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sis. A study was made of the relationship between the electrode
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the number of electrons per hydrogen ion in the discharge reaction
was unity at a pH between two and five.

The electrode potential during discharge was plotted against
the time of discharge and the resulting curves were compared with
curves calculated upon a theory based upon diffusion of the reduction
product into the solid electrode. It was found that the diffusion
equation predicted the shape of the experimental curves.

The diffusion coefficient for the discharge product was

calculated from experimental discharge curves and the equations



for diffusion. A diffusion coefficient of 3 x 10—18 cmZ per
sec was obtained.

A mechanism for the discharge and recovery of the vana-
dium pentoxide electrode is proposed. It is suggested that the dis-
charge consists of the reduction of the vanadium pentoxide to a
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the composition of the solid solution formed between the pentoxide
and the oxy-hydroxide on the surface of the electrode. The re-
covery, after the discharge current is removed, consists of the
further diffusion of the oxy-hydroxide away from the surface and
the resulting increase in the activity of the pentoxide on the sur-

face, until the composition is uniform throughout the electrode.
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THE DISCHARGE AND RECOVERY OF THE
VANADIUM PENTOXIDE ELECTRODE

I. GENERAL INTRODUCTION
A. Preface

The importance of primary electric cells in modern tech-
nology is well known. Since most of the primary cells used today
utilize a solid metal-oxide as a cathode material, basic research
on the electrode properties of such oxides is essential for improving
the quality and kinds of primary cells.

The present investigation was undertaken with a three-fold
purpose in mind: (1) to lay a groundwork for the study of the elec-
trode properties of solid oxides in general, and vanadium pentoxide
in particular, (2) to make an extensive study of the electrode be-
havior of polycrystalline vanadium pentoxide, and (3) to determine
optimum conditions for the use of vanadium pentoxide in primary
cells.

Vanadium pentoxide was selected as the material for be-
ginning this study for several reasons. One is that a preliminary
study indicated that this oxide had good electrode properties, such
as being a relatively good semiconductor and having a high reduction
potential. Another is that the low melting point of the oxide, about
6500C, makes it possible to prepare the oxide as either a cast elec-

trode or as a single-crystal electrode. Other reasons are that



vanadium pentoxide has only one crystal modification, in contrast
to some other oxides, including manganese dioxide; and that the
pentoxide can be obtained commercially as a very pure material.

Vanadium pentoxide has one serious drawback in an
aqueous system study. The oxide and many of its reduction pro-
ducts are relatively soluble in water, thus making the study of the
electrode behavior more difficult because of the increased number
of possible reduction products.

Another reason for selecting vanadium pentoxide is that it
has already attained some commercial importance as a cathode
material, and hence, basic research may have immediate practical
value. A patent was granted to Louzos, of the Union Carbide Cor-
poration (31) for a primary cell utilizing vanadium pentoxide. The
advantages claimed for this cell over the conventional cells are that
the pentoxide cell has a much longer shelf life and that it can be
operated over a much broader temperature range. Thus this cell

is ideal for many uses in the modern space age.

B. Vanadium Pentoxide as an Electrode Material

The purpose of this section is to present a survey of the
properties of vanadium pentoxide which may affect its electrode
characteristics. These properties include the composition and be-
havior of aqueous solutions of the pentoxide, the electrical proper-

ties of the solid oxide, the crystal structure of the solid oxide, and



the properties of the possibie.reduction products of vanadium

pentoxide.

1. Chemical and Physical Properties of Vanadium Pent-

oxide. Vanadium pentoxide has been known for many years and

hence its physical and chemical properties have been fairly exten-
sively studied, although there is poor agreement among various
workers concerning the values of these properties. Several com-
prehensive reviews on the chemical and physical properties are
available, among which are Kirk and Othner (27, p. 596-598),
Mellor (33, p. 714-825), Remy (36, p. 90-104), and Sidgwick (37,

p. 904-834),

2. Vanadium Pentoxide in Aqueous Solution. Deltombe, et

al. (14) have given a very comprehensive summary of the properties
of aqueous solutions of all the vanadium oxides. They state that the
principal constituents of an aqueous solution of vanadium pentoxide
are the following ions: vanadic (VO,"), which is clear yellow in
color and present at a pH of less than 2. 5; pyrovanadate (H3VZO7_),
which is orange in color and present at a pH from about 2.5 to about
9.5; and three colorless orthovanadates: ( HZVO4_), pH 2.5 to 9. 5;
(HVO4_),pH 9.5 to 11.5; and (VO4--_), pH greate.r than 11. 5.
Vanadium pentoxide has a solubility minimum at a pH of

2.15 with a calculated solubility at that pH of 0.655 g V,Og per liter

of water at 25°C (14). This calculated solubility agrees well with



the experimentally determined solubility of 0.7 g V2Og per liter of
water at a pH of 2.15 and at 25°C (15). The experimentally deter-

mined solubility products of the two most common ionic forms are:

1] $v,05+3H,0 =v0," + OH

8 x 10_15

+ -
(VOZ ) (OH )
- +

- + -
(H3V,07 ) (H') =5x107%

3. Electrical and Electrochemical Properties. Esin and

Zyazev (16) state that vanadium pentoxide is a hole semiconductor.
Kawaguchi (25) found that the conductivity is not isotropic, but varies
with the three crystallographic axes, being the greatest in the ''c"
direction. Klemm and Pircher (28) found that they could not deter-
mine the specific conductivity of pure vanadium pentoxide with any
measure of exactness since the loss of only a slight amount of oxygen
from the oxide increased the conductivity greatly, and stoichiometri-
cally exact vanadium pentoxide was very difficult to obtain. Boros
(8) however, found that the heat treatment of vanadium pentoxide
did not influence its conductivity, which result is unexpected if the
conductivity is greatly influenced by the loss of oxygen atoms. More
work is needed on the conductivity of the pure oxide before this pro-
blem can be resolved.

The specific conductivity of vanadium pentoxide was given

- - - -1
by Klemm and Pircher (28) as about 10 4 to 10 3 ohm ! cm as



compared with the specific conductivity of the dioxide of 5 x 10-Z

ohm-1 cm—l, and that of the trioxide of 5 x 10Z ohm_1 cm-l.
Vanadium pentoxide can be electrolytically reduced to the

+4, +3 and +2 oxidation states (37). Deltombe, et al. (14, p.9-10)

determined the Nernst equations for the oxidation of the +4 to the

+5 oxidation states at 25° C. Below are given the Nernstequations for the

reverse reactions, the reduction of the +5 to the +4 state:

[ + - ++
L3] V205+ 6H + 2e 2VO +3H20

E - -0.958 + 0.1773 pH + 0.0591 log (vO'™)

+ + - +t
[4] vo,"+2n"+e7 - vO  + 1,0
++
vo')
E - -1.004 + 0.1182 pH + 0.0591 log —:y-—(
(Vo,")
- + -
5] H3V,077 + 7H +2¢” =2v0' + 51,0
++. 2
(VO, )
E - -1.096 + 0.2068 pH + 0.0295 log
(H3V,07 )
[6} H,VO, +4H +e = vo''+3H,0
(votth
E = -1.314+ 0.2364 pH + 0.0591 log ————=
(H,VOy, )
2VOy4
] - + - -
7] 2H,VO,  + 3H' +2e = HV,0g +3H,0
HV,05
E - -0.719 + 0.0886 pH + 0.0295 log (_ZL_)?
(HaVOy4 )

- + -
[8] H;V,0; +2H + 2 = HV205 + 2H,0
(HV,0%)

E - -0.501 + 0.0591 pH + 0.0295 log _
(H3V,07 )



[9] 2HVO, +5H + 2 = HV,05 +3H,0
E = -1.281 + 0.1477 pH + 0. 0295 log V295 )
—
(HVO, )
10 : ¥ " +3H,0
[10] 2vo "+ 7H +2e = HV,0;” +3H,

(HV,05 )

E - -1.962 + 0.2068 pH + 0. 0295 log .

(VO4T)
(11] H3v,07 + 38"+ 2¢7 = v,04 + 3H,0
E : -0.806 + 0.0886 pH -0.0295 log (H3V,07 )
[12] 2m,v0,” + 48"+ 27 = v,04 + 41,0
E - -1.022 + 0.1182 pH -0. 0591 log ( H,VO, )
[13] 2nvo, + 6H" +2¢7 = v,0, + 4H,0

E - -1.586 + 0.1773 pH -0.0591 log (HVO,~ )

4. Crystal Structure of Vanadium Pentoxide. Although

there is general agreement among the workers in the field that
vanadium pentoxide belongs to the orthorhombic crystal system,
there is considerable disagreement as to the actual structure of the
crystal. Ketelaar (26), from an x-ray diffraction study of the oxide
concluded that the crystal belongs to the point group CZV Pmmn and
consists of a network of tetrahedra of oxygen atoms with a vanadium
atom in the center of each tetrahedron. He gives the lattice con-
stants as a = 11.482;, b - 4.36 X, and ¢ = 3.55 K . Machatschki

(30) however, suggests that the structure is composed of double



chains of the composition (V205)00.

Bystrom, et al. (9) have concluded from their x-ray
diffraction studies combined with crystal habit and etch figure stu-
dies of vanadium pentoxide that the crystal belongs to the Déi Pmmn
point group and consists of distorted trigonal bipyramids of five
oxygen atoms surrounding each vanadium atom. The bipyramids
are linked together by sharing corners in the x and y directions,
with much weaker bonds in the z direction. Theygive the lattice
constants as a - 11.519 X., b=4.374 X., and ¢ - 3.564 K.. Figure

I gives a sketch of a three dimensional model of the vanadium pent-

oxide structure according to the dimensions given by Bystrom, et al.

(8).

5. Reduction Products of Vanadium Pentoxide. The pro-

ducts which might be formed during the discharge of a vanadium
pentoxide electrode include a series of solid oxides and oxy-hydrox-
ides, and several different ionic species.

Only two of the possible solid reduction products have been
studied extensively, the dioxide and trioxide. The dioxide, VO, (or
the tetroxide, V,04) is a blue-black solid which is prepared by the
partial reduction of the pentoxide with the hydrogen halides, sulfur
dioxide, oxalic acid or any of several other fairly mild reducing
agents. The dioxide is amphoteric, dissolving easily in both acids
and bases. It forms a great number of complex salts, especially

with organic acid radicals. The dioxide is oxidized to the pentoxide
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by concentrated nitric acid or by heating in air. (37, p. 817-818).
The dioxide crystallizes in the monoclinic system with a deformed
rutile type structure (5).

Vanadium trioxide, V03, is a very high melting black
powder which is prepared by heating the pentoxide in the presence
of carbon or hydrogen. It has also been prepared by the electrolytic
reduction of the dioxide (37, p. 825). It is insoluble in water and
does not react rapidly with alkalies (27, p. 598). It absorbs oxygen
from the air slowly to transform to the blue dioxide (14). The tri-
oxide crystallizes in the hexagonal system (2).

In a phase analysis of mixtures of vanadium pentoxide and
vanadium trioxide which were heated together, Andersson (4) identi-
fied 11 distinct oxides with compositions between VO and VO, 5.

These oxides, with their description, are given below:

VO --- gray powder

V503 --- grayish powder

V305 --= dark gray powder

VOL 75 "7 dark lustrous powder

VO, gp -~~~ nearly-black lustrous powder

VO, g4 --- lustrous powder, blue-black

VO; g¢ --- strongly lustrous blue black powder
VO; g7 --- aggregates of blue black crystals
VO, --- needle or rod-shaped blue black crystals
V¢Oi3 ==~ black lustrous powder

V5,05 -~=- brownish yellow crystals

Of the above oxides, x-ray diffraction patterns are available for
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V5,03 (2), V305 (4), VO, (5), VgOj3 (1), and V05 (3).

Several oxy-hydroxides have also been studied in recent
years. Ore, which was given the formula V305(OH)4, was prepared
by Glemser and Schwarzmann (21) by reducing varadium pentoxide
in a concentrated ammonium chloride solution with zinc metal. They
described this hydroxide as a black powder which is stable in air
for weeks, and which dissolves in dilute sulfuric acid to produce a
green solution. They also give the powder x-ray diffraction pattern
for the oxy-hydroxide.

Two oxy-hydroxides in the +4 oxidation state, both with the
formula VO(OH), are described in the literature. Ore occurs in
nature as the mineral Duttorite in the form of brown plate-like cry-
stals. The crystals, although in the monoclinic system, are pseudo-
orthorhombic (40). The other VO(OH), was prepared by Glemser and
Schwarzmann (21) by reducing vanadium pentoxide with sulfur diox-
ide and then heating the product. The oxy-hydroxide is described
as a rose colored orthorhombic crystal which is oxidized readily
in air, especially in the presence of water, to give a deep blue pro-
duct. This oxy-hyvdroxide also dissolves in dilute sulfuric acid to
give a blue solution,

Two other oxy-hydroxides have been studied by workers at
the U.S. Bureau of Mines in Colorado (17; 40). Both of these oxy-
hydroxides are found in nature associated with varadium dioxide.

One is the mineral montroseite, with the formula VO(OH); the other
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is a ''diffuse phase'' and may have the formula VZO3(OH). Both of
these oxy-hydroxides belong to the orthorhombic crystal system.

There are many ionic species which might possibly be
formed during the discharge of the vanadium pentoxide electrode.
Vanadium dioxide forms the following ions in aqueous solution (14):
Vanadyl (VO++) which is blue in color and is present in the pH range
up to 5. 3; hypovanadate (HVZOS_) which is brownish red in color and
is present in the pH range above 5.3. When the vanadium is present
in very low concentrations, the ion (HVOZ+) is present in the pH
range of 5.3 to 7. 3.

In solution the trioxide forms three ions, all of which are
green in color (14). They are(V+++) which is present in the pH range
up to about 2. 8;(VOH++) which is present in the range 2.8 to 3.4; and
(VO+)which is present in the pH range above 3. 4.

C. Theories of the Discharging and Recovery Mechanism of Oxide
Electrodes

Since manganese dioxide is the only oxide electrode for
which a mechanism has been proposed, this survey will be limited
to theories involving that oxide. W, C., Vosburgh (41) gives a recent
review of the earlier theories of the discharge and recovery mecha-
nism and a discussion of the theories most widely accepted today.
The theory which presently has the most support was first proposed
by Coleman (12), This theory assumes that the composition of the

oxide surface in contact with the solution determines the electrode
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potential. During the discharge, the electrons from the inert elec-
trode reduce the manganese dioxide from the +4 to the +3 oxidation
state, while at the same time protons from the solution diffuse into
the oxide to form the oxy-hydroxide, MnOOH. The reduction is
believed to occur mainly at the solution-oxide interface, although
some reduction may also occur within the body of the oxide. As
the hydroxide concentration builds up on the surface there is a
chemical potential developed which causes the hydroxide to diffuse
into the body of the oxide. This diffusion is believed to be actually
accomplished by the diffusion of electrons from manganese atoms
of different oxidation states and protons from the hydroxide to the
underlying oxide ions. Since this diffusion is much slower than the
electrical reduction, the electrode potential drops considerably due
to the dilution of the manganese dioxide on the surface with the oxy-
hydroxide. When the circuit is broken, the diffusion continues until
the oxide and the oxy-hydroxide are uniformly distributed through-
out the electrode. This latter process is known as the recovery of
the electrode, since the concentration of the dioxide on the surface
builds up and approaches its original value.

Scott (38) found that a solution of the diffusion equation
applied to a semi infinite solid (11, p. 75-76) satisfactorily predicted
the general form of the discharge and recovery curves obtained by
Ferrell and Vosburgh (18). Kornfeil (29) modified Scott's equation

such that the recovery curve could be predicted by the shape of the
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discharging curve. He then found close agreement between his
calculated and experimental recovery curves.

Cahoon (10) proposed a somewhat different theory in that
the manganese dioxide is supposed to be reduced electrochemically
directly to Mn++, which passes into solution. The manganous ion
then reacts with the dioxide on the surface of the electrode to give
the hydroxide, MnOOH, or with the dioxide and zinc to give
hetaerolite.

Brenet and Ghosh (20) proposed a slightly modified mecha-
nism which they limited only to the gamma form of manganese diox-
ide, since they assert that the mechanism depends upon the crystal
modification. They postulate that there is a dilation of the lattice
of the gamma dioxide during the first part of the discharge and then
afterwards there is a reduction to alpha or gamma Mn,03, and
finally a transformation to the MnOOH.

Daniel-Bek (13) has proposed an entirely different theory.
He states that the graphite is an active component of the graphite-
manganese dioxide system, rather than just an inert electrode.
When the cell is discharged, the surface of this combination electrode
is partially discharged. When the external circuit is broken, the
combination electrode is recharged by the local cell current.

Much of the disagreement concerning the mechanism of
discharge and recovery is due to the assumption that the same mecha-

nism applies to any and all experimental conditions. For example
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the pH of the solution undoubtedly plays a large part in establishing
the type of mechanism. Still much work remains to be done before

a unified theory can be proposed.
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II. PREPARATION AND PROPERTIES OF VANADIUM
PENTOXIDE ELECTRODES

A, Introduction

In the discussion of the electrodes that follows, and in this
entire work, the European sign convention is followed with regard
to the electrode potential. That is, the sign of the electrode poten-
tial is taken as the sign of the given electrode measured relative to
the standard hydrogen electrode, which means that substances which
have a greater tendency than hydrogen to give up electrons are
given a negative sign.

All of the potentials are measured on the hydrogen scale,
on which the zero of electrode potential at any temperature is de-
fined as the potential corresponding to the reversible equilibrium
between hydrogen gas at one standard atmosphere pressure and
hydrogen ions at unit activity. However, since the hydrogen elec-
trode is inconvenient to use, the saturated calomel electrode (SCE)
was used as the reference electrode in all experiments in this
investigation. The saturated calomel electrode has a potential with
respect to the standard hydrogen electrode of +0.2420 volts at 25°C.
To convert the potentials given in this work to potentials with respect
to hydrogen, it is necessary to add +0.2420 volts to the value given
(30, p. 254-255; 35, p. 110-113),

In order to study the discharge and recovery of the vanadium

pentoxide electrode, it was first necessary to construct an electrode
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system in which the oxide was in intimate contact with an inert
electrode. Several problems were encountered in constructing the
electrodes, and of the several methods tried, no method was com-

pletely satisfactory in all respects.

B. Vanadium Pentoxide Powder Electrodes

The starting material in the preparation of most of the
electrodes was Baker's analyzed reagent grade, 99.5 percent
vanadium pentoxide, which contained 0.1 percent chlorides and 0.3
percent carbon dioxide. The simplest way to make the electrodes
was to place the oxide powder, either alone or mixed with graphite
powder, on a depression in a graphite block. A carbon rod was
connected to the block and the entire assembly was placed in the
electrolyte solution. This electrode was difficult to handle since
the powder did not remain on the graphite. The electrode could not
be transferred easily from one solution to another. However, this
electrode did have a relatively low resistance,which would be advan-
tageous in some experiments.

The initial electrode potential (emf) of these electrodes
varied from +0.4 to +0. 5 with respect to the reference electrode in
a saturated vanadium pentoxide solution with a pH of about 2,4. The
emf decreased 0.1 volt the first day and about 0,02 volt per day
thereafter for five days.

In order to obtain better contact between the vanadium
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pentoxide powder and the graphite, and to obtain an electrode which
was easier to handle, electrodes were made by compressing the
oxide into a small hole in a graphite cylinder. The performance of
these electrodes was similar to that of the loose powder electrodes.
A bobbin electrode was constructed by mixing the oxide
with graphite, placing the mixture on a piece of cotton cloth and
fastening the cloth to a carbon rod with a rubber band. These
electrodes were easy to handle and could be transferred readily
from one solution to another. However, the emf decreased very
rapidly and also a fungus began growing on the cotton after a few

days, so these electrodes were abandoned.

C. Electrolytically Deposited Electrodes

The most convenient type of electrode, which also had a
low resistance, was one wherein the vanadium pentoxide was
electrolytically deposited on a carbon rod. Several attempts of
varying success were made to construct this type of electrode. A
vanadyl solution was prepared by reducing vanadium pentoxide with
concentrated hydrochloric acid by a method similar to that of Gooch
and Curtis (23). The mixture of oxide and acid was heated to about
200°C for from three to six hours. During this time a dark opaque
solution was formed which, when diluted with about five times as
much water, produced a deep blue solution.

The deposition of vanadium pentoxide from this solution



18

was found to be quite difficult and very capricious. Electrolyses
were attempted over a pH range from very acid to about pH = 12.
At values above a pH of 1, a grey precipitate formed which remain-
ed in suspension during the electrolysis. A red-brown deposit on
the anode was obtained---sometimes--within the pH range of 0 to 8.
Several different values of current density were also tried. Al-
though a pH of about 7 and a current of about 100 ma were most
effective in producing the deposit, really satisfactory conditions
were not found.

The initial emf of these electrodes, in a saturated vanadium
pentoxide solution of pH 5 varied from +0.40 to +1.10 volts vs SCE,
In all cases the emf decreased very rapidly when the electrodes
were allowed to stand in the solution. The electrodes could be
charged and discharged immediately after they were prepared.
However, if an electrode was discharged and then allowed to stand
in the solution it could not be recharged. Also, if the charged elec-
trode were allowed to stand for very long in the solution, the emf
dropped to a great extent and the electrode could not be recharged.
Upon close examination of the electrodes which had been standing in
solution, it was found that the oxide had apparently dissolved off the
carbon. An x-ray diffraction pattern taken of the electrolytic
vanadium pentoxide which had been plated on platinum foil, showed
only very diffuse lines. A similar pattern was obtained with chemi-

cally pure vanadium pentoxide which had been ground to a very fine
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powder in a ball mill. This indicated that the vanadium pentoxide
was being plated out on the carbon in the form of very small cry-
stals. This perhaps explains the increased solubility of the elec-

trolytic vanadium pentoxide.

D. Pressed Pellet Electrodes

These electrodes were first made from technical grade
vanadium pentoxide which was placed around a zig-zag piece of
platinum wire in a stainless steeldie 2.54 cm high, 1.41 cm inside
diameter and 1.27 cm outside diameter. The pellets were pressed
on a hydraulic press with a force of 12, 000 pounds. These pellets,
as taken from the die, disintegrated immediately when placed in a
water solution. However a heat treatment in a furnace at 200 to
250°C for six to 12 hours made the pellets stable in a water solution
for a few days.

When the reagent grade vanadium pentoxide was used, the
pellets under the same conditions of pressing would not hold together.
The few that could be made were found to disintegrate rapidly in
solution, even though they had been previously heat treated. Hence,
although this method had appeared to be very satisfactory when the
technical grade vanadium pentoxide was used, it could not be utilized

with the reagent grade vanadium pentoxide.
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E. Electrodes Cast from Molten Oxide

Since vanadium pentoxide melts at a relatively low temper-
ature (6500C) a logical way of preparing the electrodes was to cast
the melt into forms. However several problems were involved in
obtaining good contact with the inert electrode. It was found that
dipping a carbon rod or platinum wire into the melt was not satis-
factory because the melt very quickly dropped off the inert electrode
when the electrode was placed in an aqueous solution. Also, it was
found that the resistance of such electrodes was very high indicating
that the contact between the melt and the rod was not good.

A more successful method consisted of melting the oxide
in a pyrex tube around a platinum wire spiral or a strip of platinum
foil. The electrodes prepared this way remained intact in a water
solution for several weeks.

The melt electrodes consisted of a cylinder of many
needle-like crystals which in the aggregate appeared to be purple
in color. An x-ray diffraction study was made of these electrodes
to compare them with the original vanadium pentoxide powder. The
patterns were found to be identical, within experimental error, ex-
cept that the intensities of the lines were different. This change in
intensity showed the effect of the orientation of the crystals which
had been formed from the melt. Table II, page 31 compares the
line spacing for the two patterns.

The emf of these electrodes became more positive upon
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standing in solution. The change was very gradual, the emf in-
creased only 100 mv in 30 days. It was found that the emf of the
electrode also increased when it was transferred from a saturated
vanadium pentoxide solution to a solution which contained a salt,
such as potassium or ammonium chloride, as well as the vanadium
pentoxide. It was also found that the resistance drop of the elec-
trodes decreased when the electrodes were allowed to stand in the
vanadium pentoxide solution for several days.

The resistance of the melt electrode was estimated in the
following manner. The electrode was discharged in a cell (describ-
ed in Figure III, p. 51) in which the entire resistance of the cell
was considered to be due to the resistance of the vanadium pentoxide
electrode. The electrode was considered to consist of a flat piece
of platinum foil in the center of a cylinder of vanadium pentoxide
with a 0.05 cm thickness of oxide between the foil and the solution.
The following calculations were made from the measured resistance
drop and the current flowing through the cell. This is just a sample

calculation to illustrate the method.

IR - 24mv
I = 0.38 ma
R - 63.3 ohm 5
RA  63.3 ohm x 1 cm 3
p =T C 0. 05 om - 1.26 x 107 ohm cm
K =1/ =7.94x107% ohm™! cm™?

wherep is the resistivity, 1_% is the cross-sectional area, _l_the
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length and K is the specific conductivity of the electrode. This
conductivity was compared with the specific conductivity measured
by Klemm and Pircher (28) of 10-4 to 10-3 oh_vzn-1 crn-1 and found
to be in good agreement.

The melt electrodes were used in all of the following

experiments, except where otherwise noted.
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III. PREPARATION, PROPERTIES AND ANALYSIS OF
DISCHARGE PRODUCT

A. Preparation

Since a knowledge of the identity and characteristics of the
discharge product would be helpful in understanding the mechanism
of the discharge and recovery of the electrode, many attempts were
made to prepare the pure discharge product. It was found in early
experiments that during a discharge of a few hours the surface of
the electrode changed in color from purple or brown to jet black;
upon further discharge the black color appeared to have penetrated
the entire electrode. However, it was impossible to separate the
black discharge product from the vanadium pentoxide either by
scraping the black coating from the electrode or by crushing the
electrode and mechanically picking out the black particles. No
matter how carefully the separation attempt was made, vanadium
pentoxide was always found, by x-ray diffraction analysis, with the
discharge product. It appeared that the two substances were inti-
mately mixed as would be the case in a solid solution.

Discharges were performed in which the current density,
the time of discharge, and the pH of the solution were varied, in an
attempt to discharge the entire electrode. However it was found
under all conditions tried that the discharge reaction proceeded to a
certain extent and then other electrode reactions, such as the re-

duction of the vanadium to a soluble form or the decomposition of
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water, took place. A method was not found for the preparation of
the pure discharge product by the electrolytic reduction of the
vanadium pentoxide. Table I gives the conditions used in several

attempts to prepare the pure discharge product.

Table I. Preparation of the Discharge Product

Current Discharge Solution Appearance
(ma) Time pH Electrode Solution
(hrs)
1.5 72 1 black green
1.5 72 2.9 black green
1.5 72 8.2 black colorless
10 24 2.5 black green
15 6 2.5 black green
30 24 4.5 brown blue
30 72 4.5 dissolved blue
completely

B. X-ray Diffraction Analysis

1. Method. The x-ray diffraction analysis was made with
a North American Phillips Co. diffraction spectrometer equipped
with a Geiger-Muller tube and a Brown recorder. The radiation
was Cu Kaand the scanning speed was one degree 26 per mirute
for all samples. The one degree divergence and scatter slits com-
bined with the 0. 006 inch receiving slits were found to be advan-
tageous for optimum height of the recorded spectra. The rate meter
was set at a scale factor of 16, a multiplier of 0.8 and a time con-

stant of 2 for all analyses. The data were interpreted with the aid



25

of the ASTM x-ray powder data cards by the Hanawalt method (6).
In the Hanawalt method the interplanar spacings, d, of the

unknown material are determined from the wavelength of the x-

radiation,L\_, and the angle, _2__6_9_, which is obtained from the geo-

metry of the detector, with the use of the Bragg relation where n

n/1 -2dsin &

is the order of the reflection. (In practice tables of d values tabu-
lated against the angle E_Q_ for the particular radiation are used to
obtain the interplanar distances.) The relative intensities of the
diffraction line, I/Il’ are obtained from the height of the diffraction
peak on the recorder divided by the height of the tallest peak, whichis
given the value of 100,

A table is then prepared listing all the observed reflections
in the unknown, arranged in order of decreasing d values. By trial
and error, the three most intense lines are matched with lines list-
ed in the ASTM index. Then an attempt is made to match all the d
values and relative intensities of the lines of the unknown with that
of a known compound. This procedure is aided greatly if the possi-
ble composition of the unknown can be determined by some other
means.

There are several sources of error inherent in the Hanawalt
method. If a constituent is present in the unknown in small amounts

only it may be missed entirely. (Most substances must comprise at
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least 5 percent by weight of the sample in order to be detected.)
Also the presence of impurities which partially replace the atoms
of the major component may cause the interplanar distances to be
shifted slightly from that of the pure material. The relative inten-
sities of the lines may also be altered by several things. Orne is
that the intensity is dependent upon the type of radiation used for
the diffraction. Another is by the presence of needle shaped or
plate-like particles in the sample since these tend to become aligned
during the preparation of the sample,and hence cause an intensifi-
cation of some of the lines and a weakening of others. If two com-
ponents contain certain lines in common, the intensity of the parti-
cular lines will be much greater than the corresponding intensity
reported for one component (6, p. 190-258).

If a solid solution is present in small amounts (usually less
thar 30 percent by weight) the resulting x-ray pattern will be the
pattern of the major component, slightly distorted. The pattern of
the minor component will not appear unless it is also mixed in the
sample in pure crystalline form. When both components are pre-
sent in roughly equal amounts, the atoms of one usually begin to
distribute themselves regularly through the lattice of the other. A
new x-ray pattern different from that of either componert will re-
sult due to the presence of what is known as a ''geometrical com-
pouad'. The presence of this '""compound'® is revealed by the appear-

ance of numerous new lines in the x-ray pattern, interspersed
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between the original lines due to the solid solution (39, p. 435).
Although it was believed that the product of the discharge
of the vanadium pentoxide electrode was a solid solution, attempts

were made to obtain an x-ray diffraction pattern of this product.

2, Standards. Several materials which were used as
standards of comparison were analyzed under the same conditions as
were the discharge products. This was done so that any instrumen- .
tal errors would affect both the standards and the unknowns. The
standards used were the following: Baker's analyzéd vanadium
pentoxide; this same vanadium pentoxide after it had been mélted
in pyrex tubes, cooled and then ground in a mortar; the technical
grade vanadium pentoxide used in preparing the pressed pellet elec-
trodes; and V305(OH)4 which was prepared according to the
directions given by Glemser and Schwarzmann (21). The line spac-
ings and relative intensities of the x-ray diffraction patterns tékeﬁ
of the standard vanadium pentoxides and also the values givéﬁ in
the ASTM data file (3) are shown in Table II. The values for
V305(0OH)4 are shown in Table III.

The precision to be expected in comparing unknowns with
the values given in the ASTM file is to.1 Angstrom for low d
values and 0. 02 Angstrom for high d values. It will be seen that
the pattern for the Baker's analyzed vanadium pentoxide obtained

in this laboratory agrees within the experimental error with the

pattern given on the ASTM data card. It will also be noted from
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Table II that the intensities of the lines for the vanadium pentoxide
which had been melted are quite different from the intensities of

the same lines for the Baker's vanadium pentoxide which had not
been melted. This difference is due to the preferred orientation of
the crystals which were cooled from the melt. (The melted vanadium
pentoxide crystallized in the form of long needles; even though

these crystals were ground in an agate mortar, their form was not
completely distroyed.)

It will also be seen from Table II that the pattern of the
technical grade vanadium pentoxide does not resemble very closely
the pattern of either the Baker's vanadium pentoxide or the pattern
given on the ASTM card. No attempt was made to determine
further the components present in the technical grade pentoxide.

The agreement between the patterns for the V3O05(OH)y
which was prepared in this laboratory and that prepared by Glemser
and Schwarzmann is not very good, as can be seen in Table III,
However the patterns do indicate that the sarnPles are ’prdbably the
same material, It is quite possible that both the sample prepared
here and that prepared by Glemser and Schwarzmann contain im-

purities.

3. Discharge Products. The discharged electrodes were

washed with distilled water, dried in a desiccator and then ground

in an agate mortar. Since it was found that the powdered electrodes

were oxidized upon standing a few days, as indicated by a change in
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color from greenish black 1};0 greenish yellov&, the x-ray diffraction
analyses were performed as soon as possible after the electrode was
discharged. However, there was still the possibility that the dis-
charged products were at least partially oxidized during the sample
preparation and the process of the analysis.

The discharged technical grade pellets were first to be
analyzed. Table III gives the pattern for one of the samples, com-
paring it with the pattern for V305(OH)g. It will be seen that the
agreement between the pattern for this discharge product and for
V305(OH)4 is very good. (This is the reason that V305(OH)y4 was
selected as a standard for comparison,) Although it would appear
that success had been obtained in the identification of the discharge
product, the pattern for V305(OH)4 was obtained oniy when techni-
cal grade vanadium pentoxide was dischartged. And since the |
technical grade vanadium pentoxide obviously contains impurities
(as shown in Table II) the V;05(OH)4 may be produc"ekd from a reac-
tion other than the one being studied in this work.

Several x-ray diffraction pattei'ns were taken of the reduc-
ed reagent grade melt electrodes; in all cases the pattern resembled
that of pure vanadium pentoxide. Table IV gives the patterns for
two samples of the discharge product compared with the pattern for
the vanadium pentoxide which had been cooled from the melt. It will

be noted that the patterns for the discharge products resemble very

closely the pattern for the vanadium pentoxide, with the exception
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that some of the intensities are markedly different. In comparing
the patterns No. 1 and No. 2 in Table IV, it is interesting to note
that the relative intensities of the lines at 5.79, 4.10, and 2. 189
;Xngstronds are very different; in all cases the intensities of the
lines for the discharge product are greater than the intensities for
the corresponding lines of the vanadium pentoxide. Since these are
some of the most important lines in the pattern, the differerce in
the intensities are significant.

Since both the vanadium pentoxide and the reduced vanadium
pentoxide electrodes consisted of needle-like crystals, it is not
likely that the difference in intensities is due to a preferred orien-
tation of the crystals. The other two possibilities are that the lines
of the reduced product consist of a superposition of lines of two
components, or that the reduced product pattern is that of a solid

solution of vanadium pentoxide and another minor component.

4. Conclusions. Definite conclusions cannot be drawn from
the results of the x-ray diffraction analyses, However, these re-
sults, combined with the results of the chemical analysis and the
discharge experiments (to be discussed in later sections), do indi-
cate that it is likely that a solid solution is formed during the dis-
charge of the vanadium pentoxide electrode.

If a solid solution is formed during the discharge it will

not be possible to obtain an x-ray diffraction pattern for the dis-

charge product unless the electrode can be reduced to the extent
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Comparison of X-ray Powder Diffraction Patterns for
Vanadium Pentoxides.

ASTM (3) No 1 No 2 No 3

d I/1h d I/1y d I/Iy d /14
- --- --- --- --- --- 9.63 11
--- --- .- - --- --- 7.32 28
-~ - - - -—- - 6.94 100
5.76 40 5.82 38 5.79 17 --- ---
--- -—- -—- --- --- - 4.79 9
4.38 100 4,40 100 4.39 100 --- -
4.09 35 4,12 33 4,11 59 -—- -
--- --- --- --- - --- 3.89 16
3.48 7 3.48 7 3.50 6 3.50 20
3.40 90 3.43 68 3.42 24 3.40 16
--- --- - --- --- - 3.21 41
--- --- --- --- --- --- 3.09 22
-—- .- --- --- -—- --- 3.02 30
2,88 65 2.89 56 2,89 39 2.93 14
2.76 35 2.77 27 2.77 15 2,74 9
2.687 15 2.697 9 2.699 5 2.66 7
2.610 40 2.623 29 2.623 10 2.64 7
--- --- --- --- --- --- 2.32 9
--- --- --- --- --- --- 2.29 11
--- - --- -—- - -—- 2.28 12
2.185 17 2.194 17 2.191 49 2.19 7
2,147 11 2.154 10 2.154 20 --- -
1.992 17 1.999 14 1.997 5 1.96 8
1.919 25 1.934 17 1.925 11 - -—-
1.900 17 1.905 10 1.905 20 - ---
1.864 13 1.870 10 1.868 8 --- ---
No 1: Baker's analyzed vanadium pentoxide
No 2: Baker's analyzed vanadium pentoxide cooled from melt
No 3: Technical grade vanadium pentoxide
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Table III. Comparison of X-Ray Powder Diffraction Patterns for
Reduced Vanadium Oxy-hydroxides

V305(0OH) 4 V305(OH)y Discharge Product
No 1 No 2 No 3

d T/ d T/T] 3 I/T;
5.54 100 5.29 100 5. 64 100
4.46 50 4,20 14 4.48 7
3.97 100 4,00 80 4.01 52
3.46 80 3.49 24 3.50 13
3.23 100 3.26 100 3.25 80
3.14 40 3.16 14 3.16 60
2.79 80 2.82 46 2,82 33
--- --- 2.80 24 2,80 22
-—- --- 2.75 6 2.74 6
2.50 70 2.52 25 2.52 22
--- --- 2.47 5 2.47 6
--- --- 2.29 6 2.29 6
2,25 40 2.26 7 --- ---
--- --- 2,23 4 2.23 7
2.09 40 2.10 2 - ---
- --- 2.07 2 --- ---
1.98 70 1.99 13 1.99 13
1.86 60 1,88 9 1.86 6
1.74 50 - - 1.74 10
1.68 60 --- --- --- ---
1.66 40 --- --- - ---
1.62 40 --- --- 1,58 10

No l: Prepared by Glemser and Schwarzmann (19)

No 2: Prepared in this laboratory by method of Glemser and
Schwarzmann

No 3: Preparedby discharge of technical grade V,0; pellet
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Table IV. Comparison of X-Ray Powder Diffraction Patterns for
the Discharge Products

V,0g Discharge Prod. Discharge Prod.
No 1 No 2 No 3

d 1/1; d 1/1; d /1
--- --- 7.43 11 7.37 12
5.79 17 5.79 36 5 76 36
- --- 4,87 16 4.84 6
4.39 100 4.39 100 4,39 100
4,11 59 4,10 85 i:}g %g
3.50 6 3.49 9 — S
3,42 24 3,42 13 3,41 10
- --- 3,13 9 --- ---
- --- 3.08 4 - ---
2. 89 39 2. 89 40 2. 89 28
--- --- --- - 2.88 24
2,77 15 2.77 10 2.76 6
2.699 5 2. 691 4 --- ---
2.623 10 2.620 5 --- ---
S --- 2.415 4

- S 2.220 8

2.191 49 2. 189 95

—-- - 2.047 3

1,997 5 1.994 4

1.925 11 1.922 10

1.905 20 1.902 22

1.868 8 1.831 6

No 1 Chemically pure V;0g cooled from melt
No 2 V,0g discharged at 15 ma for five hours

No 3 Vanadium pentoxide discharged at 1.5 ma for 72 hours

Lines which maybe due to VO, (OH),, and V054

y



34

that the discharge product is the major component in the sample.
This might be possible if a thin layer of vanadium pentoxide could

be reduced.

C. Chemical Analysis

In this work an analysis was made only for the amount of
reduced vanadium in the samples. This was done primarily to
determine if the vanadium had actually been reduced during the
discharge. It was also important for other studies, which will be
described later, to ascertain the relative solubility of the discharge
product in acid and in basic solutions. This was determined by an
analysis of the amount of reduced vanadium in the electrode com-
pared with the amount in the electrolytic solution, after the elec-

trode was discharged.

1. Method. At first the analysis was made by the method
suggested by Furman (19, p. 195) in which the discharge product
was titrated with potassium permanganate and the endpoint was
determined visually. However, when the discharge products were
analyzed by this method, the precision on duplicate samples was
very poor since the end point was difficult to detect.

It was found more satisfactory to use a potentiometric
method which utilized a platinum wire and a saturated calomel cell
as detecting electrodes and a Varian recording potentiometer, with

a chart speed of two inches per minute, to record the change in
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potential, The procedure used was as follows: The sample to be
analyzed was dissolved in 100 ml of 2 N sulfuric acid and then heat-
ed to 9OOC. The sample was stirred vigorously with a magnetic
stirrer and titrated with standard ceric ammonium sulfate which
was added from a micro buret at a rate of about 15 drops / minute
(.04 ml/drop). After each addition of oxidant, the recorder jumped
to a higher positive value. The endpoint was taken when the great-
est change m emf per volume of titrant was obtained.

The ceric ammonium sulfate was standardized by the meth-
od given above against reagent grade sodium oxalate which had been
dried overnight at 110°C. The average precision on triplicate
samples was t percent.

A blank was analyzed using reagent grade vanadium pent-
oxide. It was found that the end point was reached very quickly,
although the precision was poor in these titrations where such a
small amount of the titrant was used. To reach the endpoint required
from 0.04 to 0.10 ml of the ceric ammonium sulfate, a constant
blank of . 07 ml was subtracted from the volumes of the oxidant used

in the titrations of the discharge products.

2. Results. Vanadium pentoxide electrodes which had been
discharged at several different current densities for several differ-
ent times were aﬁalyzed for reduced vanadium. In all cases some

of the original pentoxide had been reduced to a lower oxidation state

during the discharge. Table V shows the results of the analysis of
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two typical electrodes which had been dischargedatabout 0.3 rna/crn2
in a solution of pH 8.8. The results are given in weight percent of
three assumed possible products. Although it is quite possible that
none of the three assumed products is the one which is actually form-
ed, it is likely that the pentoxide is reduced to some compound in
which the vanadium is within the oxidation state range of +4.67 in

V;05(OH) 4 to +4.0 in VO(OH),.

Table V. Analysis of the Discharge Product

Discharge ml 0.0975 N wt. % Wt. % Wt. %
Time oxidant VO(OH), VZOZ(OH)S \/'305(OH)4

36 hours 0.34 2.7 6.9 7.9

69 hours 0.55 5.1 13.1 14.9

A calculation of current efficiency can be made using the
discharge at 69 hours. The equivalents of reduced vanadium found
in both the discharge solution and in the solid electrode was(0.72 x

-3 -5
10 ) (0.0975) = 7.02 x10 ~. The number of equivalents of electri-

-4 5
city used was (3:0x10 "amp) (2.47 x 107 sec) = 7.7x 10_4
96500 coul/sec 5
valent The effici (7.02 x 10 ) (100) 19,
equivalents. e etfficiency was then (7.7 x 10~q) = 9.1%.

This current efficiency is very low, but it is in agreement with the
observation that the pure discharge product was not formed with
more than twice the number of coulombs calculated for a complete
discharge for any of the three possible products given above. There

are several possible reasons for the low current efficiency. One is
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that the ammeter used to measure the current was found to be read-
ing high. But even if the current were 2 ma, the current efficiency
would be only 16 percent. Another reason is that competing reac-
tions were taking place during the discharge. The most probable
reaction would be the liberation of hydrogen from the water. This
is in agreement with the observation of bubbles rising within the
solution during long discharges.

Table VI shows the results of solubility measurements as
a function of pH and of discharge current density. After the dis-
charge was completed, the electrolytic solution was analyzed for
reduced vanadium. Then the electrode was washed, dried, weighed
and analyzed. The solubility in this Table is reported as the amount
of reduced vanadium found in the electrolytic solution divided by the
total amount of reduced vanadium found in both the solution and in
the electrode.

Table VI. Solubility of Discharge Product as a Function of pH
and of Current Density

Discharge Discharge Wt. % of Product
C.D. Time in Solution
pH 1 pH 8
0.3 rna/crn2 48 hours 31% 5%
3.0 rna/crn2 24 hours 60%

3. Conclusions. From the chemical analysis performed on

the discharge product it is evident that the vanadium pentoxide is
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reduced during the discharge, although the oxidation state of the
reduction product is not known. The analyses also indicate that

the discharge product produced at low current densities is consider-

ably more soluble in acid solutions than in basic solutions.
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IV. DEPENDENCE OF ELECTRODE POTENTIAL ON
pH OF SOLUTION

A. Introduction

During the discharge of the vanadium pentoxide electrode
the vanadium in the +5 state is reduced to some ion of lower oxi-
dation state. Since the identity of the discharge product was not
determined, the product was given the general formula VOX(OH)Y
in which x and y can be any numbers, including zero, with the only
restriction being that 2x + y must be less than 5. Hence the reac-

tion taking place during the discharge can be written as:
- +
[14] V205 +ne +nH + mH,0 = VOX(OH)y
where y =n + 2m and x+y = m + 5. The electrode potential,

according to the above reaction, is given by the Nernst equation as:

[15] g -g° -RT 1niVOX(OH)v}

n¥ {Vzo_g} [HZO] m { H+]An

where the brackets refer to the activities of the corresponding
species. The activity of pure water is taken as unity, and since

the water is in great excess in the electrolytic solution, it is
reasonable to assume that its activity will not change appreciably
as the pH of the solution is changed. If it can be assumed that the
activity ratio of the two solids remains constant as the pH changed,

then at 25°C
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[16] E -E°- °°§591 log ;

which can be rewritten as
[17] E -E%+ 0.0591 pH

The activity ratio of the two solids will be constant if the two are
pure solids or if they form a solid solution, the composition of
which does not change as the pH is changed. The discharge experi-
ments, which will be discussed later, indicate that a solid solution
is formed during the discharge. The reasons for believing that the
composition of the solid solution does not change with changing pH

are given in the Discussion at the end of this section on p.45 .

B. Temperature Control

In order for the Nernst equation to be applied to the experi-
mental values of emf and pH, it is necessary that the temperature
be accurately known and that it remain constant for the duration of
the experiment. Also, since a reference electrode must be used in
making any emf measurements, it is necessary to keep the tempera-
ture constant in order that the reference potential be constant. The
potential of the saturated calomel electrode, which was used as a
reference electrode in all the experiments, is relatively sensitive
to temperature, changing about 0.6 mv/degree centigrade.

All of the measurements of emf and pH were made with the

cells partially immersed in a large (100 liter) water bath. The
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temperature of the bath was controlled by a mercury regulator and
an electronic relay which actuated a 250 watt heating coil. The
temperature of the bath was controlled within 0.2 degree during
the experiments. A Beckmann thermometer, which had been cali-
brated with a Leeds and Northrup standard platinum resistance

thermometer, was used to measure the temperature of the bath.

C. Measuring Instruments

The pH of all solutions was measured with a Beckman
Model G pH-meter used with a Beckman saturated calomel electrode
and a Beckman glass electrode. The pH meter was calibrated at
frequent intervals with a series of standard buffer solutions., The
electrode potentials were measured with a Varian Model G-14
Graphic Recording potentiometer. The pH meter could be read to

0.02 pH unit and the potentiometer to 2 mv on the one-volt scale.

D. Experimental Conditions

1, Buffer Solutions. In order to maintain the various solu-

‘tions in which the experiments were being carried out at a constant
PH, it was necessary to use buffer solutions. The Mcllvaine's
Standard Buffer solutions (24, p. 1715) were used for all of these
experiments.

2. Electrodes. Two types of electrodes were used in these

experiments. The first type consisted of freshly prepared melt
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vanadium pentoxide electrodes which had been allowed to stand in
a saturated vanadium pentoxide solution until all the electrodes had
attained the same electrode potential. The other type consisted of
melt electrodes which were discharged for several hours. These
electrodes were then allowed to stand in the discharge solution for

two to three hours until they attained the same potential.

E. Determination of Relationship Between Emf and pH

1. Measurement with Vanadium Pentoxide Electrodes. It

was found during the course of these experiments that the emf of
electrodes placed in high pH solutions decreased almost exponen-
tially with time, even though the pH remained constant. Since the
emf in high pH solutions was so variable the measurements were
confined to the pH range between two and five. The vanadium
pentoxide electrodes were placed in the respective buffer solutions
and left there for 30 minutes. At the end of this time, the emf and
pH of each solution was measured, beginning with the electrodes in
the solution of highest pH. The results are shown in Figure II,
curve e.

2. Measurement with Partially Reduced Electrodes. The

vanadium pentoxide electrodes were discharged in a parallel
arrangement at a total current of 1.5 ma for 12 hours; after which

the electrodes were allowed to stand for two hours in the discharge

[

solution until the electrode potentials were the same, within five
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millivolts. The electrodes were then placed in the respective buffer
solutions and left for 30 minutes. At the end of this time the elec-
trode potentials and pH values were determined. The results are
shown in Figure I] curve a. These electrodes were returned to the
pH solutions and left for another 30 minutes, after which the emf
and pH values were again determined. The results are shown in
Figure II, curve c.

The above experiment was repeated with new electrodes and
new buffer solutions. These results are also shown in Figure II,

curve d.

3. Measurement in Buffer Solutions Saturated with Vanadium

Pentoxide and the Discharge Product. Since both V<205 and the

VOX(OH)Y were found to be quite soluble in aquéous solutions, an
attempt was made to saturate the buffer solutions with both of these
solids before making the measurements. To obtain solid VOX(OH)Y,
several vanadium pentoxide electrodes were reduced at about one
milliamp current for sevendays. The electrodes were ground in a
mortar and, along with powdered vanadium pentoxide, were added
to each of the buffer solutions. The solutions were stirred vigor-
ously and then allowed to stand in contact with the two solids for
two days before any measurements were made.

The partially reduced electrodes were placed in these

buffer solutions and left there for 15 minutes. At the end of this

time the emf of each electrode and pH of each solution were
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determined. The results are shown in Figure II, curve b.

4. Results. The emf of each electrode was plotted against
the corresponding solution pH for each of the above experiments.
The best straight line was drawn between the points for each ex-
periment, and the slope of each line was determined. The slope of
the line representing the relationship between emf and pH for the
pure vanadium pentoxide electrodes was found to be 0.0628 volts
per pH unit. The slopes of the lines for the partially reduced elec-
trodes were: A = 0.0605 v/pH, B = 0.0595 v/pH, C = 0.0600 v/pH,
D = 0.0609 v/pH; with an average slope of 0.0602 ¥ 0.005 volts/pH

unit,
F. Discussion

The fact that a‘ plot of the electrode potential vs the solution
pH gave a slope which was very near the theoretical 0.0591 volt/ pH-
unit indicates that the number of electrons per hydrogen ion in the
discharge reaction is unity, provided that the activity ratio of the
two solids remains constant as the pH is changed.

Since the vanadium pentoxide in the electrodes was, in all
cases, in great excess, it is reasonable to assume that its activity
in the solid solution does not change appreciably even though some
of the pentoxide dissolves in the higher pH solutions.

Although the VO_(OH),  was present in the electrode in only

y
small quantities, it is also reasonable to assume that its activity
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remained constant as the pH was increased, The reason for this
assumption is that the electrodes were allowed to come to an equi-
| librium in a solution of low pH and then placed in solution of higher
pH, in which the VOX(OH)Y is less soluble. Thus it would be expect-
ed that a negligible quantity of the VOX(OH)y would dissolve during
the measurement of emf and pH, and hence, the concentration in the
electrode would remain constant.

The dependence of the electrode potential upon solution
pH indicates that the ratio of electrons to hydrogen ions consumed
in the discharge reaction is unity, This means that only those reac-
tions in which both the V(V) and the discharge product are solids,
or in which the V(V) and the discharge product are both ions with
the same charge, can be considered as possible discharge reactions.
Of all the known reactions in solution (see p.5 ) only the one shown

below has a (e /H") ratio of unity.
- + - - ’
[1e] H3v 0, +2H +2¢7 = HV,0,” + 2H,0

However, since the HVZOS- is present only in solutions with a pH
greater than 5.3, this reaction is not important in the discharge of
the electrode in the pH range considered.

Hence, these results provide evidence that both the V(V)
and the discharge product are solids. Below are given the

reactions involving all of the known oxides and oxy-hydroxides with

an oxidation state between three and five. Any of these reactions
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would fit the data found in the above experiments.
+ -
[19] 3V,0, + 2H +2e +3H,0 =2 [V3O5(OH)4J
+ -
+ -
V205 + 2H +2e +HyO = 2[VO(OH), ]

- + -

2

[2
[23] v,05+ 38" +3e - V,0,0H+H,0
[24] vy05+ 4H +4e  :2VOOH + H,0

U

+ -
V205 +4H + 4e -VZO3+2H20
G. Conclusions

It is proposed that the discharge of the vanadium pentoxide
electrode in the pH range from two to five consists of a reduction of
the solid vanadium pentoxide, utilizing one hydrogen ion per electron
to produce a solid oxide or oxy-hydroxide. This proposal is veri-
fied by the foregoing experiments showing the dependence of the
electrode potential upon the solution pH. Since both the vanadium
pentoxide and the discharge product are solids, the discharge and
recovery mechanism can be treated as a solid state diffusion pro-

blem. This will be done in the sections which follow.
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V. DISCHARGE AND RECOVERY OF THE VANADIUM
PENTOXIDE ELECTRODE

A. Introduction

An electrode immersed in a solution develops a potential
with respect to a reference electrode. The passage of current
through the electrode alters its potential from the calculated re-
versible potential. The difference between the reversible potential
and the actual potential is defined as the overpotential or over-
voltage. When an electrode exhibits overpotential it is said to be
"polarized'’.

There are various types of overpotential which are en-
countered in the discharge of an electrode. The first type, known
as ohmic or resistance overpotential, is due to the resistance which
the electrode itself provides. The ohmic overpotential of a certain
electrode is measured as the fraction of the IR drop through the
cell which is due to the resistance of the electrode in question.

Another type of overpotential, called a pseudo-ohmic over-
potential, is due to the resistance to the passage of current through
the section of electrolyte between the reférence electrode tube tip
and the working electrode surface. This pseudo-ohmic overpotential
is observed only when the dibstance between the reference electrode
tube and the working electrode is appreciable, and then only at high

current densities or low electrolyte concentrations.

A third type of overpotential, known as concentration
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overpotential, is due to a difference in concentration of the ions
between the electrode-solution interface and in the bulk of the solu-
tion. This concentration difference is caused by ions being removed
or added at the electrode surface at a higher rate than they are
replenished or taken away by ionic migration and mechanical agi-
tation. This type of overpotential can be greatly diminished by
stirring the electrolyte, by rotating the electrode, by raising the
temperature and by increasing the bulk concentration of the
electrolyte.

A fourth kind of overpotential, which is also a type of con-
centration overpotential,and will be called solid-concentration over-
potential, is encountered only when the electrode is not a pure
material. It is due to changes in concentration of solid solution
components within the electrode itself. This type of overpotential
is the chief concern of the study described herein; hereafter when
the word ''overpotential' is used without qualification it refers to
the solid-concentration overpotential,

A fifth type of overpotential, known as activation over-
potential, is concerned with the reaction occurring at the electrode
itself. This overpotential is connected with the energy of activation

of the rate controlling process in the electrode reaction (30, p. 394-

399; 35, p. 141-148).
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B. Experimental Methods

Discharge experiments can be conducted in several ways.
In one method a galvanic cell can be set up with the vanadium pent-
oxide as the cathode, i.e., the electrode at which reduction takes
place, and a current can be drawn from the cell by placing a re-
sistance across the electrodes. In another method an external
source is used and a measured current passed through the electrode
in such a way as to cause reduction to take place at the vanadium
pentoxide electrode.

The latter method has several advantages over the former.
In the former method, with the small electrodes used in the cell in
this study, the decrease in emf due to polarization is too great and
too rapid for the current drawn from the cell to be kept at a con-
stant value. In the latter method the current is supplied from a
high capacity external source and cén be kept at a constant and a

convenient value.

1. Discharge Cell. The experimental cell is shown in

Figure III. The cell consisted of a 250 ml beaker containing about
100 ml of electrolyte; the beaker was imnmersed in the constant
temperature bath described on page 62. The anode, which was
used for the discharge, was made from a semicircular strip, 10
cm long by 4 cm wide, of platinum foil connected by pressure to a

platinum wire. (It was found that platinum was the only metal which
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could be used as an anode, since all others that were tried corroded
after a very short time. ) The vanadium pentoxide-platinum foil
cathode was connected to a platinum wire which was wrapped around
the calomel reference electrode in such a way as to keep the vana-
dium pentoxide in the same position with reference to the calomel
electrode throughout all of the experiments. A stirring rod from

a motor-driven stirrer was inserted in the beaker as close to the
reference electrode as possible. The anode and cathode were
connected in series with a high capacity storage battery, an ammeter
and a variable resistance box. The cathode and the reference electrode
were connected in parallel with a Varian Model G-14 Graphic re-

cording potentiometer.

2. Ohmic Overpotential. An attempt was made to eliminate

the pseudo-ohmic overpotential by placing the vanadium pentoxide
electrode in contact with the reference electrode tube tip, by keeping
the current density low and by using fairly concentrated solutions of
electrolyte.

The ohmic overpotential was quite large and could not be
eliminated because vanadium pentoxide is a relatively poor semi-
conductor. However, since the ohmic overpotential sets up and
decays instantaneously, it could be distinguished from the solid-
concentration overpotential by the use of the oscilloscope.

The overpotential which was recorded as a vertical drop on

the recorder was calibrated with the instantaneous potential drap
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shown by the oscilloscope trace. The circuit is shown in Figure
IV. A Tektronix type 502 oscilloscope was used with controls set

at a sensitivity of 20 mv/cm and a probe attenuation of 10, such
that the scope trace registered 200 mv/cm. The sweep speed was
set at 0.5 sec/cm, which was slow enough to follow visually. The
current controlling switch was turned on or off just as the oscillo-
scope trace reached the vertical calibration lines on the scope face.
The voltage drop was estimated visually and then compared with
the vertical voltage drop. of the recording potentiometer,

When the chart speed of the recorder was set at two inches
per minute, the recorder pen could follow, within the accuracy of
the experiment, the actual IR drop as traced by the oscilloscope.
Hence, when the recorder was used at this speed, the experimental
IR drop could be determined directly from the vertical drop of the
recorder. However, when the chart speed was set at 0.1 inch per
minute, the recorder pen traced an apparently vertical voltage drop
which was about three times as great as the voltage drop traced by
the oscilloscope. Since the initial solid-concentration polarization
of the electrode was steep, it was not possible to determine the
amount of the vertical drop on the recorder which was due to ohmic
overpotential and the amount due to the solid concentration over-

potential. Thus, when this chart speed was used, the oscilloscope

had to be used in each experiment to determine the IR drop.
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3. Other Types of Overpotential. The difference between

the total overpotential and the ohmic overpotential was taken to be
the value of the solid-concentration overpotential. This was based
on the assumptions that the solution-concentration overpotential
and the activation overpotential were negligible. The assumption
that the solution concentration overpotential was negligible was
reasonable since the solutions were stirred vigorously and since

a relatively concentrated electrolyte was used for most of the dis-
charges. The only way known to determine if the activation poten-
tial were actually negligible was to see if the diffusion equation
would predict the shape of the discharge curve. This test was made
and it was found that the diffusion equation, which took into account
only the solid-¢oncentration polarization, predicted the shape of the
experimental discharge curve. Hence the assumption that the

activation potential was negligible was considered good.

4. Determination of Current Density. The electrode

current density is defined as the current flowing through an elec-
trode of unit surface area. In practice, the surface area is con-
sidered to be equal to the measured geometrical surface area. How-
ever, since no electrode is perfectly smooth, the actual surface
area may be several times as great as the apparent or geometrical
surface area. However, for most of the experiments in which the

behavior of different electrodes of the same material was compared,

it was assumed that the actual surface area was directly
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proportional to the geometrical surface area.

The electrodes as formed from the melt were somewhat
irregular in shape, especially at the top where a rough cone had
formed. In order to calculate the geometrical surface area with
some accuracy, the top of each electrode was coated with paraffin.
In this way the exposed geometrical surface area could be made
reasonably constant from one electrode to another.

C. Effect of Factors Other Than Diffusion Upon the Discharge and
Recovery of the Vanadium Pentoxide Electrode

One of the purposes of the discharge experiments was to
determine whether or not the discharge and recovery of the vana-
dium pentoxide electrode were diffusion-controlled processes. It
was found early in the work that although the solid state diffusion
played an important part in the mechanism, ma.ny'othér factors
were involved in the discharge and recovery of the electrodes. An
attempt was made to determine the effect of these other variables,

and where possible, to eliminate them.

1, Effect of Electrical Contact Between the Vanadium

Pentoxide and the Platinum. One of the most important factors

which affected the discharge and recovery curves (curves made by
plotting the electrode potential against the time) was the degree of

electrical contact between the platinum foil and the vanadium pent-

oxide. If the contact was not excellent, the hydrogen overpotential
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on the platinum was superimposed on the vanadium pentoxide elec-
trode overpotential and the discharge and recovery were due to a
combination of the behavior of the two kinds of polarization.

A study was made of the discharge and recovery curves of
a bare platinum foil of approximately the same surface area as the
vanadium pentoxide electrodes. Figure V shows the type of polari-
zation curves obtained at two different current densities. This
polarization was recorded as instantaneous on the Varian Graphic
recorder at either chart speed. After the saturation value of
potential was reached, the potential remained constant as long as
the current was on. When the current was stopped the recovery
was almost instantaneous.

Vanadium pentoxide electrodes which had poor electrical
contact with the platinum foil, showed an instantaneous voltage drop
on the recorder which is much greater than the IR drop displayed on
the oscilloscope. The discharge and recovery were more rapid than
normal due to the rapid recovery of the polarized platinum electrode.
Figure VI gives some examples of discharge and recovery curves
obtained with electrodes which did not have good electrical contact
with the platinum.

A method was not found for separating the platinum over-
potential from the vanadium pentoxide overpotential, hence electrodes

which had an appreciable platinum overpotential were of little use

in these experiments. Also, it was not possible to tell by locking
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at a melt electrode whether or not the electrical contact with the
platinum was good; only during the discharge could that be deter-
mined. Thus the selection of suitable electrodes was a matter of

trial and error and many electrodes had to be discarded.

2. Effect of Solution pH. Another factor which was found

to affect the shape of the discharge and recovery curves was the pH
of the discharge solution. Figure VII shows this affect. It will be
noted that in acid solutions of pH = 1.5 there is very little polari-
zation during discharge and an almost immediate recovery. It is
supposed that the discharge product at this pH is soluble in the
solution and hence the V(V) surface is constantly being renewed and
thus the electrode potential remains high. It will also be noted that
the amount of polarization increases with increasing pH, although
the shapes of the discharge curves are similar at all pH values
shown, The amount of recove'ry in solutions of high pH is poor, as
will be seen in the pH 7.7 discharge curve in Figure VII. The
reason for this poor recovery was not established, but it is possible,
because of the low solubility of the discharge product in solutions of
high pH, that a layer of the VOX(OH)Y is formed on the surface and
is mechanically separated from the rest of the electrode, and hence
presents a barrier to the recovery.

To eliminate the problems encountered in solutions of high

pH, the discharge experiments were conducted in the pH range of

2-5. This is the range in which previous experiments (see p.45)
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had indicated that there was a linear relationship between the Emf

of the electrode and the pH of the solution.

3. Effect of Temperature. A few preliminary experiments

were carried out to determine the effect of temperature ui)on the
discharge and recovery curves. It was found that the amount of
polarization increased with decreasing temperature. Figure VIII
shows the difference in discharge and recovery curves run at
temperatures of 40°C and 14°C. To eliminate the temperature
variable the discharge and recovery experiments were all carried

out at 25 T 0. ZOC.

D. Results of Discharge Experiments

1. Discharge and Recovery as a Diffusion-controlled

Process. It was assumed that the discharge and recovery of the
vanadium pentoxide electrode was a diffusion-controlled process.
If this were so, then a diffusion equation should satisfactorily
account for the experimental curves, provided that the asbsumptions
used in solving the diffusion equations are correct.

Figure IX shows a typical discharge and recovery curve
for the vanadium pentoxide electrode, plotted from the data in
Table VII'. The data was obtained with a vanadium pentoxidé elec-
trode 4 mm in diameter and 15 mm high which was discharged for

ten minutes in a 0.25 M KC1 solution saturated with vanadium pent-

oxide. The electrode was discharged atatotal current of 0.5 ma,
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which corresponds to a current density of about 0.25 ma/cmz. The
corrected emf in Table VIIL was obtained after taking into account
the IR drop of 0.01 v obtained with the oscilloscope.

The diffusion equations developed by Scott (38), and modi-
fied by Kornfeil (29), can be applied to the discharge and recovery
curves with the assumption that the discharge consists of the
formation of a reduced vanadium compound, VOX(OH)y, on the sur-
face of the electrode and its subsequent diffusion into the solid, and
that the recovery consists of the continued diffusion of the VOX(OH)Y
throughout the solid until the equilibrium is reached. (The actual
diffusing species were assumed to be protons accompanied by
electrons.) By the use of the Scott-Kornfeil equations the experi-
mental discharge curve was used to calculate the theoretical re-
covery curve, which is shown as a dotted line in Figure IX. The
development of the equations and the calculations are shown below:

Rewriting the equation for the case of linear heat flow in
a semi-infinite solid, initially at zero temperature, with a constant
flux of heat across the boundary surface which is then shut off at
time t, the form appropriate for diffusion (38) becomes
B

r
1 _ 2Fqg
[26_] C:(x, t) - D2 Lt

L
ierfc —— ) -(t-T)?
2(Dt)2
X
; —— 1
(1erfc ZD-’-(t-T)Z)

where (_3_ is the concentration of the reduced form at time t and

distance x from the surface, F,is the number of moles of the
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reduced form produced per unit area per unit’ time, T is the dis -
charge time, D is the diffusion coefficient for protons, accompanied

by electrons, in the solid, and ierfe(y) is defined by

Y 2 s oo 2
ierfc(y) = 7T 2 exp(-y")-2yTT 2 fY exp(-2°) de
It can be seen that at the surface of the electrode, equation [26]

reduces to

When volume changes in the solid phase of the electrode
are neglected, the sum of the concentrations of the reduced and the
oxidized form is constant, the potential-time relation is of the

general form

(28] E:Ey+k log 3

Differentiation of equation [28] with respect to time gives the slope

SO

dE

[29] Sz = -0.434k

1
2t(A~t2)

Having two corresponding values of § and t one may obtain the

constant A .

[30] A ,__szﬁil
A (st)




67

For the electrode described above, A = 4.98 fﬁin%, which
value was obtained from the slope of the ;:ul;ve at five minutes and
at 2.5 minutes. E, and k were then obtained by solving equation
[28] at two values of E and t. E, was found to be 0.342 v and k =
0.128. Then, with these constants, equation[ZS} was used to calcu-
late the emf at any given time. These calculated values of emf are
given in the fourth column of Table VII.

From the curves in Figure IX it will be seen that the theory
predicts the experimental recovery curve with a high degree of
accuracy.

Another electrode was discharged in a similar solution at
approximately the same current density for ZOkmi.n_utes, and then
allowed to recover. The solid line in Figure X depicts the discharge
and recovery for this electrode. The theoretical recovery curve
was calculated for this electrode in the same manner as discussed
above; this is shown by the dotted lines in Figure X. It will be seen
that the theoretical curve deviates more from the experimental curve
than was found for the ten minute discharge.

One experiment was performed to illustrate the effect of a
repeated discharge of an electrode. The results of this experiment
are shown in Figure XI. It will be noted that each time the electrode
was discharged, the recovery reached almost the value of the origi-
nal electrode potential.

Experiments were performed to show the effect of current
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Table VII. Discharge and Recovery of the Vanadiﬁm Pentoxide

Electrode
Time EMF EMF(Corr) EMF(Calc,)
(min) (volts) (volts) - (volts)
Discharge Discharge Discharge Discharge
0 0.483 0.483 :
1.25 0.412 0.422 0.421
2.50 0.385 0.395 |
5.00 0,353 0.363
7.50 0.332 0.342 0.341
10. 00 0.313 0.323
Recovery Recovery Recovery Recovery
11.25 0.364 0.354 0,362
12.50 0.377 0.367 0.377
15,00 ~0.394 0.384 0.392
17.50 0.405 0.395 :
20.00 0.413 0,403 10.409
22.50 0.420 [ 0.410
25,00 0.425 0.415 -
27.50 o 0.430 0.420
30. 00 0.433 0.423 0.428
32,50 0.437 0.427
35.00 0. 440 0.430
37.50 0.442 0.432
40.00 0.445 0.435 0.439
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density upon the discharge and recovery of the electrode. Figure
XII shows the results of one of these experiments in which an elec-
trode was discharged at different current densities in the same
solution. (The electrode was permitted to recover almost complete-
ly between discharges.) The dotted lines shown in the figure give
the theoretical curvés calculated from the Scott-Kornfeil equation.

It will be noted that for current densities within the range 0.15 to
0,35 ma/cmz,. for ten minute discharges, the theory predicts the
experimental curve very well. In the case of the discharge at 0.15

2 . . L
ma/cm the experimental and theoretical recovery curves coincide.
E. Discussion

A theory for the discharge and recovery mechanism of the
vanadium pentoxide electrode was formulated on the basis of the
results described in this work. The discharge experiments des-
cribed in this section led to the proposal of a theory analogous to
that proposed for the manganese dioxide electrode (see p. 11). The
fact that a diffusion equation successfully predicted the shape of the
discharge and recovery curves indicated that a diffusion-controlled
process is involved. This is in agreement with the proposed theory:
that the discharge consists of the reduction of the vanadium pent-

oxide at the surface according to the equation

- +
[31] v,05+ne” +nH +mH,0 = VO,(OH)_
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where y =n + 2m and x + y z m + 5, and where both the V,0¢ and
the VOX(OH)Y are compounds in solid solution with each other. The
reduction is accompanied by a diffusion of the VOX(OH)Y into the
solid. The recovery consists of the continued diffusion of the
VOX(OH)Y, until its concentration is uniform throughout the solid.
The effect of diffusion of the VOX(OH)y during recovery is to in-
crease the concentration of the vanadium pentoxide on the surface,
and hence to increase the electrode potential.

The discharge experiments verify the proposal that a solid
solution is formed between the two oxides by showing that a very
small quantity of current, and hence a slight change in oxide com-
position, caused the electrode potential to be lowered greatly. If |
the two oxides were not in solution, this change in composition
would not affect the electrode potential, The proposal of the solid
solution is also indirectly supported by the x-ray diffraction studies
in which the only substance found was vanadium pentoxide, even;
though the discharge product was present in fairly significant
amounts. This behavior would be expected if a solid scolution was
formed in which the vanadium pentoxide was the major component.

There was no question as to the site of the reduction. In
all the discharge experiments it was noted that the color change be-
gan at the solution surface and proceeded inward toward the platinum
as the discharge continued.

In the theory as described above, it is not necessary to
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assume that the VOX(OH)y actually diffuses through the solid; it is
much more likely that protons, in the case of an oxy-hydroxide, or
vanadium ions, in the case of an oxide, is the diffusing species. It
is more reasonable to assume that the discharge product is an oxy-
hydroxide rather than an oxide, since the very rapid recovery of
the electrodes indicated that the diffusion was very rapid. It is
reasonable to assume that protons could diffuse through the lattice
more rapidly than could vanadium ions. Also, the rate of recovery
was comparable to that found for manganese dioxide electrodes for
which it has been shown that the discharge product is an oxy-
hydroxide.

It is possible that the protons upon entering the vanadium
pentoxide crystal during the reduction form hydrogen bonds with
neighboring oxide ions and that these protons can migrate through
the crystal under the influence of the chemical potential. The for-
mation of hydrogen bonds would distort the crystal somewhat, but
the basic orthorhombic structure of the vanadium pentoxide (see
Figure I, p. 8 ) would be maintained, thus making the formation of
a solid solution very probabie. Figure XIII (a) shows the ab plane
of the vanadium pentoxide crystal. Figure XIII (b) shows how the
crystal might be distorted to form hydrogen bonds in the VOX(OH)V.

Although no experimental evidence was obtained for the
formation of the hydrogen bonds, there is a precedence for the idea.

Evans and Mrose (17) found that the mineral montroseite, VO(OH)
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(a)

(b)

Figure XIII., View of the Crystal Structure showing the ab
"~ plane of (a) vanadium pentoxide,and (b)
VOx(OH)y, showing hydrogen bonds
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contained hydrogen bonds between neighboring oxide atoms. They
also found that this mineral is converted in nature to paramontro-
seite, VOZ’ by an oxidation process which is accomplished by a
migration of the protons through the VO(OH) crystal structure to
the crystal surface where they combine with oxygen. The VO(OH)
has the same basic crystal structure as does VO,, with the ex-
ception that the VO(OH) is slightly distorted by the presence of the

hydrogen bonds.
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VI. DETERMINATION OF THE DIFF USION COEFFICiENT
FOR THE DISCHARGE PRODUCT

A, Introduction

Scott (38) was able to determine experimentally the electro-
chemical surface area of the manganese dioxide electrode and from
it the diffusion constant for the (effective) diffusion of the discharge
product (MnOOH) through the body of the solid. According to Scott,
if the discharge is rapid enough that the loss of MnOOH by diffusion
is negligible compared with that produced by the reduction reaction,
the number of equivalents of MnOOH produced per unit area per unit

time, F,, can be calculated from the equation

F
[3 z] C -_-0°
s 1 s

where ts ié the time necessary to saturate the surface with MnOOH,
Cg is the céncentration of MnOOH when the surface is saturated and
1 is the thickness of the surface layer. Cg and 1 can be obtained
from the crystal structure of the manganese dioxide and tg is ob-
tained experimentally. If the electrode potential is plotted against

~ the time during a rapid discharge, an '"S'" shaped curve is obtained.
From equation [1 5] it may be deduced that the time at which the
surface becomes saturated corresponds to the point marked t; in

Figure XIV.

Having F |, one may calculate the surface area. It should
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be remarked that the area observed may be different from that
observed by other methods; for this reason it will be called the
electrochemical surface area. Once the surface area has been ob-
tained, one may discharge the oxide at a lower rate and determine
the diffusion coefficient from the equation |
1
3] ¢y = 2Z0y 7
- (D77)?
Scott calculated the electrochemical surface area of a
sample Ofﬂ -MnO, and found this area to be only about 12 percent
of the surface area as measured by the BET method. He also cal-

culated the diffusion coefficient to be 2.7 x 107 ' cmz/sec.

B. 'Determination of the Diffusion Coefficient

1. Method. An electrode composed of vanadium pentoxide
powder on a graphic block was discharged at a current of about
100 ma in a solution of pH = 1.5, An "S'" shaped curve, indicating
the saturation of the surface with the discharge product, was not
obtained. The experiment was repeated at 75 and 50 ma with the
same results. The experiment was repeated using melt electrodes
at current densities from 0.2 ma to 2.0 ma in solutions with a pH
from 2-5, and the same results were obtained. Finally it was
concluded that the solubility of the reduced product in the acid
solutions prevented the surface of the electrode from being satur-

ated with the reduced product. Hence an attempt was made to
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obtain saturation by a rapid discharge in basic solutions.

Although it was found that the emf of the electrodes de-
creased with time in solutions of high pH, it was decided that in the
saturation experiments described above that the discharge Was too
rapid for the emf to be substantially affected by the slow drift in
basic solutions. While the results of Figure VII indicate a difference
in the recovery characteristics at high pH compared to those found
in the lower pH range, the discharge portions of the curves are
sufficiently similar to permit use of the higher pH's for saturation

experiments.

2. Results. Figure XIV shows the results of the discharge
of melt electrodes of similar dimensions in solutions of pH = 9 at
different current densities. The following saturation times were
found: 0.72 ma = 3,5 min, 0.44 ma = 7.5 min, and 0.22 ma = 23
min. The diffusion coefficient was calculated from Scott's equation
as follows: In order to make the calculations a definite oxidation
state for the discharge product had to be assumed. Since it was
believed that the actual oxidation state was between +4 and +5, +4.5
was selected. From the crystal structure given by Bystrom (9)
(see Figure I, p. 8 ) and the assumed oxidation state change, the
saturation concentration was calculated as

c - 2 ions 1 equiv. 1 unit cell
s 1. - x Z3 . X =233
s unit cell 12 x 10%~ ions 8.9x10 cm

-2
1.86 x 10 equiv/cm.3
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The flux, F_, was then calculated from equation L32] '

- (1.86 x 1072 equiv/cm3) (4.0 x 10'8cm)(96500 (;oul/equiv)
o 210 sec:

= 3.42 x 10'7 amp/cm2 .

From the current of 7.2 x 10q4,a‘n-'1p,_“thé" area was calculated

A = 7.2 x 10 " amp 5 =2.11x 103cm2/electrode =
' 3.42x 10" amp/cm

3 cmz/g .

1 2.93x 10
No we consider the discharge at 0. 22 ma to be slow enough for the

diffusion to be important, and assume that this electrode had the

same surface area as the one discharged at 0. 72 ma,

oo (22x10%amp)
o (2.93x 10" 3cm?) (96500 coul/equiv)

7.8 x 10_13 equiv/cmzsec )

and from equation [:’:?Z] for a slow discharge

1/?:; (2F ) (tg)  (2) (7.8x10'13equiv/cm2sec)(37. 1sec1/2’

(D7) )

(C,) (1.86 x 1072 equiv/cm?)
and
D =3.09x10 "0 cm?/sec
The diffusion coefficient was then calculated by the same

method using the discharge at 0. 72 ma as the rapid discharge and

the one at 0. 44 ma as the slow discharge. The value of the diffusion
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18

coefficient was found to be 4.12 x 10 cmz/sec.

3. Discussion. It must be emphasized that the diffusion
coefficients calculated above are approximate only, based on a few
preliminary experiments. It is also an approximation to use the
discharge at 0. 72 ma to obtain F,; the approximation would be
better if an even faster discharge were used. The fact that similar
diffusion coefficients were obtained by using the discharge at 0.44

and at 0.22 ma as the slow discharge indicates that diffusion played

an important part in the discharging at both of these currents.
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VII. SUGGESTIONS FOR FURTHER WORK

After the course of this investigation was reviewed, sever-
al further experiments could be suggested:

1. In order to identify the discharge product by x-ray
diffraction studies it is necessary to reduce the vanadium pentoxide
to such an extent that the discharge product will be the major com-
ponent of the solid solution. To carry out such a reduction it is
suggested that an electrode be prepare’d which consists of a very
thin layer of vanadium pentoxide melted on a piece of platinum foil.
It is suggested that the way to obtair. such an electrode is to melt
the pentoxide in a platinum cup and then place the entire cup in the
discharge solution. The presence of the cup will prevent the oxide
from falling off the platinum, a problem often encountered in very
long discharges. It is also suggested that a study of reduction
conditions, such as the composition and pH of the electrolyte, be
made to determine if the competing processes in the long discharges
can be minimized or eliminated, and thus aid the discharge reaction
to go to completion.

2. If the reduction of the electrode can be carried to
completion, the discharging product should be analyzed chemically
for vanadium, oxygen, and if possible, for hydrogen. From this
the chemical formula can be determined. Then, if the x-ray

diffraction pattern is different from any compound previously studied,

a new compound and its diffraction pattern, can be reported.
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3. The experiments for the determination of the diffusion
coefficient should be repeated at higher current densities better to
ensure that the use of equation [32] , P77, which assumes that
the diffusion process is negligible, is valid.

4. One purpose of this study was to determine the conditions
under which the polarization of the vanadium pentoxide was a mini-
mum. This minimum was found to occur in acid solutions. It is
suggested that an attempt be made to construct a useful primary
cell using vanadium pentoxide as a cathode ard utilizing an acid
electrolyte.

5. It would be of theoretical interest to know whether or
not the vanadium pentoxide electrode is thermodynamically re-
versible. This can be determined experimentally by measuring
the emf at different charging and discharging currents. If the
electrode is reversible, a plot of emf (E) against current (i) will
give a continuous curve as the current goes from negative to posi-
tive values, [‘See Figure XV (a)]. If the electrode is irreversible,
there will be a ‘discontinuity'as the current approaches and passés

zero current. [Se’é Figure XV (b)] . The magnitude of the dis-

continuity is a measure of the irreversibility of the electrode.
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(a) (b)

Figure XV. Determination of the Reversibility of an Electrode

6. It is suggested that the studies reported in this work

be repeated using a single-crystal electrode of vanadium pentoxide.
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