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Summary 

Several silver salts, including compounds listed in the literature and new 
compounds, have been examined to ascertain if their performances as cath- 
odes for lithium cells could exceed that of Ag2Cr04. Discharges at various 
rates, polarization and cyclic voltammetry experiments were used to charac- 
terize their behaviour. Coulombic and X-ray analysis have enabled informa- 
tion to be obtained on the discharge reactions but the reductions of the 
anions still have uncertain features. Of the compounds examined, A&P,O, 
is the most promising one, especially by virtue of a higher load voltage. 
AgJOs and AgIOs, at low rates, and AgI04, at high rates, also approach the 
performance of AgzCr04. 

Introduction 

Lithium cells based on Ag2Cr04 as a cathode material have created a 
new generation of power sources for electronic devices [l] . The successful 
use of AgsCrO, has encouraged more research on silver oxysalts, so that a 
number of patents and papers has been issued, some of which claim better 
performance than AgzCr04. 

Table 1 summarizes the silver compounds examined heretofore and 
gives a short account of the reported performances. In view of their possible 
application in practical cells, a reassessment of the characteristics of silver 
oxysalts appears to be appropriate. Therefore, the most interesting salts in 
Table 1 have been reexamined together with some new compounds in 
standard experimental conditions, so as to make the comparison reliable. 

Twenty silver compounds have been evaluated, choosing as a first 
criterion for their selection their performance when discharged at 0.5 mA/ 
cm2 in cells containing LiC104-PC as an electrolyte. 
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TABLE 1 

Silver salts (other than Ag#rOd) reported in the literature as cathode materials for Li cells 

salts Reported performance Authors 

AM’04 

-%!a AsO4 

AgsPOh-AgaCr04 

AgIO, 

AgzMoO4 

AgzWO4 

AgzSnOa 

AgzCOa 

Ag4P207 

Aga AsO3 
Ag#iOa 
Ag4 [Pe(C% I 
AgzMoO7 
&d’%o%3 
-‘&WA 
AeW4013 
&?&Or 
At_hTe04 
&SO4 
&#+Wb 

Higher energy density and rate capability 
than AgzCr04. Volume variation 
Volumetric capacity higher than that of 
AggCr04 [ 31. Low polarization [ 41 
Limited cell change. Energy densities close 
to that of Ag3P04 
High specific capacity due to IO, discharge 
(8e) 
High and constant load voltage. High rate 
capability 
Same as above [ 71. Higher voltage and 
volumetric capacity with respect to 
AgzCrO4 [f31 
Voltage on load (100 Ka) and volumetric 
capacity higher than that of AgzCr04 
High voltage and specific energy 
(700 Wh/L) 
Voltage on load (100 Ka):3.53 V. With 
Ag&r04:3.02 V 
Behaves better than AgaAsO4 

2.7 - 2.9 Vat 0.1 mA/cm2 

Good specific capacity. Low polarization 

Work in progress 

Margalit [ 21 

Dey [3], Scrosati [4] 

Margalit [ 61 

Pistoia [ 61 

Di Pietro [ 71 

Di Pietro [7], Japan 
Kokai [8] 

Japan Kokai [ 9 ] 

Ger. Offen [lo] 

Japan Kokai [ll] 

Ger. Offen. [ 121 
Ger. Offen. [ 131 
Ger. Offen. [ 14 ] 
Bonino [ 151 
Bonino [15] 
Bonino [ 151 
Bonino [ 151 
Scrosati [ 161 
Scrosati [ 161 
Scrosati [ 16 ] 
Scrosati [ 161 

Experimental 

AgIO,, AgBrO,, AgO, Ag20, Ag2S04, AgsCOs and AgNOs were high 
purity commercial products used without any further purification. 

AgsBO4, AgsCrO,, Ag2’207, AgsSOs, AgaSsOa, AgaMoO4, AgAsOz, 
AgSCN and AgVO, were prepared by metathetic reactions between AgN03 
and the corresponding sodium salts. The preparation of Ag6M010033 has 
been reported by Kohlmuller and Faurie [ 171. The instructions given in the 
literature for each particular preparation were followed to avoid the forma- 
tion of unwanted impurities. The purity of the compounds so prepared was 
checked by X-ray analysis (Debye-Scherrer method, Cr Ka! radiation). For 
the salts not listed in the literature (such as AgsSaOb and Ag5106) a gravi- 
metric technique was used to check their composition through determination 
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of the Ag content [ 181. All the salts were dried under vacuum at low tem- 
perature to avoid decomposition. After drying, weighed amounts of salts 
were analyzed by the above technique in order to check the absence of water 
of crystallization. Finally, the compounds were stored in desiccators in the 
dark. 

Preparation and handling of the other materials have been described 
elsewhere [6], as well as the technique of cathode preparation, the button 
cell assembly and its discharge [ 191. Cell polarization curves were obtained 
automatically by varying the current at the rate of 3.0 mA/min. Cyclic 
voltammetry experiments were done on planar microelectrodes obtained by 
pressing the test materials mixed with 2% graphite on an Ag net. An Ag net 
was used as a cou.nter electrode and a Li rod as a reference electrode. The 
last was separated from the working electrode by a notched Luggin capillary 
which ensured a fixed position relative to the microelectrode. The sweep 
rates were in the range 20 - 50 mV/s and in order to further limit iR drops, 
LiAsFs-methyl formate (MF) solutions with high conductivity were used 

]261- 
The solubility of Ag4Ps0,, Ag,IOs, Ag&rO, and AgBrOa was checked 

by leaving these salts in LiC104-PC solutions for 10 - 15 days and then 
adding Cl- ions to the filtered and HsO-diluted solutions to precipitate Ag+. 
In no case was a precipitate obtained, thus indicating that the solubility of 
the above salts is below a detectable limit. 

During this test, no visible reactions (discoloration and/or gassing) were 
observed between Ag salts and solution. This may be taken as a first com- 
patibility test. 

To ascertain the nature of the products formed on discharge, X-ray 
analyses were carried out on the cathodes having reducible anions. 

Results and Discussion 

Table 2 summarizes the theoretical capacities for the various Ag com- 
pounds. When the reduction of the anion occurred, the theoretical capacity 
was calculated from the more probable reduction reaction. Table 3 reports 
the performances obtained in Li/LiC104-PC/Ag salt, 10% C cells at 0.5 mA/cm2. 
AgN02 and AgVOa display only very poor discharge curves with almost nil 
capacity. For the other salts the capacity at the first inflection point of the 
curves, if any, was also reported. In devices with invariable resistance, such 
as electronic watches or cardiac pacemakers, the first plateau only is of 
importance. In this case, a good voltage regulation with no steps is obviously 
required. Several compounds were eliminated on a specific energy and capa- 
city basis. In general, those having capacities below 0.20 Ah/g (1.0 V cut-off) 
were not considered, with the exception of Ag4P20,, which shows a high 
and constant load voltage. 

Polarization experiments were then made on 6 different cathodes, 
chosen from among the best of Table 3 (Fig. 1). AgsPO*-based cells proved 
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TABLE 2 

Theoretical specific capacities (Ah/g) for the silver salts examined 

Salt Capacity %r Capacity for 
Ag +Ag anion reduction 

Total capacity 

&2Cr% 0.162 
Agd’z% 0.177 
&dO6 0.176 
Ad03 0.095 
AgBrOa 0.114 
AgIC4 0.090 
AgzSaCE, 0.149 
Ag$Q 0.191 
AgzMoC4 0.142 
AgC 0.430 
AgzC 0.230 
AgzSC4 0.172 
AggCCa 0.194 
AgzSC, 0.181 
AgAs02 0.125 
AgzCgC4 0.176 
AgSCN 0.161 
AgNCz 0.174 
AgVOs 0.129 
AgaMoloCss 0.075 

0.242 (3e) 

0.281 (8e) 
0.568 (se) 
0.682 (se) 
0.717 (8e) 
0.298 (4e) 

0.142 (2e) 

0.251 (2e) 

0.404 
0.177 
0.457 
0.663 
0.796 
0.807 
0.447 
0.191 
0.284 
0.430 
0.230 
0.172 
0.194 
0.181 
0.125 
0.176 
0.161 
0.174 
0.129 
0.326 

to be the last ones to fall down to 1.0 V, thus confirming the rate capability 
reported by Margalit [2]. However, the best performance in terms of voltage 
retention is shown by AgI04. 

Ag,PO, was not further examined as this salt has been well character- 
ized by Margalit, especially in mixtures with Ag2Cr04 [ 51, and its perfor- 
mance in LiC104-PC solutions does not appear superior to that of Ag,CrO, 
with the exception of lower polarization losses at high current drains. 

Tables 4 and 5 report the performances obtained during discharges at 
1.0 and 2.0 mA/cm2, respectively. Cells based on AgI04 and Ag4P207 
approach the performance of those based on Ag2Cr04. It is perhaps unex- 
pected that AgI04, in spite of the excellent polarization behaviour, is not 
superior to Ag2Cr04. During long-lasting discharges, the nature of the pro- 
ducts formed (especially their volume, solubility and conductivity) is of the 
utmost importance. On the other hand, rapid-sweep electrode polarizations 
depend to a limited extent on such factors, being more influenced by the 
rate of mass and charge transfer. 

Table 6 reports the data obtained at a very low discharge rate 
(40 pA/cm2). At this rate, information can be obtained on the possibility of 
using these compounds for powering cardiac pacemakers, although the actual 
rate in these devices is of the order of 3 PA/cm2 [l] . In terms of capacity, 
AgsIOs and AgI03 approach the results obtained with AgsCrO4 to a 1.4 V 
cut-off. In Fig. 2, the discharge curves of Li/AgI03 and Li/Ag2Cr04 cells are 
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TABLE 3 

Performances of silver salts examined at 0.50 mA/cm2 (referred to the weight of cathode 
material only) 

Salt To first inflection point To 1.0 V cut-off 

Spec. cap. Mean voltage Spec. en. Spec. cap. Mean voltage Spec en. 
(Ah/g) (V) (m/g) (Ah/g) (V) (m/g) 

&k&r04 0.16 2.75 0.45 0.32 2.37 0.76 
Ag4P,% 0.14 2.94 0.42 0.17 2.62 0.46 
Ag5ICe 0.13 2.02 0.27 0.28 1.71 0.48 
AgJCa 0.20 1.78 0.35 
AgBr03 0.31 1.72 0.53 
AgIC4 0.02 3.35 0.08 0.24 2.20 0.53 
Agz&Kb 0.15 2.37 0.36 0.25 1.99 0.50 
Aga PC4 0.21 2.15 0.45 
AgzMoC4 0.13 2.39 0.31 0.19 2.06 0.39 
AgO 0.11 2.30 0.25 0.23 2.00 0.46 
AggC 0.05 2.80 0.15 0.13 2.27 0.30 
AggSC4 0.06 1.73 0.10 
Ag2CCa 0.18 1.93 0.34 
AggSCa 0.15 2.13 0.33 0.20 1.93 0.38 
AgAs02 0.15 1.42 0.21 
Ag&& 0.06 1.55 0.09 
AgSCN 0.12 2.70 0.31 0.18 2.25 0.40 
AgNCg -0 -0 -0 
AgVCa -0 -0 -0 
Ag,Mo~&a* 0.087 2.40 0.21 0.28 2.05 0.58 

*Data from ref. [ 151. 

Fig. 1. Cell polarization curves for various Ag salts in LiCI04-PC. Scanning rate, 
3.0 mA/min. 

_.._ ̂ ,. 
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TABLE 4 

Performances of silver salts at 1 .O mA/cm2 

Salt To first inflection point To 1.0 V cut-off 

Spec. cap. Mean voltage Spec. en. Spec. cap. Mean voltage Spec. en. 
(Ah/g) (V) WWg) (Ah/g) (V) (Wh/g) 

AgBrOa 0.11 1.36 0.14 
AgzCrO4 0.17 2.60 0.44 0.27 2.31 0.63 
Ag4Pz07 0.14 2.77 0.40 0.18 2.61 0.47 
AgI04 0.02 3.35 0.08 0.24 2.20 0.53 
Ag&% 05 0.14 2.08 0.30 

TABLE 5 

Performances of silver salts at 2.0 mA/cm2 

Salt To first inflection point To 1.0 V cut-off 

Spec. cap. Mean voltage Spec. en. Spec. cap. Mean voltage Spec. en. 
(Ah/g) (V) (m/g) (Ah/g) (V) (Whlg) 

Ag4P,% 0.11 2.52 0.28 0.16 2.27 0.37 
AgsI&j 0.17 1.63 0.27 
AgzCrO4 0.16 2.32 0.37 
AgQ 0.16 2.05 0.33 
Ag6Molo% 0.14 1.69 0.24 
-- 

TABLE 6 

Performances of silver salts at 40 PA/cm2 

Salt To first inflection point To 1.4 V cut-off 

Spec. cap. Mean voltage Spec. en. Spec. cap. Mean voltage Spec. en. 
W/g) (V) (Wh/g) (Ah/g) (V) (m/g) 

&rd% 0.17 
Agd% 0.14 
(without C) 
Ag4PzG 0.15 
AgzCr04 0.17 
AgBrO3 
AgI% 
AgIO, 0.02 
&Zs205 

A&M"1o% 0.10 

2.40 0.40 0.47 
3.00 0.42 

3.21 0.48 0.17 3.04 0.52 
2.90 0.49 0.42 2.46 1.05 

0.12 1.99 0.24 
0.49 2.04 0.99 

3.13 0.07 0.31 2.34 0.72 
0.32 2.38 0.76 

2.55 0.25 0.31 2.15 0.79 

2.00 0.94 
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L 0 
Speclflc Capmty (Ah/g, 

Fig. 2. Discharge curve8 of (a) Li/AgzCrO* and (b) Li/AgIOs cells at 40 pA/ctn2. 

compared. If the first inflection point is taken into account, Ag,PsO, can 
equal the capacity and energy output of Ag2CrOl. Furthermore, the first 
salt shows a substantially higher voltage. Also the performance of AgsIOs 
cathodes without graphite is remarkable (their behaviour was observed only 
during the first step). 

From the shape of the discharge curves and from coulometric and X-ray 
analysis, it was possible to obtain some information on the discharge proces- 
ses of the salts examined. Some of them discharge Ag+ only; variations of 
the oxidation state of the metal of the anion were also observed in other 
salts and, finally, AgBrOs and AgIOs do not show a significant discharge of 
Ag+. The first category includes most of the compounds examined, whereas 
the following salts: Ag2Cr04, AgsIOs, AgIO*, Ag2S20s, Ag2Mo04 and 
AgsMoraOss belong to the second. 

However, the question of the anion reduction is not yet clearly under- 
stood. Our results of X-ray analysis on AgsIOs, AgI04, AgIOs, AgBrOs and 
Ag2S20s have still left many doubts on this matter. In particular, the halogen- 
containing compounds do not show a common pattern. Furthermore, the 
reduction of the anion does not always seem to proceed through a simple 
path, as was also indicated by the coulombic analysis at low rate. The results 
of Table 6 indicate that the capacities expected on the basis of Table 2 are 
approached or surpassed for Ag4P20,, Ag510s, Ag2CrOa and AgsMorsOss 
in spite of the cut off at 1.4 V. Since electrolyte decomposition is very un- 
likely above this voltage (we notice decomposition around 0.8 V), this result 
would indicate the occurrence of anionic reactions different from the ones 
listed in Table 2. Non-stoichiometric phases are possibly formed through Li+ 

insertion in the lattices which are being formed during discharge. Such reac- 
tions would be more important at low rates. AgsPO* and AgSCN have capac- 
ities a little higher than the theoretical ones even at 0.5 mA/cm2, this being 
possibly attributable to a limited Li+ insertion. 

The absence of graphite in the cathodic mixture sometimes produces 
unexpected results. Table 7 reports the specific capacities obtained using 
cathodes with and without graphite. With the exception of AgO, which is a 
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TABLE 7 

Capacities (Ah/g) of cathodes with and without graphite at 
0.50 mA/cm2 to 1.0 V cut-off 

Salt With 10% C Without C 
(thin layer) 

Without C 
(thick layer) 

AU’207 0.18 0.17 0.10 
AgBrOa 0.31 0.053 -0 
AgzO 0.13 0.14 0.13 
Ago 0.23 0.28 
AgaCrO4 0.25 0.19 
AgsPC4 0.21 0.18 
AgI03 0.20 0.20 0.007 
AgI04 0.28 0.28 0.08 
AgSICe 0.28 0.27 0.06 

semiconductor [21], all the silver compounds are insulators, so that one 
should not expect them to work in the absence of conductive additives. 
Indeed, resistances of the order of lo5 ohm were measured for thick cathodes 
(-1 mm of thickness), the performances of which are reported in the third 
column. Nevertheless, with the exception of AgBr03, all the compounds 
examined do not suffer markedly as a result of the absence of graphite (in 
thin layers) and some of them even behave slightly better. Figure 3 shows 
that a graphite-free AgIO, cathode has a higher potential than a AgI04/C 
cathode (whereas the specific capacity is the same). 

The difference observed between thin and thick layer cathodes suggests 
a mechanistic model in which the reduction begins at the interface between 
cathode pellet and support. In this model, the electrolyte is supposed to have 
diffused through the porous cathode material towards the support. We have 
sought experimental confirmation to this interpretation with the use of a 

I _I 

0 2 4 6 8 IO 12 14 16 
Tlme(hours) 

Fig. 3. Discharge curves of Li/AgI04 cells with (a) C and (b) without C at 0.50 mA/cm2. 
Specific capacity, 0.28 Ah/g for both cells (1.0 V cutoff). 
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graphite-free AgIOs cathode. After a partial discharge, the white cathode 
appeared blackened at the support-electrode interface and mostly unchanged, 
with a few black spots, at the electrode-solution interface. Obviously, the 
thicker the layer the smaller the amount of electrolyte reaching the inner 
interface, so that the performances are less satisfactory. Formation of Ag 
during discharge improves the electronic conductivity and may explain the 
voltage increase sometimes observed during the early stages of discharge. 

Even the voltages in the absence of graphite do not vary appreciably. 
Ag,IOs represents a peculiar case, the load voltage being markedly higher in 
the absence of graphite. At 40 PA/cm’ this salt shows (see Table 6) the 
plateau of Ag+ reduction at 3.0 V, thus enabling it to approach the perfor- 
mance of Ag,Cr04. This phenomenon is obviously kinetic in nature but it is 
hard to explain why the absence of graphite should facilitate the reduction 
of AgsIOs to such an extent. 

Cyclic voltammetry experiments were done on some of the salts, mainly 
with the aim of ascertaining the reversibility of the reduction of Ag+. The 
cathodic sweep for Ag,PsO, (Fig. 4) and Ag,CrOl was purposely limited to 
the reduction of Ag+. The anodic portion of the curves do not show relevant 
oxidation phenomena, so that it may be assumed that Ag+ reduction is not 
reversible, this confirming the results obtained with AgO and AgsO [ 221. 
Messina et al. [ 231 found an anodic peak for the reduction of Ag&rOl in 
LiC104-PC. It has to be noted that these authors found, during the cathodic 
sweep, a rapid increase of current after the first peak at 2.9 V us. Li/Li+. 

-6O_ 

-4o- 

4 
E 

-2o- 

O_ 

I 1 1 

350 2.50 VNults) vs LI/LI+ 1.50 

Fig. 4. Cyclic voltammetry on Ag4P20, (continuous curve) and AgsIOs (------) cathodes 
in LiAsFs-MF. Scanning rate, 20 mV/s. 

_._.. I^,.__. ,^_ ,. 
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Possibly, their anodic peak may be attributed to re-oxidation of a species 
other than Ag. 

AgJOs (Fig. 4) and AgIOs show significant anion reduction. For 
Ag,IOs too, no appreciable anionic peak was observed even when the cath- 
odic sweep was stopped before anion reduction. 

Conclusion 

The screening of several Ag salts has shown that a few of them may 
approach the performance of Ag,CrOl. In particular, Ag,P207 seems to 
have the possibility of challenging Ag,Cr04 when the discharge is limited to 
Ag+ reduction. Indeed, at medium-low rates, Li/Ag,PzO, cells have poten- 
tials on load higher than those of Li/Ag,CrOl cells. The voltage regulation of 
the former cells is as excellent as that of the latter and makes the system 
attractive for use in electronic equipment. Figure 5 reports three discharge 
curves at different rates for Li/AglPz07 cells. 

At very low rates, Ag,IOs (especially without graphite) and AgIOs 
also have interesting values of specific capacity and energy. At high rates, the 
performance of AgIO* is also relevant on the same basis. 

All these salts are not significantly soluble in LiC104-PC and are com- 
patible with this electrolyte suggesting that the systems should have long 
shelf-lives. It has still to be ascertained if significant volume variations take 
place during their reduction, as observed with AgsPO* [ 21. 

I I I I 1 

0 1 2 3 4 5 
TLme (hours) 

Fig. 5. Discharge curves at various rates of Li/Ag4PsO, cells; (a) 2.0 mA/cm2; (b) 
1.0 mA/cm2; (c) 0.5 mA/cm2. Specific capacities in Tables 3, 4 and 5. 
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