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ABSTRACT

The formation of Ag,0 and AgO was studied by means of ths constant
potential oxidation of a silver slectrods m?ﬁuoﬁﬁim hydroxids solu-
tions. The range of concentrations used vas from 8 percent to L2 percent
and in each solution, voltages spanning the range 0.05 to 0.4 volts
abeve the Ag,0 reversibls potential were used. The constant potential
ssthod wvas utilised in an attampt to clarify the kinstics and mschanisms
of ths elsctrolytic formation of ths oxides of silver.

The efficiencies of the electrods procssses undsr considsration
were calculated by dstermining the weight gained hy the elsctreds and
then comparing this to the quantity of current used. It was found that
the oxide formation procssses were approximately 100 percent &flctmt
under all conditions except those at which axygen wvas evolved. The re-
lation between the hydroaxide fon concentration and the potential required
for oxygen evolution was also notad,

The extent of the conversion of Ag to Ag,0 was studied under a var-
iety of conditions in an attempt to determine the nature of the oxids
surface and its effect on the formation of AgO. The results indicate
that it is not possibls te realiss 100 percent conversion of silver to
Ags0 and that the presence of a film of Ag0 on an elsctrods dscreases
the initial rats of AgO formtion.

Ths shape of the curreni-tims curves cbtained at each conditien of
voltage sand potassium hydrexide coneentration was given special attention.
These curves were then compared to the theorstically dsteramined curves
for ths reactions being considered. The comparisons showed that there
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was agreemsnt between the theorstical and experimsntal curves at 0.05

volts only. At all higher potentials the presence of convections cur-
rents caused the reaction rate to deviate from the theorstical,

On the basis of the information gained from these studies some
Wct!mmndcnhﬂumhnottbcchctro«msln—
volved {n the elsctrolytic formation of Ag,0 and AgO.
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INTRODUCTION
A General Review of Silver and Its Oxides

Silver is a msmber of the Group 1-b metals which are characterised
by their low chuical activity. The gensral outer elsctron configura-
tion is (n-1)d1%ngd and this permits the removal of more than ene elsc-
tron since ths ensrgy differences between the (n-1)d md ns slectrons
ars not very large. The characteristic oxidation state of copper is
two; for silver it is one and for gold {t is three. However, in addi-
tion te the above most stable oxidation states, it has been shown that
compounds corresponding to all three exidation states have bm charac-
terized for sach of ths coinage metals. Thus it might be expected
that thers would be three exides of silver corresponding to the empirical
formulas Ag;0, AgO and Ag,05. |

A reviev of the literature indicates that there is definits evi-
dence for the existencs of the monovalent and bivalent oxides of silver.
However, there sesms to be soms question about the validity ef the
information used to show the existence of an axide of silver containing
trivalent silver. In ths paragraphs that follow the charmcteristics,
msthods of preparation, and the evidence for the valence state of each
of the oxides of silver will be indicated.

Ag 0 is a covalent compound which crystallises in a face-centsred
cubic lattice. It is characterised by its eass of thermal reduction and
its low solubility. It exhibits both alkaline and acidic properties;
its aqusous suspension absorbs carbon dioxide and {ts solubility in
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alkaline solution increases with increasing hydroxyl ion concentration(l).
Agz0 can be prepared by both chemical and electrolytic msthods. The
chemical method involves the precipitation of Ag,0 by ﬁutmt of mono-
valent silver {on with alkali metal hydroxide solutions. It can be
prepared elsctrolytically by anodic treatment of silver in alkaline
solutions. The standard oexidation potential value given by Latimer
for the Ag~Ag,0 couple in alkaline solution is -0.3Lk volts.

A great deal of vork has been reported on AgO. The classic work
on the higher oxides of silver was dons by Noyes, et al. T;tctt studies
of the oxidation of silver nitrate in nitric acid by osone indicate
that the oxidation stats of silver in the black compound produced is
bipositive. In addition, the fact that on electrochemical reduction
two Faradays of elsctricity are cbtained per gram atom of silver would
sesn to be conclusive evidencs fer the divalent state of silver in
this compound. The magnetioc data on AgO does not give definits evidence
for the valence stats of silver. The divalent state of silver would be
axpected to exhibit paramagnstic properties but Neiding and Kasarnovski(2)
report that selid AgO is not paramagnetic. However, in nitric acid
solution it is thlc. This parumagnetisa has not been cbserved
in alkaline solution. The formula of the oxide indicates a 1:1 stoich-
iometry but there is evidence that this may net be necessary. Dirkse(3)
found that prolonged anodic treatment of silver in potassium hydroxide
solution produced oxides whoss compositions varied frem Ag0; to AgOy ¢
Determination of the exidation potentials of these electrodes showed
that they corresponded to ths potentials for the divalent axides of
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silver. latimer's valus for the exidation potential of the Ag,0-Ag0

couple in alkaline solution is -0.57 volts. AgO is less stable than
Ags0 and in the presence of silver it will slowly decompose to form the
more stable Ag,0(L). AgO can also be prepared by chemical and electro-
chemical mgthods, The chemical methods lnvol;n ths oxidation of Ag or
silver nitrate by ozone(S), permanganates(6), and persulfates(7). AgO
can be prepared slectrolytically by the exidation of silver nitrate
bestwesn platimm electrodes(8) er by the anodic treatament of silver in
alkaline solution($).

The svidence for the existence of ths trivalent axide of silver
is less conclusive. Jirsa and Jelinek(10) reported the formatien of
Agy03 by exidiging silver (I) oxide with osons. However, ths compound
was very unstable and decompesed rapidly in water. Hickling and Tayler(1l)
suggest that the primary preduct ef the cxidation of Agy0 1s Ag,0s, which
subsequently dedamposes to form Ag0. However, it has been suggested
that there is no conclusive evidence for the trivalent oxide of silver(12),
All available data can be satisfactorily explained by assuming that ths
highest exidation stats of silver in all of these processes is a posi-
tive two.

Our work is concerned with the electrocheaical preparation of the
exides of silver in potassium hydrexide selution. The monovalent and
divalent oxidation states of silver are apparent when a silver electrode
{s treated anodically in alkalins solution. At potentials below 0.35
volts above the Ag-Ag,0 potential Ag,0 is formed and at higher poten-
tials the product is Ag0. However, there are soms problems connscted
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with the anodic treatasnt of a silver electrode in potassium hydraxids

solution. The nature and mechanisn of the elsctrode processes ars still
open to question. Alszo, results have been cbtnlncd(j) which indicate
that the conversien of silver to silver(i) oxide in potassium hydroxide
solution is never omlctc, The relation between the concentration of
hydroxyl ion and the efficiency of the process is somewhat obscurs, It
is the purpose of our work bo attempt & clarification of soms ef the
problems cited above gnd poasibly make suggestions as to the nature and
mschanisas of the reactions involved.

Most of the work on the formatfon of the oxides of silver has been
done using constant current techniques. However, the slsctrochemical
kinstices of reactions are functions of overvoltage rather than current
dmolw(B). Therefore, the use of constant potential methods can re-
veal soms aspects of reaction kinetics vhich cannot be cbtained through
the use of constant current methods. At censtant potential a particular
reaction can be chosen for study, vhereas at constant current the re-
action that {s kinstically most favored may take place. This i{s par-
ticularly trus vhers the growth of an oxide fila may render the elsctrods
passive.

The rate of an electrocheaical ‘mcuon carried out at constant
potential is dspendent on a mumber of factors, such as, concentration
polarimtion, the electrical resistance of the system, ths overvoltage,
and the ratss of linesar diffusion of the ions involved., Howsver, in
nost elsctrochemical reactions this is somswhat simplified, because the
limiting factor is either the overvoltage or the rate of diffusion.

Before a substance can react at an slsctrods surfacs it must overcome
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an energy barrier. This energy barrier {n an electrochemical process

is the overvoltage. The magnituds of the evervoltage can be evaluated
hy deteralning the potential at which the desired reaction will take
place and comparing this with the equilibrium potential, calculated
from the Nernst equation. As the potential is furthsr increased, the
theerstical rate of ths reaction will increass very rapidly. But this
theorstical rats can be attained only if the rats of transport of ions
to the slectrods surface is equal to the demand. This is normally not
the case and thus at {nareasing potentials the rates of most electro-
chemical reactions are limited by the rates of fonic diffusion.



EXPERIMENTAL

The apparatus shown in Figure 1 (ses Appendix) was dssigned to
charge ths silver slectrodes at constant potential. Resistance A is
a precision resistor from vhich the desired potantial can be applied
to an slsctrode. In this way slectrods B can be maintained at a con-
stant potential above electrodes C and C'. Elsctrods B i{s the experi-
mental slectrods and was prepared by pressing moist Ag,0 on & platimm
screen and reducing it thermally teo silver. Klectredss C and C! are
comparatively largs elsctredes prepared by pressing Ag,0 en a silver
screea. The curreat flow through the cell is ssasured by tapping from
resistancs D and feeding into a recording potentiocmetar. The voltage
difference betwesn the experimental electrode and the Ag 0 slectrodes
1s measured by tapping from resistance E and fesding into a recording
potentiomster.

Altheugh the above described process is actually a preesss car-
ried out at constant csll potential, it is in effect a constant slec-
trods potential process, for by making the Ag,0 slectrods surface very
large in comparison with the gross surface area of the experimsntal
slsctrode the current density on ths reference electredes will alvays
be very small. Thus the Ag 0 electrods will be eperating very closs
te its reversible potential. In our work we have assumed that the
voltages mesasured across the plates of the cell represent the potential
difference between the expsrimental electrods and the Ag 0 reversible
potential.
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The procsdure wvhich was employed to study the constant potential
exidation of silver can best be divided into two parts.

The first part of our procedure was designed to show the effect ef
a prior charge on the voltage-current characteristics of Ag,0 and AgO
formation in various concentrations of potassium hydraxide. 7o accoa~
plish this the silver electrode was treated anodically at 0.05 volts
for forty-eight hours or until the current was sero. The slsectrode
wvas then seaked {n distillsd water for at lesast eight hours to wash
out the slectrolyte, dried in a strean of purified nitregen, placed in
a desiccator for at least eight hours and then weighed. The increass
in weight wvas assumed to be dus to oxygen. The slectrods, which now
contained soms Agy0, vas placed on charge at 0.35 volts for forty-sight
hours and ths gain {n weight was again noted. This wvas repeated at
0.40 volits above the Ags0 potential.

It should be noted that we deviated from the above outlined sequence
of voltages in sight psrcent potassium hydremxids solution becauss so
1itile silver vas converted te Agy0 at 0.05 volts.

The second part of our procedurs was designed to study the effect
of anodically charging a silver elsctrods at 0.15, 0.50, and 0.35 volts
respectively, in various concentrations of potassium hydroxide. The
experinental elsctrods was thermally reduced te silver between each
voltags step. The gain of exygen and the efficiency of the process
vere again noted at each of these voltages.

The composition af the product on the experimental electrods wvas
deternined by visual inspesction, by obtaining x-ray diffraction pattsrns



with a Norelco x-ray spectrometsr, and by comparing {ts potential to
that of the Ag,0-Ag electrodes.



RESULTS
Efficiency of the Elsctrode Procssses

The efficiency of the process was determined by assuming that
the increase in weight experienced by the silver elsctrode was due to
exygen and compering this to the number of milliampere hours of slec-
trdeity consumed in the process. It was also assumed that the solu-
bility of the Ag,0 would not producs a significant loss of exide from
the electrods surfacs. These results are given in Table I (ses Ap-
pandix) .

The data show that at 0.05 and 0.15 volts above the Ag,0 potential
the anodic oxidation of silver was appraximately 100 psrcent efficient
in concentraticns of potassium hydroxide betwesn eight percent and ferty
peresnt. This would indicate that under thess conditions the reaction
by which silver is converted to Ag,0 is the only reaction of any con~
ssqusnce. This reaction is generally eonsidsred to procsed aceerding
to the fellowing equations

2Ag ¢ 2OH ————s Agy0 + H3O + 2¢~

In the formation of Ag;0 and AgO at 0.30 and 0.35 velts soms ex-
perimental difficulty vas encountered and the results are not as easy
to interpret. Howsver, there appsars to be a pronounced drop in cur-
rent efficiency in forty percent potassiua hydroxids.

At 0.L4O volts ths changs in current efficiency with hydrexids ion
concentration is very proncunced. In these runs, the electrods had
been anodised at 0.05 volts and 0.35 volts respectively, for L8 hours
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peior to the application of the C.LO volt potential. Howsver, the
prior formation of the oxides of silver on the electrods surface is
spparently not relavent to the efficlency of the process. Figure 5-b
on Table I (see Appendix) shows that treatment of a previously anodized
slectrode at 0.35 volts resulted in the formation of AgO with 100 per-
cent current efficiancy. Figurs 2 (see Appendix) contains & plot of
current efficiency vs. potassium hydraxide concentration and shows
that the current efficiency falls off wery rapidly with increasing
hydroxide ion concentration, The decrease in current efficiency is
dus at least in part, to the evolution of cxygen at the anods and our
results indicats that at potantials of 0.0 volts and above, the re-
action is favored by inereasing potassiua hydraxide concentration.

This lnlliubu that the potential for ocxygen evolution at the Ag-Ag,Q
and Ag 0-Ag0 couplss decreases with increasing hydroxide fon concentra-
tion. Reference to the curves labéled 'C’ on Figures L, 5, and 6 (ses
Appendix) shows that ths surrent densities were appraximatsly the same
in all concentrations nf potassiur hydroxide. Thus the current density
factor {s largely eliminated i{n the consideration of the diffsrences

in the potential for oxygen evolution at the various concentrations of
slectrolyte.

Conversion of Ag to Ag,0

Results reported previously by Dirkse (3) indicated that ’ut
’otcnthlna below that at which Ag0 forms it was impossible to convert
all of the sllver on the active electrods to Ag,0. Inspsction of Table
1 (ses Appendix) reveals that m-mk verifies this contention. The
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best conversion (approximately 80%) was obtained in 28 percent potassium
hydroxids at potentials of 0.15 and 0.30 volts. Under these conditions
the current-milliampere hour curves (Figure 5, d and ¢} see Appendix)
show a high current density at the anode for some time and then a
rather abrupt drop to ssro current. These curves also show that the
total number of milliampere hours of slsctricity consumed at this high
current density is spproximately the sams at both potentials. This
offers further substantiation for the jdsa that the rapid drop in cur-
rent density occurs when all of the surface silver atoms have reacted
to form Ag;0.

The rapid change in current density could bs accounted for in two
ways. The first suggestion takes into account the high electrical re-
“l‘tcnco of Ag;0. The specific slectron conductance of Ag,0 is reported
to be 10°¢ ahm™! (14) and thus the formation of the axide film on the
surface of the elsctrods would increass the eslectrical resistance of the
systea and bring about a decreass mmtfm. However, the in-
orsased resistance would only decrease the rats of the reaction and thus
complets conversion of Ag to Ag,0 should be achieved after a sufficiently
long snodic treataent. Our results show that this does not occur. The
other possibility is that ths Ag,0 layer presents a barrier to the dif-
fusion of hydraxide ion to ths unreacted silver, When the fqrmation '
of the oxide film on the surface is complets the reaction ceases since
there are no more hydroxide ions svailable for reaction at the site of
the fres silver. It should be noted that, in this mechanism, there is
ne electron flow across the Ag,0 film. The elsctron trunsfer takes
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place at the silver - hydroxide fon interface and thus the resistance
of the system must be dus to the difficulty of transperting hydroxide
fon through the oxide lxyer.

The data in Table II give additional evidence on the formation of
Ags0. (Ses Appendix). Thess data were obtained using the sams experi-
astal techniques dsseribed sarlier, with the exception that the volt-
age inerements wers smaller. An elsctrods vas exidissd at 0.05 volts
for 2l hours and the increase in weight was noted. The partially ex-
idised electrods wvas then charged at 0.10 volts for another 2l hours
and the weight wvas again determined. This procsdure wvas repeated at
0.05 volt mmu; uwp to 0.35 volts. Inspeetion of Tuble II (ses Ap-
paendix) shows ths maximum conversion ef Ag to Ag,0 after the 2 hour
anodic treatment at 0.10 volts. However, the percent of Ag cenverted
to Ag,0 varied with the hydrexide jon concentration, Figurs 7 (see Ap-
pendix) shows a plot of the specific conductivity of potassium hydrox-
ids solutions superimposed on a plot of ths percent of silver convertsd
to Ag 0 at 0.10 volts vs. ths potassium hydrexids csmesntration, This
graph indicuted that the extent of Ag0 formation is a fungtion of the
specific conductivity of the slsctrolyte. Alse, inspection of Teble 1I
(ses Appendix) reveals that no further exidation of the electrods is
accomplished by continued anodic treatment for 2 howr perieds at each
of the potentials below 0.35 volts. Since ths conductivity of the slec-
trolyts, and not the activity of the hydroxide ion, is {nvelved, this
weuld ssem to indicate that ths mlltl‘glu of the slsctrolyts controls
the depth of the oxids film on the silver eslectrode. It doss not seem
possible to explain this on the basis of the dscreased rats of reachion
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in lower concentrations of KOH, because {f it wers kinstically possible
to axidise the silver this would havo occurred, at least to soms extent,
during the 96 hours of anodic treatment.

A consideration of the voltage distribution across the cell before
and after the formation of the oxide layer at first suggested a possibls
explanation for the above results. When the voltage is first applied
across the cell the silver ¢lectrode offers 1little or no resistance
and therefore the full potential gradient is applied across the slsc-
trolyte. Oxidation eccurs at the silver slectrode and an exids film
is produced. Since the oxide film has a high electrical resistance
this forces a redistribution of the potential across the cell. A cer-
tain fraction of the csll potential then producss a voltage gradient
across the oxids layer and the significant fact is that the magnituds
of this voltage gradient increases as the specific conduotivity of the
¢lsctrolyts increases. I1f we now assume that the continued oxidation
of silver involves the diffusion of hydroxide fons through the oxide
layer, undsr the influence of the voltage gradient, it might be sug-
gested t.lut; in solutions of high slectrical resistance, the difference
in potential may not be great enough to overcoms the rezistance of the
film to the transport of hydroxide ion to ths unreacted silver. This
axplanation s at least consistent with the observation that ths ex-
tent of the reaction is a function of the specific condutivity rather
than the activity of the hydroxide ion. This explanation, whils tempt-
ing, is incorrect, hmm; because an increase in csll potential would
increase the veltage gradient across the oxide laysr, resulting in the
formation of more Ag0. Our results show that this doss not eccur.
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In fact, the clcctrodd resists further oxidation at all potentials wp

te the potential at which Ag,0 is oxidised to AgO. 1t appsars then,
that the exide film produced at 0.1 volts, regardless of its thickness,
prevents the diffusion of hydroxide fon te the surface of the active
silver, I1If this is the case, the enly reaction possiblk is the conver-
sion of Agy0 to AgO, at the Ag;0 - potassium hydroxide interfacs.

Apparently, ths extent of silver-to-silver (I) exids conversicn
mxy be dependent on a number of factors, such as, specific conductivity,
the voltage at which the initial axids fila is tomd; and the elsctrical
resistance of Ag:0.

Inspection of Table I (see Appendix) reveals that, in 8 psrcent
and 20 percent KOH, after the test slectrode had been anocdically treated
to form Ag,0, the spplication of a potsntial of 0.35 velts resulted in
e loss of weight, This occcurred despits the fact that oxidation wvas
taking place at the electrode as shown by the current flow, Figures 3-c
and L~ (ses Appendix). In 28 percent KCH this loss did not occur. In
fact over the veltage span of 0.05 to 0.35 volts the current efficiency
was 100 percent.

This spparent buotwgmhubmobmwmmnhn
that a systematic study of the oxidation of silver in KOH solution was
required to discover the reaction or process responsible. Table 1I (see
Appendix) contains a summary of the results obtained in this study.

The data show that there is a definits loss of weight from the
slectrods as it {s treatsd at increasingly mors positive potentials,
up to the point where AgO begins to fora. uomu-, reduction of the
slectrods and comparison of fts weight to the weight of the original
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e¢lectrods showed that some of the silver had been lost., It was found
that the amount of sflver lost in each series exceeded the loss ex-
psrienced by the slsctrode during anodic treatment. A graph of ths
grans of oxygen gained per gram of silver vs. voltage on Figure 8 (ses
Appendix) indicates that the loss in weight is independent of the KOH
concsntration, quantity of axi{de on the elsctrode, and the voltage.
Thus it appears rather certain that a competing reaction could not be
involved, Evidently thers is a certain smownt of cracking and flaking
off of the oxide material during the processing of the electrods and
this accounts for the apparent loss of oxygen. The loss of Ag,0 could
also expose some free silver to the electrolyte and this would account
for thse fact that soms current was observed te flow during the time
that the anods appeared to be losing oxygen. It would alse follow that
ths current efficiencies calculated for this procsss can only be spprox-
inste.

Potential for the Agp0-Ag0 Transformation

Reference to Table I (see Appendix) shows that AgO is not produced
in 8 peroent potassium hydrexide solution until the electrods was held
at 0.0 voits above the Ag,0 potentisl. In higher concentratiens AgO
wvas formed at 0.35 volts. Since the standard rewversible petential of
AgO s about 0.26 volts above the Ag,0 potential, it is svident that
the potential required for the Ag,0-Ag0 transformation i{s approximately
0.1 voits above the standard potential and that this valus decreases
with increasing hydroxide fon concentration. This is the expected trend
if ve assume the following reaction:



Aga0 + 2aH™ » 2Ag0 +HgO + 267,
and express E in terms of the Nernst equation,

E=-0.57 - 2922 109 RN,
Since AgO and Ag,0 are solids wvs my censider their activities to be
wity and it {s then apparent that as the activity of ths hydroxids ien
increases and ths vater activity dscreasss, the valus of B will approach
BO,

Justification for the assumption that hydroxide fon and not water
is the active species can be cbtained from Figures 3-6, e and £ (s0s
Appendix). A comparison of the current densities shows that the rats
of the reaction incrsases with increasing hydroxide ion concentration.
1f vater were the active species ons would expect the opposits effect.
It will be shown later in this paper that the rats controlling factor
(in the potential range considersd hers) is the spesd at which the
sctive material is breught te the surface of the slectrods. The higher
viscesity and lower wvater activity in the mere concentrated potassium
hydroxids solutions would lower the rate at vhich wvater molscules would
diffuse to the slectrods surface. Thus {t seems unlikely that water
oould be directly involved in this process.

Analysis of the Current VS. Nilliampers Bour Curves

When the potential of ths working slsctrode was held at 0.05 volts
above the Ag,0 potential (curve "a" in Fig. 3 teo 6; sees Appendix) the
current slovly decreased with time. However, when the silver slectrods
vas oxidissd at higher potentials ('d' in Fig. J to 6) the current re-

mained constant for several hours and then dropped rapidly to a very
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low valuse. This difference in beshavior suggests that dlff;rmt rats
controlling factors are invelved.

It vas pointed out in the inwroduction that two of ths rate con-
trolling factors wvhich must be considered in a constant potential pro-
cess are overvoltage and rats of linsar diffusion.

If we assune that the electrolytic axidation of silver proceeds
in accordances with the following equations

Ag * OH s 1/2A93001/2H;0010' ’

then following the treatment of Delahay (15) we can indicate ths ds-
pendsnce of current en overveltage by
M
i-KAFCm-C e RT vhere
Ag
K is the rate constant, A is the area of the electrode, F is the Faraday,

Af
mdcm

A,P,mcoﬂ-mmtmtu

represents the fraction of molscules in the activated state.

LA
§ =KC, e RT

Ag , and swstituting

. nFE
i =K', e “RI

Ag vhich at 25¢ becomes

log { = log C,_ + gy + logK'.
The plot obtained in Figure 9 (see Appendix) was derived by assuming
that the slectrods surfacs had a total capacity ef 100 ailliampere hout's
and this wvas considered to be cAg’ Thus, after 10 milliampere hours of
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charge the concentration of Ag wvas reduced to 0.9, and after 20 milli-
empere hours CAg was 0.8, ste. The plot of {1 vs. millimmpere hours
shows that the rats increases with potential and at constant overpoten-~
tial the rate decreases with tims.

The high current rats predictsd by the current-overvoltage relation-

ship is seldom achieved at high overvoltage vnhni because a point {s
soon reached wvhere the rats of diffusion of the slsctrolyts to the slec-
trods surface liaits the rats of the reaction. Under these conditiens
a concentration gradient is established betwsen the elsctrods and ths
body of the solution, the concentration of ths reacting speciss being
gero at the slsctrode surface. Delahay (16) has shown that the 1imiting
current in a constant potential process controlled by the rate of dif-
fusion {s exprsssed by

1
'1/:tx/t

3
| -nFAD./zc° vhare n i{s the nuaber of elsctrons,
F is the Faraday, D, is the diffusion coefficient, and C® is concentra-

tion, The quantity  nF. o C® s a constant in a given potassium
x’?’

hydroxide solution. SimpMying,
S O

A graph of this equation (Figure 10, ses Appendix) shows that the cur-
rent will decrease with time,

The above considerstions would lead us to suspect that the reac-
tion is rate controlled by the overvoltage at 0.05 volts and by the
rate of diffusion at higher potentials. However, examination ef curves
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'a’ and *d! in Pigures 3 to 6 (ses Appendix) indicates that 'a' could
be rats controlled by either factor vhile *d! resembles neither of the
theeretical curves.

At this point it is necsssary to nots that in the derivation of
the equation for current in the diffusion controlled process it wvas
assumed that the concentration gradient remmins constant. This would
not hold trus if the slsctrode wers held at a constant potential for a
long period of time, because the difference in density between the
slectrolyte near the slectrode surface and the body of ths selutien
would soon cause convection currents. Laitensn and Kolthoff (17)
studied the effect of convection currents en the shape of current vs.
voltage curves in a diffusion controlled constant potsntial process.
They found that large deviations from ths theoretical were produced by
convection currents and that the amount of deviation is dependent on
the erientation of the electrodes in the solution. If the electreds is
positionsd so that diffusion can taks placs enly in a vertical direction,
and if the solution of lowest density is alwxys at the top, convection
is slininated and the theorstical curve is ocbtained. However, if dif-
fusion is permitted from the side, convection takes place, the concen-
tration gradient is largely removed, and a greater number of ions are
made availsbis for reaction at the slsctrods surface than would de
provided by the process of linear diffusion. This results in a high
oconstant current for a period of time with a rapid drop in current
vhen most of the active material has reacted.

In this work our elsctrods was mounted vertically in the potassium
hydroxids solution and the oxidation was carried out over a period of
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24 hours or more. It seems very probable then that the reactions car-
ried out at potentials greater than 0.05 volts wers controlled by the
rate of transport ef lydrexids fon to the elsctreds surfucs.

For the reaction at 0.05 volts it is now quite obvicus that the
1imiting current {s established by the overvoltage. Ths fact that the
convection currents which are established, have 1little er no effsct on
the rate of the reactien, indicates that the rats is indspendent of the
hydrexide ion conecentration.

The shape of the current-times curves in L2 percent potassiwum
hydroxide, Pigure 6, ¢ and £ (see Appendix), differs markedly from
thoss observed in lower concentrations. The initial current density
was high but {t dropped rapidly to low valus in a very short tims,
Analysis of the expesrimental elsctrods revealed that Ag,0 was formed at
0.30 volts and AgO at 0.35 volts, but the extent of oxide fermation was
vary low in each case. Since previous work indicated that the amewnt
of Ag,0 and AgO produced at high current dansity was related to the
porosity or total surfacs arsa of the alsctrode, ws suspected that the
high temperature of thsrmal recuction may have been responsibls for a
dscrease in porosity. 7To check this, an Ag?O elsctrods was reduced at
5009C. and placed on charge at 0.35 volts. A high current density was
maintained for Li.5 hours and the cemposition of the product was Ag0g,qa.
The sams electrods vas then reduced at 900°C. and treated anodically at
ths same potential. The current density dropped to a low value in 20
ainutes and the product composition was AgOy, ;. The meiting point of
silver is approximately 9009C, so it is quite evident that at high
temperaturs soms of the silver fuses and thus reduces the surface area
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of the slectrods., The rapid decreass in current density i{s undoubtedly
dus to ths formation of the film of Ag,0, which offers high resistance
to the flow of hydroxide fons to the surface of the unreactsd silver.

Mschanisa of the Conversion of Ag,a0 to AgO

1t vas pointed out earlier that Ag,0 has a high electrical re-
sistanes but this spparently {s not involved in the econtrol of ths re-
action rate {n the formation of Ag;0, since thers is no slsctron flow
through the oxids film during the reaction. However, in the conversion
of Ags0 to Ag0 the situation i{s different. 1f ve assume that the reac-

tion of Ag,0 with hydraxide fon is represented bys

Ag0 ¢ 20H" = Q2Ag0 ¢ HzO ¢ 2¢° , and if we also assums
that hydroxide fons are available only at the surface of the Agy0, then
it can be seen that elsctrons will betrunsported across the Ag,0 layer.
The resistance of Ag,0 to slsctron flow should then limit the rate of
ths reaction. Evidence for this was observed. When an electrode that
contained the maximum amount of Agy0 on {ts surface was anodized at
0.35 volts, the conversion to AgO occurred (Table II, 22.7% KOH, see
Appendix). The current flow, initially, was very low and gradually in-
creased to a maximm over a period of a few hours, This is interpreted
as evidenos that the resistancs of Ag,0 limits the electren flow, but
as the formation of AgO continues the thickness of the Agy0 layer de-
creases and this allows the current flow to increase to a maximum.

It mnight alse bs noted that, whils our work cannot prove er dis-
prove the existence of Ag;0;, it doss indicate that AgO is produced
directly from Ag;0 and Ag without the formation of Ag,O5 as an
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-internediate, as suggested by Hickling and Taylor (11). The standard
axidation potential value given by latimer for the AgO-Ag,;03 couple in
slkaline solution is -0.7L volts and therefore it is not 1likely that
we could have formed any Ag,03, even at the highest potentials used.



sugg



SUHMARY

While the results are qualitative in natm; it appears that ssveral
suggestions can be made concerning the constant potential axidation ef
Ag in potassium hydroxide solution.

1. The current efficiencies for the reactions which result in the
formation of Ag,0 and AgO are 100 percent efficient at poten-
tials below that at vhich exygen evolution occurs.

2, Bvidence has been obtained which indicates that the rate con-
trolling reaction in the electrolytic formation of the oxides
of silver, in potassium hydroxide solution, involves ths reac-
tion of hydraxids fon, and not vatsr, at the electrods surface.

3. The conversion of Ag to Ag,0 is nsver complete and this is dus
to the formation of a film of oxide, which hydraxide fon cannot
penstrate, on the surfacs of the silver elsctrods. It is also
spparent that the extant to which Ag is converted to Ag,0 is
a function of the specific conductivity of the potassium hydrox-
ide solution.

L. It is obvious that Ag;0; need not be an intermediats in the
formation of AgO.

We believe that this work shows that important information on the
kinstics and mechanisms of slectrode processes can be obtained by a
study utilizing constant potential techniques. Also, further work on
the constant potential axidation of silver is indicated. This investi-
gation has shoun that more reproducible electrodss should be obtained,
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in order that a more accurats analysis of ths surface area factor may
bs mads. It would also be nscessary to devise and experimsntal sst-up
vhich would eliminate convection currents in a prolonged elsctrolysis.



APPENDIX
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Diagram of the circuit used for constant potential oxidation.
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The relation between current efficiency and hydroxide ion concen-
tration for the anodic treatment of an Ag-Ag,0 electrode at 0.k
volts above the Ag,0 potential.



TABLE 1

Summary of Results of Constant Potential
Oxidation of Silver

VoIt:gioFove % current co%vigted Ka‘t;grc
#HOH Figure potential efficiency to A3,0 Product surface
8.25 3-a 0.05 70 9 Ag0o, 04 Ag0
b 0.15 90 57 Ag09.3; Ag0
c 0.35 0 53 A0g.27 Aga0
d 0.35 9k 59 - AgOg.32 Agy0
. 0.40 8L - AgOg.g2 AgO.
20,7 L-a 0.05 93 62 AgOq,s1 Agy0
b 0.35 o L8 AgOq.24 Agy0
¢ 0.0 _ 8o, = Ag00.4a Ago
0.15 100 51 AgOg.2s Ags0
. 0.30 86 53 Ag0p. 26 Ags0
o 0.35 100 -~ AgOg. e AgO
28.3 5-a 0.05 87 é3 AgOe.33 Ag,0
b 0.35 100 ~ AgOg.v3 AgO
¢ 0.40 L7 - AgOg.p3 AgO
d 0.15 ok 79 AgOqy 39 Agg0
. 0.3 100 76 AgQg.3s Agp0
t 0.35 % ~ Ay A
k2.3 6 0.05 100 0 AgOg.2s Ag0
b 0.35 17 - AgOg. ey Ago
¢ 0.0 8 . - AgOo. se AgO
d 0.15 100 56 AgOg, 25 Agp0
¢ 0.3 6L 8 Ag0p.04 Ag0

4 0.3% 77 - Agog. 3y Ago




Figures 3-6

Current va. milliampers hour graphs for ths constant potential
axidation of a silver slectrode in 8%, 204, 28%, and 4O potassium hy-
droxide. The curves labeled a, b, and ¢ wers cbtained by anodic treat-
ment at 0.05, 0.35, and 0.40 volts above the Ag,0 reversible potential.
The slectrode was not reduced between voltage steps. The curves on the
lower half of each page (d, ¢, and ) were cbtained by anodic treatment
of the electrode at 0.15, 0.50, and 0.55 volts respectively, with the
slectrode being reduced to silver between sach potential increass.
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TABLE 11

A sumary of the results obtained by charging a silver slectrods
at sach of the potnstials 1isted, for a period of 2} hours or
until the current flow vas sero, no reduction between steps.

Volts above £ silver Total weight of Loss of

ZKOH Agy0 potent. to Ag,0 oxygen gained sflver
8.24 0.05 18 0.0066
0.10 18 0.0063
0.15 18 0.0066
0.20 15 0.0057
0.25 13 0.0048
0.30 11 0.0052
0.35 26 0.0096 0.0025
21.4 0.05 25 0.0067
0.10 75 0.0201
.0.15 73.5 0.0198
0.20 71 0.0191
0.25 71.5% 0.0192
0030 71 05 000192
0.35 76 0.0204 0.0045
22.7 0.05 L5 0.01L)
0.10 82 0.0262
0.15 80 0.0258
0.20 17 0.02}45
0.25 17 0.02L4
0.30 78.5 0.0250
0.35 AgO 0.037h4 0.0032
L2 0.05 zz 0.0103
. 0.10 ' 0.0201
0.15 61 0.0193
0.20 61 0.0192
0.85 60 0.0191
0.30 59 0.0187

0.35 56 0.0177 0.0026
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Figure 7

The relation between the percentage of silver converted to Ag,0 and
the specific conductivity of KOH. Specific conductivity is plotted
on the right ordinate and  silver converted to Ag,0 on the left.
The upper curve is specific conductivity.
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A graph of the data of Table II showing the inertness of the partially
oxidized electrode between 0.1 and 0.3 volts above the Ag-Ag,0 potential.
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Theoretical graph of rate dependence from overvoltage theory.
The electrode capacity is 100 milliampere hours.
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