recorded. A diffractogram was also done 
on these types of samples to ensure that dissolving in 
acetone had no effect on the deposited material in 
terms of the phase and chemical composition. 

The internal resistance of the cell was obtained 
following a method that has been described elsewhere 
[14]. The cells were then discharged at a constant 
current of 50 ~tA. From this curve, the discharge capa- 
city and energy density of the cell were calculated. 

3. Results and discussion 
The superionic conductor Ag614WO4(l_x)CrO4(x) 
was fabricated by varying the ratio x, from 0 to 0.6 in 
steps of 0.1. All depositions were done at 27 ~ a n d a t  
a current density of 2 mA cm-  z. The best cell proper- 
ties were obtained at x = 0.1. 

In the electrodeposition process, a reaction some- 
what similar to electrolysis occurred where the anions 
and cations in the electrolyte moved to the anode and 
cathode, respectively. The following electrode reac- 
tions took place 

At anode 

Ag ~ Ag + + e-  (oxidation) 

6Ag + + 4I-  + [WO~l_x) ] -2  + [CrO4(~)]-2 

Ag614WO4(1 - x)CrO4(x) 

At cathode 

H + + e-  ---, H (reduction) 

H + H --~ H 2 (gas) 

The solid electrolyte synthesized as an even yellow- 
green deposition on the anode. The following data 
presented will emphasize Ag614WO4(0.9)CrOr , 
which apparently gives the best galvanic cell perfor- 
mance and Ag614WO4 is used as a reference point for 
comparison. The deposited solid electrolyte was sub- 
jected to annealing at 100 ~ for 1 h prior to analysis. 

2.3. Electrical proper t ies  
The electrodeposited superionic conductors were fab- 
ricated into cells in the form of pellets of 13 mm 
diameter and 0.5 mm thickness at a pelletizing pres- 
sure of 14 MPa. The configuration of the cells were Ag 
+ electrolyte/electrolyte/I2 + carbon + electro- 

lyte, which is known to have a better cell performance 
in comparison to Ag/Electrolyte/Iz [13]. The mass of 
the cell composition is shown below 

Anode 
Ag 0.10g 
Electrolyte 0.10 g 

Electrolyte 0.50 g 
Cathode 

12 0.10g 
Carbon 0.10g 
Electrolyte 0.02 g 

Total mass 0.92 g 

A Hioki (3520) bridge was used to measure the a.c. 
conductivity in the frequency range 1 100 KHz. The 
bulk resistance of the electrolyte, RB, was obtained 
from the Co le -Co le  plot for conductivity calcu- 
lations. 

3.1. Character izat ion s tud ies 
The major peaks observed from the X-ray diffracto- 
gram are listed in Table I. The diffractogram for the 
material of concern is given in Fig. 1. 

The sharpness of the bands in the diffractogram 
indicates the material deposited is not an amorphous 
medium but crystalline in nature. The superionic con- 
ductor, Ag614WO4, deposited did not have any strong 
peaks corresponding to AgzWO4, AgsIW208, 
Ag412WO4 or AgI, [12]. The close relationship of the 
peaks as reported for Ag614WO4 [3] supports the 
identification of the deposition. The extra peaks no- 
ticed with increasing values o fx  could be attributed to 
the progressive amounts of CrO4 used in the material 
synthesis. The additional lines could indicate a mixed 
phase that could be denoted by AgI-AgyIzWO~(~_x)- 
CrO4(x), where the AgI presence is quite obvious due 
to corresponding lines. Repeated analysis indicates 
that this compound is reproducible each time and 
does not decay within a time frame of one month. 

When CrO4 is introduced, a slight d value shift of 
the peaks, in the order of 10 picometer is observed. 
This could be attributed to the slightly increased in- 
teratomic spacing when an additional ion of the same 
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T A B L E  I X-ray diffraction results for Ag6IeWO4 and Ag614WO4(o.9)CrO4(o.1) 

Present data 

Ag614WO4 Ag614WO4(o.9)CrO4(o. 1) 

d(nm) I/Io d(nm) 
(%) 

~flo(%) 

Reported data 

AgI Ag6I~WO4 

d(nm) I/Io d(nm) 
(%) 

0.393 15 0.397 19 
0.371 100 0.374 100 
0.221 73 0.352 7 
0.195 43 0.229 62 
0.148 6 0.215 7 
0.132 8 0.196 40 
0.125 5 0.149 7 
0.124 5 0.133 7 
0.110 4 0.125 5 

0.124 5 

0.375 100 
0.230 70 
0.196 40 

0.444 
0.425 
0.413 
0.379 
0.368 
0.348 
0.318 
0.296 
0.292 
0.287 
0.271 
0.256 
0.246 
0.238 
0.231 
0.218 
0.193 

t -  

t -  

i 
x = 0  

60 50 
i 

40 30 20 

28 (deg) 

Figu/e I The X-ray diffractogram for Ag614WO4(1 ~)CrO4(x) at 
x = 0 and x = 0.1. 

valence as tungstate is introduced into the solid elec- 
trolyte. 

Quantitative characterization was used to Verify 
further the nature of the deposited material. The 
EDAX data for Ag614WO4 and Ag614WO4(o.9)- 
CrO4(0.1), as compared with theoretical values are 
shown in Table II. The actual EDAX spectrum ob- 
tained is given in Fig. 2. 

It is quite evident that the EDAX dater show a close 
correlation between the relative and theoretical com- 
position percentages. These data further support the 
identification of the sample deposited and clearly 
show the presence of chromium. 
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T A B L E  II  Quantitative comparison between obtained and cal- 
culated data 

Element Present (%) Theoretical(%) 

Ag614WO4 Ag 54.48 48.36 
I 34.26 37.92 
W 10.26 13.72 

Ag614WO4(0.9)CrO4(o. 1 ) Ag 51.07 48.84 
I 35.46 38.29 
W 12.93 12.48 
Cr 0.54 0.39 

e -  

e -  

WMa 

WMc~ 

x = O ~ ~ , ,  , 

2 

AgLc~ 

A iLo~ 

ILa 

3 4 5 

Energy (kV) 

Figure 2 The EDAX spectrum for Ag6IcWO4(l_x)CrO4(x ) 
x = 0 and x = 0.1. 

at 

3.2. Ultraviolet and visible 
(u.v./vis) optical characterization 

In the transmission spectrum of the u.v./vis region, 
an interference fringe pattern was observed. This 



occurrence of transmission fringes is due to the atomic 
transitions between discrete energy bands and helps 
deduce the refractive index of the film, the absorption 
coefficient and the thickness of the film coated on 
a glass substrate. 
From the spectrum, the following data are extracted 

1. 2~ and 22 that are peaks of two selected fringes; 
and 

2. T;~I max, Tzl min, T;~ 2 max, T~2 rain, which are 
the maximum and minimum transmission values at 
the minimum transmission values at the two selected 
wavelengths. 

The refractive index of the superionic conductor is 
given by 

n(2) = I N  4- (N  2 - n2n2)l/271/2 

where 

n 2 + n~ + 2non1 Vmax - -  Vmin 
N =  x 

2 Tm,~ X Vmi n 

where n is explicitly determined from T . . . .  Tmin, 

nl and no at a particular wavelength, nl and no are the 
refractive index of glass and air, respectively. 

Knowing n, one can determine the absorption coef- 
ficient, e, from 

Such a band has been reported earlier in chromate 
doped crystals [15]. 

3.3. Electr ical charac ter is t i cs  
The first intersection on the x-axis of the Co le -Cole  
plot indicates bulk resistance, RB, of the solid electro- 
lyte. The ionic conductivity is calculated from the 
equation 

l 
o - -  

RBA 

where A and 1 are the surface area and thickness of the 
pellet, respectively. 

The Co le -Cole  plot for x = 0, 0.1 and 0.2 is shown 
in Fig. 5. Apparently the best galvanic cell properties 
were shown at the value x = 0.1, therefore a more 
thorough investigation was done by plotting the dis- 
charge characteristic curves in Fig. 6 and a volt- 
age-cur ren t  plot in Fig. 7. The discharge profile 
showed an initial drop in the voltage, which could 
have been due to the formation of a low conducting 
AgI layer at the cathode-electrolyte  interface. 

C1 E1 - (Zmax/Zmin) 1/2] 

C 2 [1 + (rmax/rmin) 1/2"] 

where C l = ( n + n o )  ( n 1 + n )  and C 2 = ( n - n o )  
(nt  - n) 

The film thickness, t, can be calculated from two of 
the fringes in the spectrum using the equation 

M 2 1 2 2  
t =  

2[n(21) x 22 - / l ( 2 2 )  X 2 1 ]  

where 22 > 21 and M is the number of oscillations 
between two extremes. 

The information above is calculated and tabulated 
in Table III. Fig. 3 shows the transmission spectrum of 
the deposited material when x = 0 and x = 0.1. 

From the data in Table III, it can be noted that the 
refractive index, n, decreases and the subsequent ab- 
sorption coefficient, c~, increases upon the presence of 
[CrO4] -2 in the deposited material. The absorption 
spectrum, as shown in Fig. 4, shows a strong band at 
310rim attributed to the discrete chromate anion 
when x = 0.1. This information is required as EDAX 
data could only show the chromium content and not 
chromate, qualitatively. As a basis of comparison, no 
peak at such wavelength region is noted at x = 0, 
where no chromate is used in the material fabrication. 

T A B L E  I I I  Comparison between the optical properties of depos- 
ited electrolyte 

v 
t -  

O 

E 

F- 

100 

50 

x=0 .1  

x = O  

I I 

290 340 390 440 

Wavelength (nm) 

Figure 3 The transmission spectrum for Ag614WO4( 1 _x)CrO4{x) at 
x = 0 and x = 0.1. 

r  

0 

0 
( n  

_ Q  
< 

1.04~! t x=0.1 

Properties Ag614WO4 Ag6IeWO4(o.9)- 
(X = 0) CRO4(0.1) 

(x = 0.1) 

1. Refractive index 1.92 1.73 
2. Absorption coefficient 0.28 0.57 
3. Film thickness 0.18 x 10-6m 0.71 x 10-6m 

0.5 I 
290 3 0 390 

Wavelength (nm) 

440 

Figure 4 The absorption spectrum for Ag614WO4a-x)CrO4(x) at 
x = 0  and x =0.1. 
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Figure 5 The Cole Cole plot for Ag614WO4(1 -x) CrO4(~) at x = 0 
(*), x = 0.1 (--O-) x = 0.2 (~x-) Z is the impedance value of the sample 
for a particular phase angle, 0 at frequency f where 
1 kHz _<f_< 100 kHz. 
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Figure 6 The discharge characteristic curve for Ag614WO4(o.9)- 
CRO4(0.1) at x = 0 (*), x = 0.1. (4)-) and x = 0.2 (--A-). 
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Figure 7 The I - V  characteristic curve for Ag614WO4(0.9)CrO4(0n) 
at x = 0 (*) , x = 0.1. (-4-) and x = 0.2 (4--). 

The cell then maintained an almost steady voltage 
(cutoff voltage) for a period of time (plateau time) 
before a sudden breakdown. Above a value ofx = 0.1, 
a negative effect was shown in the galvanic cell proper- 
ties, which could be due to chromate ions altering the 
lattice structure, adversely affecting the passage of 
silver ions. 

T A B L E  IV Galvanic cell properties at x = 0, x = 0.1 and x = 0.2 
(chromate concentration) for Ag614WO4(l_x)croa(x) 

x = 0  x =0.1 x =0 .2  

Conductivity, QTlcm -1 1.25 x 10 -3 7.52 x t0 -3 4.70 x 10 -a 
OCV, V (measured) 0.6820 0.6825 0.6771 
Discharge time, h 35 43 30 
Cutoff voitage, V 0.64 0.66 0.63 
Current density, 
IIAcm - z 66.4 66.4 66.4 
Discharge capacity, mA 
h -1 1.3 1.6 1.1 

Energy density 
W H -  1 kg-  1 0.9043 1.1478 0.7533 
Plateau time, h 26 32 22 
Internal resistance, k~ 5.016 3.515 6.717 
OCV, V (calculated) 0.6810 0.6812 0.67,21 

From Fig. 6, the discharge capacity, Do and the 
energy density were calculated from the equations 
below 

Do = I x tp 

where I is the discharge current and tp the plateau 
time. The energy density equals 

Vp • Do 
w 

where Vp is the plateau voltage/cutoff voltage and 
w the weight of cell. 

The conductivity and the open circuit voltage 
(OCV) together with various electrical characteristics 
measured and calculated are given in Table IV. 

The internal resistance of the cells and the cal- 
culated OCV were obtained from the impedance-volt- 
age (l-V) characteristic curve using the least square 
method, where the gradient represented the resistance 
and the intersection with the y-axis indicated the 
OCV. 

4. Conclusion 
It was conclusively found that the addition of chro- 

mate into Ag614WO4 to form the quarternary com- 
pound Ag614WO4(o .9)CrO4(0 .1)  improved the con- 
ductivity and increased the discharge time from 35 h 
for Ag614WO4 to 43 h. 
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