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ABSTRACT

Since Volta's invention of the first primary cell,
using silver and zine, numerous other cell combinations
have been studied, covering a wide variety of anode and
cathode materials. The latter have included both inorganic
and organic substances capable of electrochemical reduc-
tion, although, historically, organic cathode materials
have received very much less sttention than the inorganic.

It was the purpose of this investigation to study the
actual behavior of a selected number of guinones as
depolarizers in primary cells. Performence of experimental
cells was compared with cells of the usual dry cell
composition but of the same size and construction as cells
of experimental composition.,

The results show that certain substituted anthraguinones
Possess good depolarizing ability as measured by discharge
voltage and coulombic capacity. Energy output in some cases
was higher than that of the mangsnese dioxide control cells
(zinc anodes in all cases) because of higher effective
coulombic cépacities.

A qualitative study of the effect of substituents on

the discharge voltages of various quinones showed that cell



working voltages were much more sensitive to quinone sub-
stitution than were the calculated reversible potentials,
Also, in the case of nitro- substituted anthraqguinones more
coulombic capacity was obtained than could be accounted for
by the simple reduction to the corresponding hydrogquinone.
The possibility of a reduction of the nitro- group of this
compound was considered.

Substances investigated were benzoquinone, naphtho-
quinone, anthraquinone, and certain of their derivatives,
using various electrolytes.

The size of the experimental cells was such that about
0.2 gram of the various depolarizers could be studied

conveniently,
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PART I

HISTORICAL



CHAPTER I
EARLY HISTORY OF ELECTRIC CELLS

As early as 1767 Sulzer announced the discovery that
a peculiar taste is perceived when two different metals
are placed together on the tongue and brought into contact
at their edges (7). Such a combination of two metals,
as copper and silver, and the saline saliva constitutes,
as we now know, a voltaic couple. But the significance of
Sulzer's observation was not appreciated until more than
thirty years later, after Galvani had made his discovery
(1786) that freshly prepared frog legs, hung by a copper
Wire on an iron balcony railing, twitched convulsively
whenever the frog touched the iron; and after Volta had
demonstrated that the effect was not due to "animal elec-
tricity", but to the two metals, and that electricity,
ldentical with that excited by friction, could be produced
by means of the metals without the agency of animal tissues,
nerves, or muscles,

In order to increase the electrical action, Volta
constructed a chain of elements to which he gave the name
"artificial electric organ" but which since has become
known as the Voltaic pile. Voltals pile was the immediate
forerunner of his "crown of cups", which was the first
real voltaic battery. Each element of it was called a
galvanic element., Thus the name of both Galvani and Volta

became inseparably associated with this earliest device to



produce a continuous flow of electricity.

As described in a letter to the Royal Society of London,
in 1800, Volta built his pile of silver, brass or copper
against tin or zinc but stated repeatedly that silver and
zlnc were better than the others. Discs of silver and
zinc were placed back to back, and between adjacent pairs
of dissimilar metals was put porous material soaked in salt
water, He mentions as many as sixty couples combined into
& single battery.

Although Volta recognized the superiority of certain
couples over others, he did not relate the chemical action
occurring at the electrodes to the electricity produced.

In fact, it was not recognized that chemical action neces-
sarily occurred at all, by the early experimenters, in

spite of the obvious corrosion of the zinc. The exact
relationship was later elucidated by Faraday. Volta himself
was not certain whether the voltage arose at the junction

of the two metals or at the liquid-metal interfaces, and
this question was not resolved for many years (8).

In spite of its limitations, which were numerous,
Volta's pile enabled experimenters to enter a new era in
research on electricity. Cells essentially of the type
as described by Volta were the only ones known until the
invention of the twé-fluid cell by Daniell in 1836.

The principal difficulty with Voltaic cells, of course,
was polarization of the positive electrode. Some progress

was made toward alleviating this condition by increasing the



size of the positive electrode, (Wollaston's cell) but it
remained for Daniell to initiate a new era in cell design.

The construction described by Daniell consisted of
the hollow gullet of an ox, in the axis of which was placed
a cylindricsl rod of zinc immersed in dilute sulphuric acid.
Surrounding this was a copper cylinder filled with a satura-
ted solution of copper sulphate. Hydrogen evolution was
prevented and a copper deposit appeared as a pink coating
on the copper electrode (L41).

The tremendous influence of Daniell's cell on the
subsequent progress of battery development is shown by the
many variations in construction and materials in batteries
of the Daniell type. The best known of the various forms
and the only one which has survived to the present time
1s the "gravity cell", which was patented by Varley in
England in 185.

Table T 1lists a few of the more prominent cells which
resulted from early battery development.

Grove's cell (1839) had an electromotive force of from
1.9 to 2.0 volts, considerably higher than the earlier cells.
The nitric acid was reduced to nitric oxide, which was oxi-
dized to the dioxide on coming into contact with the air.
Grove mentioned that a cover containing lime should be
provided to absorb the liberated gases.

The cost of the platinum for Grove's cell was probably
a factor that led to Bunsen's cell. Bunsen (18,0) substi-
tuted carbon for platinum and produced a cell which came

Into wide use. The reactions and the voltage are essentlally



TABLE I

SOME EARLY PRIMARY CELLS

Inventor Year Anode Anolyte Catholyte Cathode Voltage
Daniell 1836  Zinc Zns0), Cuso), Copper 1.07
Grove 1839 Zinec HC1 or
(amalg.) H SOL é and Platinum 1.9 = 2,0
O
Bunsen 1840 Zinc HZSOLL and Carbon 1.94
(amalg.) éo (gas coke)
Smee 1840 Zinec 1:7 Sulphuric acid Platinized 0.5
(amalg.) (single fluid cell) Platinum or
Silver
Walker 1842 Zinc 1:7 Sulphuric acid Platinized 0.4
(amalg.) (single fluid cell) Carbon
Poggendorff 1857 Zinc 1:5 Sulphuric acid Carbon 2.0
(amalg. ) sat!'d with Na Cr
(single fluid ce%l?
Leclanche 1868 Zinec Saturated NH C1 MnO, and
(amalg. ) L , retort carbon 1.5
De laRue 1880 Zinc 2.5% NH) C1 Silver chloride

on silver 1.03



the same as for Grovels cell.

Smee (1840) developed a cell of low voltage which
overcame, to a degree, the difficulty of polarization
encountered with previous single fluild cells. His cell
used a sulphuric acid electrolyte and a cathode of platinilzed
platinum.

Walker (1857) modified Smee's cell by substituting
platinized carbon for platinum. Walker's cell found ex-
tensive use on railroads for very light work and it is
reported that such cells would stand without attention for
a year or two and that upkeep was as little as 25 cents
per year (L1).

The bichromate cell was invented by Johann Poggendorff
in 18542, and became widely used in laboratories. In various
modifications 1t was either a one- or two-fluid cell. The.
cell reaction is (L1):
3Zn + THpSO) + NayCrO, = 3ZnSO) + Nay80) + Crp(80))3 +7H0

De laRue's cell (about 1880) was the most notable of
the early silver chloride types. The soluble electrode was
unamalgamated zinc, and the positive electrode consisted of
silver chloride cast around a strip of silver. The electro-
lyte was dilute ammonium chloride and the e.m.f. was 1.03
volts.

Georges Leclanche first published a description of
hls now famous cell in 1868, The fact that manganese
dioxide was a conductor of electricity and was at the seme

time a strong oxidizing agent led him to the conclusion that



he could construct a cell of constant voltage with this
material. Leclanche apparently believed that ammonium
chloride was used in the cell reaction and advocated using
an excess amount of* the salt. His first cells utilized a
porous cup to contain the mixture of coarse manganese
dioxide and retort carbon. The anode was amalgamated zinc.
The beneficial effects of amalgamation had first been dis-
covered as early as 1836 (L1).

Leclanche's cell enjoyed wide popularity and many
thousands of his cells were made and used during his life-
time. His same cell system is preeminent today in terms of
production numbers in the form of the "dry cell".

Vinal (41) calls the years 1800 to 1900 the period of
historical development. 1In these years, most of the cell
couples still in the foremost use today (with improvements)
were discovered, mostly by trial and error. By 1900 elec-
trochemical theory had become well advanced and much sub-
sequent battery development has been along the lines of
Improving the performance of existing cells with regard to
Overcoming difficulties such as anode corrosion and self
discharge of the positive electrode. Better battery design
and the use of higher purity material has contributed to
increasing the'output of the dry cell, for example, by a
factor of rive., (17).



CHAPTER II

THEORY OF VOLTAIC CELLS

l. Role of Primary Cells as Energy Sources.

It 1is customary to regard the difference bétween a
secondary and a primary cell as resting upon whether the
cell is an accumulator, that is, one which stores elec~-
trical energy primarily produced outside the cell, usually
from a mechanical source, or whether the cell is Immediately
utilizable in producing electricity. A primary cell,
being generally considerably less reversible than a typical
secondary cell, 1s rarely recharged and is sometimes thought
of as a primary energy source, in that it possesses avail-
able energy due to its construction and composition alone
and not as a result of prior charging.

In another sense, a primary cell is not a primary
energy source at all, but is a special type of accumulator,
In that at least as much energy is expended in obtaining
i1ts component parts and in its fabrication as 1is obtained
by discharging it. This statement is true of all primary
cells in common use today, although it would not be true
for the so=called "fuel cell", the object of which is to
serve as a primary energy source using carbon fuels. The
reason for this is that cell elements, anode materials
particularly, do not occur as such in nature, with the
eéxception noted above., An example would be the reduction

of zinc ore to the metal to provide the most common anode



material, and the subsequent (less than reversible) work
obtained from its oxidation in a primary cell.

These facts lead to the conclusion that primary cells
would be useful only as highly specialized sources of elec=
trical energy, and this is actually the case. Primary cells
serve where it is inconvenient to use mechanical generators
or where the amount or rate of electrical energy required
1s too small to justify mechanical equipment. Other proper=-
ties of primery cells indicating their use are portability
(as for flashlight cells) and steadlness of current (as for
potentiometer slide wires). Primary cells show favorable
watt-hour output per unit weight and volume when compared
with mechanical generation and their dependability is often
a factor in their choice. They are a very expensive source
of energy, however, and this factor is usually overriding.

2. Thermodynamic Basis of Energy Release.

The electricel anergy obtainable from a voltailc cell
derives from the free energy of the chemical reaction taking
place in the cell (37). Voltaic cells are characterized by
a tendency for the cell reaction to take place spontaneously
to a point of equilibrium. This is paralleled by a potential
difference between the electrodes which is initially a
maximum and gradually approaches zero as chemical equilibrium
1s approached.

For any process taking place in a galvanic cell operating
reversibly at constant temperature and pressure, the maximum
useful work obtainable from the system is, as for any rever=-

sible process at constant temperature and pressure,
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Wnet = =A(U + PV = TS) = ~AH - TAS = -4F.

In the above equation, W net is all work other than the
(useless) work of expansion against atmospheric pressure,
and the other terms have their customary thermodynamic
significance.

The volume change in most practical primary cells 1is
negligibly small; it is due only to changes in volume of
(solid) electrodes, and to changes in concentration of the
liquid electrolyte. Consequently, the net work 1is prac-
tically equal to the total work. Only rarely do gases
take part in the reaction of a primary cell.

The maximum useful work obtainable from such a galvanic
cell, however, is also equal to the quantity of electricity
transferred through the cell multiplied by the potential
difference through which the electricity is carried. It
follows, therefore, thats:

W net =n JE.
Here, n is the number of chemical equivalents per mole of
reaction in the cell, J is the Faraday constant, giving
the quantity of electricity associated with one chemical
equivalent, and E is the electromotive force of the cell.
It follows from the preceding two equations thats:
-AF = nJE.

For any galvanic cell to be significant thermodynamically,
1ts e.m.f. must be constant and reproducible and the reaction
actually taking place in the cell must be identified (37).

It can be shown that, for the reaction actually taking
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place in the cell,
As = n J(aE)/(aT) at constant pressure.

For cells, therefore, which have zero or negligible
temperature coefficients, the net work obtainable from the
cell is equel to the heat of reaction at constant pressure.

A given quantity of reactants in a primary cell,
however, react under conditions of varying composition, so
that the free energy change per mole of reactant, and hence,
the potential difference between the electrodes, tends to
become smaller as the reaction proceeds. The point of
equilibrium itself, and the manner of reaching it are both
complicated functions of the construction and composition
of the cell.

Although the free energy change for the reaction taking
place in a galvanic cell is a perfectly definite quantity
which 1is quite independent of the path followed between the
Initial and final states, the actual net electrical work
obtalned is only a definite quantity when the reaction is
taking place reversibly, which is to say, from a practical
point of view, when it is not taking place at all. Further-
more, the reversible net work is the maximum obtainable from
a given cell.

Applied to a discharging cell this means that the
terminal voltage is a guantity which can only approach,
and never equal, the reversible potential, since the quantity
n, the number of equivalenﬁs per mole of reaction, like the
free energy change, is independent of the degree of irreversi-

bility, and J is a fundamental constant,
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Algebraically,
W net, irr. = n FJ V,

where V is the terminal voltage of the cell, less than the
reversible potential by an amount which depends on the rate
of discharge, the history and geometry of the cell, and other
non-thermodynamic factors. Irreversible processes are
inherently not susceptible to thermodynamic analysis (29).

It will be apparent that the coulombic capacity of a
glven cell, the quantity n & , can be predicted with cer-
tainty, in the absence of side reactions, in that it must
follow from Faraday's laws.

3. Sources of E.M.F. and Polarization.

In the widest sense, any two different electrodes in
contact with a common electrolyte constitute a Voltaic cell,
since they will, in general, posess different potentials
with respect to the electrolyte (L,2). These electrode, or
"half-cell™ potentials arise as a consequence of the tendency
for the respective half-cell reactions to take place under
the given conditions. The physical basis for the dependency
of electrode potential on the chemical reaction occurring
at that electrode lies in the fact that electrons are either
reactants or products of those same reactions. All conceivable
electrodes can be arranged in order of their tendency to
undergo oxidation (or reduction). The electrode in a Voltailc
cell having the greater tendency to oxidize becomes anodic
With respect to the other electrode. Under open circuit

conditions, the tendency for the individual electrode reactions
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to occur is exactly counter=balanced by the potentials
between electrodes and electrolyte. If external connection
of the electrodes is made through a resistance, the electrode
potentials assume values which more nearly approach each
other and the potential difference becomes equal to the value
of the ohmic drop through the external and internal resis-
tances, This 1s illustrated by the polarization curves in
Figure 1 for a hypothetical cell,

The curves are reversed with respect to each other
Since the same current which is anodic for one electrode
(an anodic current tends to make the electrode more posi-
tive) is cathodic for the other. The quantities 4 e,
and 4 e, are the anode and cathode polarizations, respec=-
tively.

In the case of hydrogen evolution, at least, the polari=-
zatlon, other than that due to concentration gradients, is
dependent on the current density at the electrode in the
following manner:

Ae = a-D>blogil ,

where 1 is the current density and the gquantities a
and b are constants. This equation (the Tafel equation)
1s only valid at potentials not too near the reversible
potential. When 4 e becomes very small the reverse reac-
tion rate (oxidation of hydrogen) becomes appreciable and a
wholly different equation is followed.

Most cathodic and anodic processes behave simlilarly

In that the polarization is a logarithmic function of current
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ELECTRODE POLARIZATION IN A HYPOTHETICAL PRIMARY CELL.

FIGURE 1.




density. The particular polarization curve followed by an
electrode in a primary cell, however, depends strongly on
the sometimes considerable concentration gradients estab-
lished in that cell.

The ohmic drop through the cell due to the resistance
of the electrolyte is also a loss with regard to available
voltage. A schematic circuit for a discharging cell is
shown in Figure 2. The terminal voltage, V, and also the
potential E' depend on the circuit current I, which in turn

depends on the internal and external resistances, R;

5 and Re’

The relationships between the various quantities of

Figures 1 and 2 are as follows:

E=E'" +( Ade, + Ae))
V=E = IRi = IRe
E' = I (R, + Ry)
I = Et =V
Re + Ry Ry

The polarization curves illustrated in Figure 1 are
for reversible electrodes. Such curves are continuous in
Passing from anodic to cathodic currents through the
reversible potential. In connection with these electrodes,
chemlcal reversibility should be distinguished from thermo-
dynamic reversibility. For example, the Daniell cell

Zn / Zn30), / CuSOu/ Cu
i1s chemically reversible (10) in that current flow in one
direction through the cell causes the solution of zinc and

the deposition of copper, while the reverse current causes
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exactly the opposite effect, that 1s, the solution of
copper and the deposition of zinc. On the other hand, in
the cell

n / stou/ Cu
the spontaneous reaction (current flow from copper to zinc
In the external circuit) allows the solution of zinc and
the liberation of hydrogen at the copper electrode, while
a reverse current causes the solution of copper and the
liberation of hydrogen at the zine. This cell is chemically
irreversible.

The Daniell cell, however, does not achieve, nor even
approach, thermodynamic reversibility unless only a differen=
tially small current 1s flowing through it and its e.m.f. is
only differentially less, or greater than its reversible
potential. Chemical reversibility is a necessary but not
sufficient condition for thermodynamic reversibility.

For cathodes which do not establish reversible potentials
the polarization curve may show an apparent discontinuity
Wwhen passing from anodic to cathodic currents and may not
bass through a reproducible, reversible potential. An
lrreversible anodic effect is passivity, in which the elec-
trode may suddenly assume a more noble potential after
having undergone oxidatlon near its reversible potential,

Iy, Mechanism of Depolarization in Primary Cells.

Primary cells using aqueous electrolytes often present
the possibility of hydrogen ion discharge as the cathode

reaction since anodes of metals higher In the e.m.f. series
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than hydrogen are usuelly provided. It will be recalled
that Volta's original pile was built of zinc and silver
using a common salt electrolyte. The reaction taking place
in this cell, of course, is:

Zn + H0 = Zn0 + H2

The anodic reaction:

Zn = Zn*t 4+ 2e ,
takes place with little polarization under these conditlons,
but the cathodic reaction:

2e + 2HY (aq.) = H, (g.),
taking place on the surface of the silver electrode, is
subject to considerable polarization so that the electrode
becomes nearly saturated with gas and only feeble currents
may be drawn from a cell which has been in continuous
operation. Daniellt's cell, the first improvement of Volta's
Invention, substituted the nearly non-polarizable deposition
of copper for hydrogen evolution.

The term depolarizer, in connection with primary cells,
1s now used loosely in the literature of battery technology
to describe any substance, other than hydrogen, taking
part in the cathode reaction. Two conflicting points of
view are put forward today as to the mechanism of depolari=-
zation in primary cells, particularly in the Leclanche dry
cell,

The older view 1s that the only function of the depolari=-
zer (such as manganese dioxide) is to react with liberated

hydrogen at the cathode and thus maintain the operating
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voltage of the cell. That is, the reaction of the depolar=
1zer 1s only a secondary reaction, and the primary, and
therefore potential determining reaction, is the discharge
of hydrogen ions in all cases. Such an explanation is
given in most older texts and articles.

This view was developed clearly in connection with
dry cells by MacInnes (31). His contention was based on
eem, . measurements and on the Nernst equation. Hydrogen
will be evolved at the cathode only when its pressure
reaches one atmosphere, The action of the MnO, is to keep
1ts pressure far below this. According to MacInnes, the

system MnO, = Mn - H,0 - Hy is univariant and will have

2%3
8 small, though definite, hydrogen pressure for each tempera-
ture. If allowed to stand on open circuit, the positive
electrode (cathode) of the Leclanche cell will reach a
voltage corresponding to that for hydrogen at this equili-
brium pressure.
MacInnes regards the cell as a double one:

Zn/ NH)C1 + ch:12/_H2(1 Atm.)/ NHLL01 + ZnCl,/ H, (p Atm. ).
He measured the e.m.f. of the left half of this double cell
at 25°C., and found =0.51l4 volts. If the e.m.f. of the
Leclanche cell on open circuit be taken as =1.50 volts,
then the e.m.f. of the cell on the right has the average
value =0.986 volts. With the aid of the Nernst equation,
P is then found to be k4 x 10~3% Atm. A drop in voltage
from =1.50 to =1.20 volts corresponds to a rise in the

hydrogen pressure to 10-2u Atm.
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Farrington Daniels (11) found that the rate of evolu-
tion of hydrogen from dry cells was the same on closed as
On open circuit. He stated that this was due to the ready
oxidation by MnO2 of the additional quantities of hydrogen
liberated during discharge.

Koehler (2l) states that the function of the manganese
dioxide in dry cells is to oxidize the liberated hydrogen.
He also states that the cathode reaction in dry cells is:

2 NHu+ (ag.) + 20 = 2 NH3 () + H2(g):

The more recent point of view 1s also implied by
Koehler. He says that ". . . . the manganese dioxide must
be considered as an energy producing material of definite
cathodic potential."

According to G. W. Vinal (43), there are several
pPossible cathode reactions in dry cells, depending on
Composition, pH, and current density but the one to be
expected under usual conditions of operation is:

2Mn0, + 2H' + 26 = Mnp03 - Hy0

(Strictly speaking, this reaction takes place in the
absence of zinec. Under the usual dry cell conditions the
final product of the cell reaction is hetaerolite, Mn203°ZnO).

Heise and Cahoon are most emphatic in their criticism

Of the older idea and include the following preface to a
review (in 1952) of the general theory of the Leclanche
cell (17):

Electrochemical theory, particularly as regards

the development of electromotive force, was well

advanced by 1900, yet the early battery technolo=-
glsts were slow to apply its teachings to the
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Leclanche system, Polarization was frequently
considered loosely in terms of the cathodic
liberation of hydrogen, though how the latter
could be visualized as proceeding at the poten=-
tial of the MnO, electrode or the operating
voltage of the Gell is not immediately clear.
Depolarization, a term which we could well do
without, is at best, as defined by LeBlanc, only
a means of preventing evolution of hydrogen or
oxygen; it has all too often been considered,
not as the primary electrode process, but as a
chemical reaction between MnO, and previously
liberated hydrogen. There was little basis for
this view, which regrettably is still found in
many books on general chemistry and even in some
electrochemical texts.

S« Reactions in Primary Cells.

Although it is true, as stated previously, that for a
cell to be significant thermodynamically, it must exhibit
& reversible, reproducible potential, and the cell reaction
must be known, it is also true that at least two of the
most important modern primary cells (the dry cell and the
air depolarized cell, for example) do not exhibit repro-
ducible, reversible potentials, and the exact cell reactions
have only been recently determined in both cases. Primary
cells, obviously, need not be significant in the rigorous
thermodynamic sense to come into wide use.

If the performance of a particular cell is to be
determined, however, the cell reaction taking place must
be identified so that the theoretical output may be com-
Pared with the actual.

It frequently happens that the decision as to what
reaction is actually taking place in a primary cell turns
On the choice of one of several alternative cathode reac-

tions, as the usual anodic process is the simple ionization



e

and dissolution of a metal such as zinc, about the reaction
of which there can be little doubt.

Recent work in connection with the Leclanche cell
1llustrates some techniques used in elucidating the reac-
tiong,

Examination of crystals from spent cells shows (L2)
the presence, among other substances, of hetaerolite,

Zno - Mn20 One would infer, on this evidence, that the

e
Overall cell reaction could be adequately represented by
the equation:
| Zn 4+ 2MnO; = 2nO » Mny0; ,
and the cathode reaction by the equation:
2e + 2MnO,(s.) + 2H%(eq.) = ano3 « Hy0 (s.).

In this case the manganese dioxide would undergo a
Valence change of one, and the electrode potential would
Obey the following equations:

e =ey +RI/2F 1In a?(Mn0,) a2(H+)/a (Mn,04 * Hp0).

If the activities of the solids remain constant as
Unity, the pH - potential relationship Pollows immediatelys

e = eg =~ 2.3RT/F (pH)

At 30° ¢., the slope of the line showing the pH =
Potential relationship should have a slope of =0.06 volts per
PH unit,

Various investigators (6) (32) have studied the matter
8nd values for the slope of this curve ranging from =0.06
to «0.12 voit per pH unit have been obtained.

McMurdie, Craig and Vinal (32) found that, in acid
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solutions, the manganese dioxide electrode 1s Iin equilibrium
wlth divalent manganese, but that at a pH of l.5 or higher,

the divalent manganese ion is largely removed from solution.
This was explained by postulating the following equilibrium:
MnO,(s.) + MnCl,(ag.) + 2H,0 = Mn,03 * Hy0(s.) + 2HC1.(agq.)

The forward reaction is favored, of course, by an increase
in pH. If manganese undergoes a divalent change, the cathode
reaction to be expected is:

2e  + MnOp(s.) + LH*(ag.) = Mn**+(aqg.) + 2H,0,
and the pH = potential relationship would be as follows:

e =ey + RI/2F  1In al(HY) = ey = (2.3)2RT/ZF  (pH),
Which has g slope twice as great (=0.,12) as that corresponding
to the univalent reaction.

Craig studied the pH = potential relation in the ab-

Sence of zinec over a wider range of pH values than is
Normally encountered in dry cells and his results are
illustrated in Figure 3. It is apparent that between a pH
°f 5 and 7 there is a region where it is particularly diffi-
cult to determine the change in potential per unit pH, which
may account for the various values reported previously in
the literature, In Figure 3 the slope of the lines is fixed
definitely by the more strongly acid and alkaline regions.
These slopes agree also with what would be expected from the
theoretical considerations just presented. However, Cahoon
(6) believes the reactions differ when zine chloride is the
8cidifying agent, and that the slope in that case is =0.06

Over the PH range 1-12. The actual amount of manganous ion
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which can exist in a dry cell is very small, because the pH
of the electrolyte is higher than that at which any appreci=-
&ble amount 1s possible. Under equilibrium conditions in a
dry cell, then, the chief reaction to be expected at the
mangenese dioxide electrode is a univalent change, in any
€évent,

Walkley (45) has pointed out that when an oxide is
c8pable of more than one stage of reduction if may go to
the lowest stage directly, or in steps. Which course it
takes depends on the free energies of the oxides MO and
M0 relative to the metal M. If the following reactions
Characterize the system, the oxide MO will be reduced
dil"ectly to the metal only if pi) Fg < AFg, that is,
ke F'Pc/)fgo > Fyo -

(1) o2oMo(s.) + H,0 + 2e

(2) M50(s.) + HZO + 2e = 2M(s.) + 20H (aqg.) ZQFE

I

Mo0(s) + 20H™(aq.) AFf

(3) 2mo(s.) + 2H,0 + Le = 2M(s.) + LOH (agq.) AF§

Both cases are illustrated in Figure L, in which the
Standard free energies and potentials are shown as functions
Of the state of reduction of cathode systems originally
Consisting of the higher oxide MO only. It can be seen that
& Practical advantage accrues in Case I, as the potential 1is
detePMined by the presence of MO until reduction is complete.

Thermal measurements (45) show that Fgo0 2 Ffgo, and

the Ruben-Mallory cell, which utilizes a mercuric oxlde

depolarizer has a notebly constant discharge voltage. On

the o 1, using
other hand F8u20 £ Fbuo’ and the Lalande cell, g
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Cul0, shows a decreased voltage after the loss of one-half
of the oxygen of the depolarizer,

It should be understood that the foregoing analysis
4Pplies only where all the components involved are separate
SO0lid phases whose free energies, therefore, remain constant.

The potential is determined by the phase present which
has the highest free energy, and in the case of oxidation-
reduction electrodes, phase composition (and hence, free
°nergy and potential) often varies continuously with the
State of reduction of the electrode system.

6,

Practical Considerations.

Although primary cells have certain unique favorable
Properties as sources of electricity, one property common
to all or them is that their energy is available at a rela-
tively low voltage. Series connection of individual cells
OvVercomes this disadvantage, so that a property of more
fundamental importance is the product of their potential and
their coulombic capacity.

Table IT 1ists the pertinent properties of some typical
electroge materials which have either been proposed, or are
In use, ag materials for galvanic cells. The values are
from some recent compilations (3l.) (45) and calculations
by the author,

According to Walkley (45), the number of coulombs, C,
°f current produced by the anodic solution of 1 cc. of a
Metal is given bys:

c = zJda/A
Where d is the specific gravity of the metal, A its atomlc
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welght, z is the valence change, and & is the Faraday
constant,

If E is the reversible cell potential, the product EC
has the units of watt-seconds per cc. of anode material, It
often happens that the cathode is more bulky than the anode,
SO that the packing of as much cathode material as possible
Into a given space is an important factor in performance.
Neglecting pore space, the equation for the specific
coulombic cepacity of cathode materials 1s exactly similar
to the above equation for anodes, substituting the molecular
Volume for the factor d/A. Capacities for typical electrode
materials are included in Table IT.

The full coulombic capacity of a voltaic cell is seldom
Pealized, however, for the reason thet it is discharged only
0 & practical "out-off™ voltage and not to the point of
chemical equilibrium.

It 1s, of course, desiresble that cells be free from
local action which would result in self-discharge. All
known cells suffer from this effect, however, to one
degree op another, It 1s on this account that many types
Of cells are normally stored in the dry state, and activated
Just before uge by the addition of electrolyte or water,

Balanced cells, that is cells in which the coulombic
ca8pacities of the anode and cathode are equal, are obviously
desirable for economic reasons. They also offer another
8dvantage, Cells in which there is an excess of anode

Material may begin liberating hydrogen at the positive



TABLE II

PROPERTIES OF SOME GALVANIC ELEMENTS

Electrode Reesction Reversible Gram - Specific Mat'l. reqg'd.
Potential, Equivelent Coulombic per watt-hr.,
250 Weight Capacity grams

Anodes (zd/A)

K K" +e =K -2.92 39.10 0.022 0.50

Na Nat + e = Na -2.71 22.99 0.042 0.31

Mg Mgt + 2e = Mg -2.36 12.16 0.143 0.19

Al ALYt 4 3e = AL -1.67 8.99 0.301 0.20

Zn Zn0, + 2H,0 + 2e = Zn + LOH™  -1.32 32.69 0.218 1.0

Zn Zn*t + 2e = Zn -0.76 32.69 0.218 1.6

cd ca*t + 2e = Cd -0.40 56.20 0415l 5.2

Pb Pb*t + 2e = Pb -0.13 103.60 0.109 30.5
Cathodes (zd/M) i3

Cu,0 Cup0+H,0+2e = 2Cu+20H™ -0.36 71.5L4 0.08L 2.8

HgO HgO+H,0+2e = Hg+20H™ 40.10 108.80 0.102 0.49

0, 02+H20+2e = OH-+H02- +0,1533% 8.00 0.20

MnO, MnO,+H,0+e = MnOOH+OH™ +0.17 86.90 0.058 0.22

AgCl AgCl+e = Ag+C1l~ +0.22 143.30 0.039 3.5

Ag202 Ag202+2H20+ue = 2Ag+ OH™ +1.07%% 61.94L 0.120 0.94

MnO, Mn02+uH12e = Mn++4+2H,0 +1.23 L3.45 0.116 0.82

% H, cathode. %% Refs. (3L) (L5). s###Zn anode.

62
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CHAPTER III
MODERN PRIMARY CELLS

There are g wide variety of modern types of primary
cells available today. World War II acted as a stimulus to
battery research, resulting in the development of fundamen-
tally new types as well as the redesign of cell combinations
knowm for many years, Particular emphasis was placed during
the war on types giving high output per unit weight and
Volume, Considerable development of low-temperature types
took place also,

:
Ihe Leclanche Dry Cell.

Much hag already been said about the dry cell by way
°F 1Mlustration of the theory and the reactions taking
Place ip Voltaic cells in general.

Although the modern product utilizes the Leclanche couple,
Gassner 1s generally credited with producing the first
SUccessry) dry cell (about 1888). According to Vinal (41),
Gassner's pPositive electrode consisted only of carbon,
hOWever. His cell climaxed the work of a number of inventors,
o Which the primary object was making the electrolyte
MM8pil1ape,

In regard to the modern cell, the important ingredients
S Zine, manganese dioxide, graphite, acetylene black, a
881 of starch and flour which acts as a medium to hold the

e
1ectP°1yte and also serves as a separator for the electrodes,
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and the electrolyte itself which typlcally consists of
fmmonium chloride, about 26%, zine chloride, about 9%, and
water, about 65%. In 1ts conventional form, zinc is drawn
Into can which serves as the anode, or negative electrode.
Manganege dioxide and about twice its weight of carbon, as
& mixture of various proportion of graphite and acetylene
black is mi11eq together to extreme fineness and the mixture,
dampened with the proper amount of electrolyte, is molded
Under pressure into a bobbin of the height and diameter
Tequired to fit the zinec can. These cells typically show
an open circuit voltage of 1.50 to 1.5l volts. They are
M&nufactured in a wide variety of sizes, of which the "D"
Size (the flashlight battery) is perhaps best known. This
Size, according to Farrington Daniels (11), has a useful
*Rerey output of about 13000 watt-seconds. Heise and Cahoon
(17) state that in actual service, as much as 50% of the zinc
1s wasteq due to corrosion. This corrosion is believed (42)
to be que Principally to the following reaction:

Zn + 2NH)Cl = Zn(NH;) Clp + Hj
"1d the crystals of dlammine zinc chloride which form are
nown a4 "shelf-life" crystals.

In 1949 alkaline manganese dioxide dry cells were first
Dlaced on the market. The aqueous electrolyte is 30% sodium

hydroxide. The advantage claimed for these cells is their
®Xcellent ghe1r life. The cell reactions are somewhat less
®omplex than 1n the conventional dry cell, and in particular,
there 14 less corrosion of the zinc on standing. These cells

have 5 Potential of about 1.52 volts. The ones now being
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Produced were designed for low drain applications.

2+ Alkaline Cells with Copper Oxide Depolarization,

The alkaline elements have become the most important of
Present day primary wet cells. Their greatest usefulness is
found in applications in which large capacity, ability to
deliver moderately large currents at constant voltage, and
long life are the dominant service requirements. They are
used for mine, highway, railway, and marine signalling
Installations, for telephone and telegraph circuits, for
Padle A", and verious other uses.

The cell with copper oxide depolarizer was invented
by Lalande. The overall cell reaction can be written as:

320 4+ 30u0 4+ 2NaOH = Na,Zn,05 + 3Cu + 2Zn(OH),,
The ®lectrolyte 1s SN to 6N caustic soda which is in the
Tegion or maximum conductivity and minimum freezing point.
The open circuit potential of these cells is 1.06 volt, but
the OPerating voltage is only 0.5 to 0.7 volt. Because the
®lectrolyte takes part in the cell reaction, the amount of
S0dlum hydroxige present is a limiting factor in cell opera=-
tlon, On saturation of the electrolyte with zinc, crystals
Ll Octahedral zinc oxide form on the electrodes and container
walls, Usually in adherent, impervious layers and thus
terminate cell operation. Recent practice is to add a small
Uantity of 1ime to the cell, which is nearly insoluble, but
Teacts with the dissolved zinc to regenerate the sodium
hydPOXide, according to the equation:

Ca(0H), 4+ 22n0-NaoH - Ca(HzZnO,), + 2NaCH .
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In the form of the Wedekind element (39) a Lalande
cell was so designed that the copper oxide cathode of an
exhausted cell could be removed and regenerated by heating
In air. This might perhaps also be considered a form of
air depolarization, though, of course, neither continuous,
for effective at the voltage of the oxygen electrode.

3. Air Depolarized ("AD") Cells.

Though long sought, the substitution of an air depolarized
cathode for the copper oxide of the Lalande cell, whereby
°Perating voltage was approximately doubled, was not success=
fully accomplished until some forty years after the intro-
duction of the Lalande element. The electrochemical behavior
°f the carbon cathodes is complex. Depending on their
thermal treatment, the formation of definite carbon: oxygen
Surface complexes having various properties have been reported
(39), Exposed to air, these active carbons acquire various
amounts of both physically and chemically sorbed oxygen and,
in contact with agueous electrolyte, they develop reprodu-
¢ible potentials and have marked oxidizing properties.
ACCOrding to Schumacher and Heiss (39) and also Berl (3),
°Xygen, at these electrodes, in alkaline electrolytes,
establishes a reversible equilibrium with peroxyl ion:

O + H 0 + 2e = OH® + HOT
and the final reaction product in air depolarized cells is
Peroxide:

0): & HOE + 2Na* = Nas0, + H20 .

These equations indicate the consumption of twice as
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Much oxygen per Faraday as 1s actually observed. This appar-
ent contradiction is explained by the known instability of
Peroxide in the presence of the active carbon, and in fact,
at low temperatures, where the decomposition of the peroxide
is less, and at high current drains, where the rate of forma-
tion of peroxide 1s greater than its decomposition, oxygen
cOnsumption approaches the theoretical value (L3).

The cathodes now in general use are made of agglomerated,
AMorphous carbon. The finished electrode must be permeable
to air, but Substantially impervious to electrolyte. It is
Stateq (18) that the penetration of caustic electrolyte is
Feduced to g fou millimeters per year by a mild water proofing
treatment of the electrode.

Cells of the type just described find the same use as
the conventional Lalande cells, with the following advantages:
Treedom from the limitations of a solid chemical depolarizer,
an operating voltage of egbout 1.52 volts, compared with the
Lalange 0.7, lighter weight, and easier maintenance. Recently,

M™niature aip depolarized cells with an immobilized electro-

1yte have appeared on the market for use as "A" supply for

Portapie hearing-2id sets. In these cells, the electrolyte

1s on caustic soda containing dissolved zinc. In electrolyte
°T thig composition, zinc oxide is the anode product, which
Precipitates in porous form, and the electrolyte 1s substan=
tlally nonvarisnt in composition, giving a greater uniformity
o discharge voltage through its useful life.

b Qﬁh§£¥Alkaline Cells.
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Two new couples have come into commercial development
88 a result of intensive research and development connected
With World War 7171,

The "RM" cell utilizes a cathode-depolarizer of mercuric
Oxide and Pinely divided graphite compressed into a hard
bellet, an amalgamated zinc anode, and an electrolyte of
POtassium hydroxide substantially saturated with potassium
Zincate, 1Tpe electrolyte is held in an absorbent spacer-
barrier Interposed between the two electrodes, the cell ele-
Ments being housed under compression in an air-tight sealed
Steel cage, These cells are characterized by their high
fatio of eénergy to volume, long shelf life, uniform dis=-
charge POtential, resistance to environmental conditions of
°°PPOSion, temperature and pressure, and are mechanically
Pugged ang stable. The theoretical voltage of this system
18 1n 's10se agreement with the measured value of stabilized
¢ells, that 1g 1.345 volts. The uniformity of this value
°f open circult voltage makes 1t applicable as a secondary
Standarg of potential where extreme precision is not required.
The ratio of energy to volume, as reported by Booe (4)
approaches 30 watt-min. per cubic cm. at the lowest current
Y10 which 1s threo times as high as the air depolarized
¢ell, for example, and five times as high as the Leclanche
dry ¢6ll. The electrode reaction is:

Zn + HgO = Zn0 + Hg
The Presence of zincate in substantially saturated concen-

tration tends to inhibit corrosion of the zinc by a mass
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&ction effect. The zinc oxide formed as a result of electro=-
chemical action preclipitates, and thereby maintains the
electrolyte composition, as in the alkaline Leclanche cell.

The silver peroxide=-zinc couple has been the subject of
Numeroug investigations with regard to its possibilities as
& secondary battery., A practical, reserve type, high rate
Primary battery, using this couple was developed during
World war IT for military use. This battery has a cathode
Consisting of a coating of silver oxide or silver chloride
°n & grid material such as silver-plated copper, nickel or
Silver wire or screen, subsequently reduced to silver and
ele(’tPOIytically formed to silver peroxide. The anode is of
Sheet zinc, zinc plated or zinc dust pasted on copper, ’
niCkely Or silver wire or screen. The electrolyte is 25
te 35 bercent potassium hydroxide solution.

The outstanding characteristic of this cell, which is
"e8lly a characteristic of the cathode, 1s its ability to
OPerate ot very high current densities. It will deliver
fUrrent at the pate of 1.0 amperes per sq. cm. of cathode
Superficia] area for periods up to several hours. Because
the silver oxides are soluble in the electrolyte, this cell
e formally stored in the dry stete and is limited to 2l to
72 hoursg activated stand life before use.

The electrochemical behavior of the oxide plate 1is
HANRDL " B4 Tyer Porms’ Wb oxides, Ag,0 and Agp0p. In the
Plate forming process, the charge is carried past the voltage
corresponding to the higher oxide, to the point of oxygen

evolution, There are significant differences in the discharge
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Characteristics of the two oxides. The univalent oxide
Bives g coulombic output which 1s 100 percent of the theore-
tical ang 1g not affected by the rate at which the oxide is
formegq, The peroxide, Ag202, on the other hand, approaches
thig ideal efficiency only when 1t is formed at a very low
Current density., Both oxides are ultimately reduced to
Sllver ag g result of the discharge. The two states of
OXidation of the silver would indicate two states of dis-
Charge gt different potentials; however, at high discharge
Tates the higher potential, 1.90 v., is not always observed,
nd the Obperating voltage falls quickly to a value of about
l.45 volt,

5. Qgilé_yith Magnesium Anodes.

Magnesium has certain outstanding qualities which re-
COommend itg use as a galvanic anode. Its gram-equivalent
Welght 15 12,16 compared with 32,69 for zinec, and its
TeVeTsible electrode potential is -2.3y compared with -0.761
for zine,

In spite of these real advantages, magnesium has found
litt1e Use as an anodic material in voltaic cells, because
1t 14 e0rroded rapidly in electrolytes. Chromates have been
Used to inhibit its great activity but no really stable cell
using Magnesium has been reported yet.

A reserve-type cell utilizing a magnesium anode has been
developed for use in pilot balloons for meteorological work,
however. It consisted of a foil of high purity magnesium

“°Parated by 5 thin layer of absorbent paper from a cathode
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Of silver foil upon which a layer of silver chloride was
electroformed. The foil electrodes were one to three mils
in thickness. The foll-paper strip was wound spirally into
the shape of g cylinder. This design allowed discharge at
extremely high rates. It was reported that one such cell
aPproximately the size of a flashlight cell could discharge
at 100 fmperes for a few seconds (33). Sea water, tap water
and even distilled water served to activate the cell.

6. Chlorine Depolarized Cells.

Porous carbon of the type used in air-depolarized cells
ttains the theoretical potential of 1,358 volts when exposed
Yo chlorine gt atmospheric pressure.

Cells using chlorine as depolarizer make provision for
the gas to be admitted only as needed on closed circuit, but
8reat anode wastage occurs with even the least active anode
“WEeMialy. - Onlorins has been coupled with iron, zinc,
aluminum ang magnesium in such cells. With zinc the cell
Voltage 1g 2,05 volts. Although the open-circuit voltage of
Such cel1g 14 only slightly increased by moderate increases

(up o 80 psi) in gas pressure, the operating voltage 1is

raiseq considerably (L3).

£ Q&llE_USing Non=Aqueous Electrolytes.

It wag mentioned that considerable difficulty has been

expel"ienced in various attempts to construct stable primary
Cellg Using magnesium. Sodium and potassium, which appear
°Ven more attractive from the point of view of potential, are,

or Course, altogether incompatible with agueous solutions.
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The attention of various investigators (30) (L4O) has
therefore been turned to the possibilities that lie in the
Use of non-aqueous electrolytes. Two examples are the use
or liquig sulfur dioxide and liguid ammonia. Both of these
COmpounds are liguid under moderate pressure at normal
temperatures, and both have the property of dissolving various
Salts to form conducting solutions.

McDonald (30) has constructed experimental cells using
both of these solvents. A cell with a magnesium anode, a
¢arbon cathode, and an electrolyte of liquid ammonia contain-
ing Magnesium nitrate and potassium persulfate had an open
¢ircuit Voltage of 1.3 volts. This cell could be shorted for
100 hours and woulq recover 1its voltage quickly. A short
lrcuit current density based on the area of the magnesium
vas 1 Mmilliampere per sq. cm. This low value was attributed
%0 insufricient wetting of all the magnesium and carbon
Surface, 4 similar cell using a sodium anode gave 3.5 volts
on open circuit, with 120 ma. per sg. cm. maximum current
density, Sodium was corroded rapidly in the solution,
howevey,

The best of the sulfur dioxide cells studied by McDonald
U111 709 Sodlum as the anode and an inert iron positive elec=-
troge, The electrolyte was 1iquid sulfur dioxide with iodine
tribr°M1de and ferric chloride dissolved in it. The open

lrcust Voltage varied from 3.5 volts at room temperature to

2°7 VOlts at _6000.

S Cells Usin Organic Depolarizers.
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W. C. Bauer (2) described several types of primary
cells in which use was made of nitrobenzene and other ore-
€anic nitro compounds as the depolarizing agent. Bauer did
not state what cell voltages or other operating characteris~
tics were obtained in his cells, but discussed, at some
length, the electrochemical action occurring on discharge.

Bauer apparently shared the belief, previously widely
Meld, (see Ch, IT) that the function of a depolarizer is to
Teact with nascent, or molecular hydrogen after it is
liberated at the cathode. To 1llustrate the sequence of
Teactiong taking place in his cells, for example with
nitrobenzene, he cited the well known (25) reduction scheme
followeqg by that, and related compounds, in electrolysis
Cellss

Nitrobenzene = Nitrosobenzene =

Phenylhydroxylamine = Aniline.
According to this scheme, a given amount of oxygen,

Present Originally in the depolarizer combined in a nitro

8Toup, 1s ultimately found in the form of water as a result

Of the reduction, thuss:

R(Nog)x + 6bxH = R(NH2)x + 2xH20.
Bauer recommended the employment of alkaline electrolytes,
®SPecially the hydroxides of the alkali metals and stated

that & zinc anode could be used with copper, iron, nickel,

°r carbon as the cathode element. He stated that the value

°f the nitre compounds was largely enhanced when used mixed

"ith, or 1n the presence of a metal in a finely divided
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State, or in the presence of a reducible metallic oxide.
Tt was explained that this was probably due to alternate
Oxidation and reduction of the metal at the expense of the
nitro group. Thus the metal .acted not merely as the collec=-
tor or current, but also as a catalyst, by drawing the nitro
eompound into reaction.

Bauer pointed out that the nitro compounds are either
solids or olly liquids and are genersally poor conductors of
®lectricity., In some forms of his battery they were used
Mixed with a conducting substance like retort carbon or
Eraphite. It was suggested that solids be melted and mixed
With the conducting substance, then broken up into granules
When cold. In particular, in one form of his battery, the
Ritro compound floeted on top of the electrolyte exposed to
the air. Bauer stated that reoxidation of the nitro compound
by atmospheric oxygen took place in the presence of the
alkaline electrolyte. Thus only a fraction of the theoreti-

&l emount of depolarizer would be needed for a given

8Mpere-hour capacity. The suggestion was made further, that_

Since the nitro reduction products are readily oxidized, they

May be used in secondary, or storage batteries., In this case,

8¢cording to the patent specification, the electrolytic

OXygen libverated on charge effects the reoxidation.

The nitro derivatives of benzene, toluene, xylene and

Naphthalene were especially preferred.

In 1942 W, ¢. Arsem (1) described the invention of a

Voltalc cell which used "a novel depolarizing system".
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The cathode depolarizing assembly was described as being

made up of the following elements:

8. A depolarizing agent which is an organlc
substance capable of electrolytic reduction.

b. An acid substance having a low ilonization
constant, or low solubility.

¢. A highly conducting form of carbon.

de A form of carbon having a high specific
surface.

e. A solution of an electrolyte.
As examples or the depolarizing agent, Arsem mentioned
Substances in which the oxidizing properties are due to a
8rouping containing nitrogen attached to a halogen or
OXygen, as well ag other reducible organic compounds.
Specifically, the following substances were claimed:
N‘Chloramides such as p-toluene sulfonyl dichloramide,
P-toluene sulfonyl sodio=chloramide, and N-chlorbenzamide;
N'chlorimides, such as N-chlorphthalimide; and in general,
subStances containing the groups R - X =- NCl2 or (RX)2 =
N = €1, in whicn X is an acidic radical, such as - CO -
s S0 = and also substances containing other halogens
In place Of chlorine, Other compounds claimed were Nitro=-
*Ompounds such ag alpha-nitronaphthalene, 2,l, dinitrophenol
&nd dinitrotoluene, as well as nitroso and azoxy compounds.
Finally’ quinones, such as benzoquinone and chloranil, were
flentloned, Arsem also states that the reaction of the
dep°1arizer is with molecular hydrogen. With the chlorine
containing compounds, the reaction products are glven as

the eOrresponding amide and hydrochloric acid. In the case



Of nitro=compounds, the products are shown as the corres-
Ponding hydroxylamine and water. No reaction for guinones
was indicated,

The purpose of the acid ingredient was stated to be to
brevent the cathode liquid from becbming strongly alkallne,
thereby lowering the cathode potential.

Arsem gave data to show the performance of one of his
¢ells in which the depolarizing assembly weighed twenty=
five grams and contained ingredients in the proportions:
P=toluene sulfonyl dichloramide, 500 parts; boric acid,

500 parts; carbon black, calcined out of contact with air,
55 parts; artificial graphite, 1045 parts; sodium chloride

solution, 5%, 800 parts. The following table was presented
to show the results of an experiment which compares Arsem's
©ell with two dry cells of the usual composition., All the

cells were of the "D" size commonly used in flashlights,

and were discharged through /. ohms.

TABLE ITII

DISCHARGE CHARACTERISTICS OF ARSEM!'S CELL AS COMPARED
WITH COMMERCIAL DRY CELLS.

Minutes Volts
Arsem Cell Cell A Cell B
0 1.65 1.40 1. 38
20 1.39 1.18 1.21
60 1.32 1.06 1.10
120 1.29 0.93 1.02
180 1.18 0.77 0. 88
195 1:17 0.75 0.80
205 1.15 0.75
2Lo 1.08
300 0.83

310 0.75
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Data on cells with nitro=compounds or guinones was not

given. Schauli (38) described a modified dry cell, (in 1908)

in which was made of "phloridzin", a naturally occurring
Substance which is glucoside of phloretin (c.f. Merck!s
Index) and has the empirical formula Cpq Hp) 0q4e

According to Schauli, this material has the property
of absorbing ammonia and ammonium salts and also ". -
glives up and takes in oxygen without any change in tempera-
ture ang considerably increases the capacity and also the
PeCuperative power of the battery."

In 1927, I. Estermann was granted a German patent
(12) for an "Electrolyte for a Galvanic Element of the
Leclanche Type." Estermann called attention to the well
fecognized fact that many dry cell failures were the result
°f anode corrosion with subsequent bursting of the zinc can
due to hydrogen pressure. He therefore added a material such
88 benzoquinone or methylene blue to the electrolyte to func=-
tion ag ap additional depolarizer. It was claimed that these
Materials oxidized any hydrogen which might be liberated at
the anode,

Sullivan (40) constructed a number of primary cells in
Which yge was made of various quinones and other organic
oxidizing compounds as depolarizers with methyl and ethyl
8leohoy electrolytes. The results showed that azoxybenzene,
p‘aminoazobenzene, anthraquinone, quinhydrone, and benzo=-
QUinone g13 gave promising discharge characteristics. The

effect of temperature was the primary object of investigation
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and it was shown that at -30°C., the cell using benzoqui-
none with the methyl alcohol electrolyte was the best with

regard to height and uniformity of discharge voltage. It

Was found also that, at =30°C., in both electrolyte solvents,
80lid inorganic depolarizers, like MnO, and V,0g, although
glving initially higher voltages, became polarized more

Quickly and soon dropped to voltages lower than benzoquinone.



CHAPTER IV
THE ELECTROCHEMICAL BEHAVIOR OF QUINONES

1. Standard Oxidation-Reduction Potentisls.

An inert electrode, such as platinum, immersed in a
medium which contains an oxidizing agent and a reducing
8gent whioh wi1l react reversibly with each other will come
to o definite potential with respect to some standard elec-

troge, That potential follows from the thermodynamic

®Xpression:
E = - AF/n 3.

When the reactants and products are all at unit activi-
ties, the potential is called the standard potential, E°,
Which 34 thus a measure of the standard free energy change,

4 F°, of the reaction.

One such system, which is very common in organic chemis-
try, is the reduction of a quinone to its hydroquinone at a
Platinum electrode,

Generally, the potential for this type of reaction is

giVen b
ye
+ 0.03 log (Quinone)/(Eydroquinone)

at 30°C.

E =
= E° 4+ 0.06 log(H*)

Each quinone has a characteristic oxidation-reduction
Potentiay which is a messure of its oxidizing power. The
More Positive the potential, the stronger is the guinone as

an oxidizing agent., Also, since these potentials are measured

8gaingt a hydrogen electrode, a positive potential indicates
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& quinone which is a stronger oxidizing agent than H* and a
hydroquinone which is a weaker reducing agent than H,. A
Negative potential indicates the contrary., If the standard
Potentials of a series of quinones is compared, the change
from compound to compound represents the change in the
relative stability of the quinone as compared with its
eorresponding hydroquinone.

It has been found that the temperature coefficient of
the standard potential is about the same for a large number
°f quinones, and is equal to about 0.7 millivolt per °C.
Thus, the change in potential in a series of quinones is a
Measure of the change in the relative heat contents of the
duinone and hydroquinone throughout the series.,

It 1s also found experimentally that compounds such as
diphenoquinOne, stilbenequinone, and amphinaphthoquinone have
Very high standard potentials, whereas anthraquinone and
Other linear condensed=ring systems exhibit relatively low
Potentials, Branch and Calvin (5) explain this on the basis
°f the relative number of valence bond resonance forms found
In the quinone and hydroquinone, respectively. They found
Nearly a straight line relationship between the standard
Potential of para-quinones and the ratio of the number of
these forms as is illustrated in Figure 5. Ortho-quinones
have higher energy contents than para-guinones, and hence,
Slightly (about 0.1 v.) higher potentials.

. Effect of Ring Substitution on the Standard Potentials.

Fieser (13) has studied the effect of substituents in



L9

the 1 or 3 position on the potential of phenanthraquinone,
and Fieser and Fieser (1)) studied the effect of substitu-
tlon on the potential of both 1, 2, and 1, L naphthoqui-
Nones. Most of the determinations were carried out in

2lcoholic solution, but the results would be expected to

apply closely to aqueous solutions. In general, the con-

¢lusions were that acid=strengthening groups increase the

Potential and acid-weakening ones decrease it. For example,

8 2 substituted NH, group lowered the standard potential of

—

L,4 naphthoquinone by 210 millivolts (E° unsubstituted =

0.48 volt), whereas an SO3Na group in the same position

Inereased the potential by 69 millivolts. The effects with

1,2 nhaphthoquinone substituted in the l; position were =251

&nd +60 millivolts, respectively.
When substitution is not in the quinone ring, the
Magnitude of the effect is smaller, but the order is again

the usual one. An NH, group in either the 1 or 3 position

of Phenanthraquinone lowers the potential by 98 millivolts
(E° unsubstituted = 0.460 v.) whereas the SO,;H group (data
for SO3Na not given) increases it by 23 to 30 millivolts.

An N02 group, incidentally, raised the potential by 91

Millivolts in the 1 or 3 position. Comparative data for

the effect of the nitro group on naphthoguinones was not

given’ but should be considerably larger.

o ©
W n
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Also, when the substituent is not in the quinoid ring

1t
S8 effect depends very critically upon its position with

re
SPect to the quinoid ring. Substituents in the 2 or I

o}
Position of phenanthraquinone, for example, are practically
W

thout effect on the standard potential.

3. The Electrode Reactions of Quinones.

It is generally stated (28) that the reaction at a

be
Nzoquinone~hydroquinone electrode is as follows:

CeHy0,(aq.) + 2H*(ag.) + 2e = CyH, (OH), (ag.)
If, as ig customarily the case when this electrode is being
Used for pg measurement, the concentrations of guinone and
hydroquinone are fixed at the same value by the use of the
MOlecular compound quinhydrone, and both these values

rem
ain constant, the electrode will respond to changes in

PH in exactly the same manner as a hydrogen electrode, that
s, by 4 decrease in potential of 0,06 volt per pH unit.

On the other hand, if the pH of such an electrode is
Maintaineq constant, and the ratio of quinone to hydroqui-
fone 1g varied, it is found that a plot of potential vs.
the log of the ratio (Q)/(QH2) has a slope of +0.03, as
Woulq be expected from writing the equation for the elec=-
trode Potential in terms of the activities of the reactants
nd Products, This fact supports the proposed electrode
Feaction because it shows that two electrons take part in
the reaction per mole of quinone (28). All quinones,
hOWeVer’ do not react in the same manner. With certain
°0mpounds’ there is a possibility of semi-quinone forma-

ti
°n.  For example, tetramethylquinone reacts in two stages
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8s follows (28):

™R SEMIQUINONE HYDRO=

Ton
CHy cH, CH3 CH, CHs CH,
0= =0 e o =0 — o o
CHy CH, i, CH, el EtH,

Each stage of the reduction involves only one electron per
Mole of TMQ. The slope of the potential - log Ox./Red.
plot is twice as great in this case, but the pH - potential
relation remains the same, =0.06 volt per pH unit.
Often, the hydroquinone of the compound in question has
& tendency toward acidity and undergoes dissociation in
a1kaline solution according to the following reactions:
Qi = QB + H' and QH~ = Q@ + H'.
In a case of this sort, the normal pH - potential
Slope would shift to a smaller value at high alkalinities,
With g glven initial ratio of oxidized to reduced substances,
SInce the actual amount of reduced material (hydroguinone)
Present in solution would decrease with alkalinity, thus
Partially counterbalancing the potential change due to
increase in pH. (27)
An electrode sometimes used in pH measurement is the
"quino‘quinhydrone electrode" in which a solution saturated
With both quinone and quinhydrone 1is used. This electrode

has the advantage that it 1s free from salt effects on the
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8Ctivity coefficients of the guinone and hydroquinone. The

€qQuilibrium constant for the reaction

Quinone + Hydroquinone = Quinhydrone
is given by
a_ * a
8 ez = K
a
QQH»

W
here depends only on temperature and pressure. Conse=

9ently 1t follows that if any two of the activities in K

re fixeq by saturation, the ratio aQ/aQH is fixed and
24

hence the electrode potential will remain constant as the

®lectroge 14 reduced, until unsaturation occurs with respect

to QUinone, Such an oxidation-reduction electrode is similar

& this respect to the metal oxide electrodes referred to in

Chapter. IT.

2 M992321§m and Kinetics of the Electrode Reaction.
Rosenthal, Lorch, and Hammet (36) studied the kinetics

0
T the Teduction of benzoquinone to hydroquinone at platinum

electrodes, They found an extreme dependence of the electro-

¢
femicay reaction rate on the nature and history of the

*athode Surface. For example, the initial catalytic activity

of -
VaPiOUS metal surfaces was approximately as follows:

Blank platinum 1
Gray platinum on gold %8

Bright platinum on gold
Bright gold on platinum 3

Blank gold 0.5
Mercury 3-3

Bright palladium on gold

An
7 one Metal surface, however, given various pretreatments,

9
ich ag heating in air or nitrogen or soaking in cleaning
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Solution, gained catalytic activity by a factor of ten or
twenty, Thig initial catalytic activity decreased, moreover,
With time, whether the cathode was in use or not and leveled
Off to a more or less steady value, in ten to thirty hours.

Even under the most precisely defined conditions the

rate of reduction of quinone, as measured by the cathodic

Current at a given potential, decreased rapidly for from

thirty Seconds to two minutes and then cantinued a slow

downwarq gpirt indefinitely. Thus it can be seen that the

Peduction rate of gquinone is an extremely variable and
Indefinige quantity.

NeVertheless, the above mentioned authors were able to
caleculate Specific rate constants for the electrochemical
Peaction at 4 blank platinum electrode and show that, under
®onditions guch that concentration overpotential and side
Feactiong can be neglected, the current was an exponential
Tunction Of the potential and to determine the order of
the Teaction with respect to quinone, hydroquinone and hydroe
gén ion,

As in the case of inorganic depolarizers, already dis-
CUssed, the reduction of quinone had previously been stated
by Glasstone and Hickling (16) to occur through the primary
formation of hydrogen atoms at the electrode, thus:

Q + 2H° = QH,.

Rosenthal et al showed that this view was untenable in

thig e8se, at least, since the reduction of quinone was rapid

°ven at positive potential of 0.65 volt with respect to the
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Teversible hydrogen electrode, whereas the depos ition of
hydrogen would be completely negligible at this potential on
the same cathode surface or even on one much more active,

The mechanism postulated for the reaction was as follows:
the reaction of a molecule of qulnone with either two, one, or
0 hydrogen ions simultaneously with two or one electrons.
Kortum and Bockris (26) agree with this postulated mechanism.
Thig Indicates six possible parallel reaction paths with the
Tormation of the six following intermediate or final products:
=, Q~, Qu~, QH (Michaelis' semiquinone), QH, and QH2+- Which
Path Predominates depends on composition and potential. It
wag Noted that the reaction was zero order with respect to
hydrogey lons in slightly alkaline solutions (pH > 8) and
Tirst Order from 0-6 pH, with a trend to higher order at
Yevy low pH values.

Comparabie mechanisms for the reduction of other qui-
fones wepe not suggested. However, inasmuch as all quinones
establish reversible oxidation-reduction potentials with
bheir hydroquinones, such mechanisms would not seem unlikely.
> Relatigg}Depolarizing Abilities of Various Organic Materials.

——
Organie materials, other than quinones, which are capable

°z e160trolytic oxidation and reduction do not, as a general
Tale, ©stablish reversible oxidation-reduction potentials (26).
Rather: the process of reduction, for example, requires a
definite hydrogen overvoltage. In electrolytic reduction

DPOcesses the desired hydrogen overvoltage is controlled by

“his ¢holce of cathode metal and by variations in current
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denSity, temperature, and pH.

Compounds such as ketones and oximes, which are diffi-
cult to reduce, undergo reduction only at metels at which
the hydrogen overvoltage is relatively high (lead, mercury,
c&dmium, etec.) while compounds containing the more easily
Peducible nitro groups are readily reduced at platinum,
°OPper and nickel electrodes.

Stone and Hunter (22) studied the "single potentials" of
Va&rious cathogde metals versus a number of "depolarizers".
They found the relative order of the potentials on the e.m.f.
Stale the same regardless of the cathode material, although the
absolute value was different. The most positive potentials

"Were obtained with the first, the least positive with the

last, 11 tne following list.
1. Quinone - Hydroquinone.
2. Quinone.
3. Fett, pettt,
L. 17, 1,.
5. OH", 0.
6. m - Nitroaniline.
7« Acetaldehyde.
8. Formaldehyde.
9. Azobenzene Sulfonic acid.
10. Acetone.

11. 3,3t Diaminoazoxybenzene.

12, wm*, Ha,e
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6. Oxidation and Reduction of Anthraquinones.

According to Fieser and Fieser (15), when a suspension of
anthraquinone in aqueous alkali is treated with a reducing
4gent of suitable potential, such as sodium hydrosulfite or
Zine dust, the material dissolves to give a rich blood red
Solution or the sodium salt of anthrahydroquinone. On
contact with air, the red color is discharged from the solu-
tion ang anthraquinone is reprecipitated. This sequence of
Te8ctions 1s the basis for anm oxygen reagent developed by
Fleser in 192} (15). This reagent is made by dissolving
Sodiym hydrosulfite in alkali and adding a small amount of
Sodium anthraquinone-beta=-sulfonate. The organic reductant
absorbs OXygen much more rapidly than the hydrosulfite, but
1s kept in the reduced state by the inorganic reagent and
funCtionS a8s a catalyst for the eventual utilization of the
h.‘)rdrosulfite. Fieser states that the organic reductant has
% Powerry) affinity for oxygen.

In the course of research looking toward the development
o il liquiq absorption reagent for hydrogen, several investil-
ators (23) (35) had found that soluble organic nitro compounds
Were Quantitatively reduced by hydrogen in the presence of a
Palladsum colloid catalyst. The rate of absorption became
o after only a fraction of the stoichiometric amount of
hYdrogen had been absorbed, however.

An improveq hydrogen reagent (23) was developed by Huff
o Bonney using various substitution products of anthra-

quinone in the presence of a stabilized palladium colloid,

This S0lution could function either as an oxygen or as a
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CHAPTER V
SUMMARY OF FOREGOING AND STATEMENT OF PROBLEM

l. Use of Organic Compounds as Depolarizers in Primary Cells.

Although, as has been described, a number of investi-
gators have constructed primary cells in which use was made
Of various organic compounds (1) (2) (12) (38) (L0), and
certain of them, as quinones, establish reversible oxidation-
reduction potentials (5); and although various organic
compounds, particularly nitro compounds and anthraquinones,
are known to possess the ability to absorb hydrogen and
OXygen, in the presence of metal catalysts, by reactions which
can be stated, at least formally, to be electrochemical in
nature (23) (35); it has not yet been shown what relation the
discharge characteristics of primary cells using these materials
bears to their theoretical potential and coulombic capacity,

NOr under what conditions their most effective use could be

realized.

2. Research Objectives.

It was the purpose of this research, therefore, to study
the complete discharge characteristics of a number of organic
compounds, principally quinones, to determine the discharge
Voltage and actual coulombic capacity as affected by varia-
tions in discharge rate, electrolyte base, pH, access of

OXygen and also as affected by the nature of the compound

1tself and by any substituent groups.



PART 1T

EXPERIMENTAL



CHAPTER VI
INTRODUCTION

1. Program.

Tn contrast to the field of inorganic depolarizers,

there are a wide variety of organic substances which could

conceivably act as depolarizing materials. Consldering

only those classed as quinones, there are a great many
quinone derivatives of benzene, naphthalene, anthracene,
bPhenanthrene and other polynuclear hydrocarbons as well
as all the possible substitution products and their iso-
mers, not to mention heterocyclic analogs of these.

Each cen be regarded as probably different with regard to
solubility and stability in various solvents, standard
Oxidation-reduction potential, equivalent weight, and,
undoubtedly, reduction rate at various inert electrodes.
It was clearly impossible to attempt a quantitative study
of the behavior of even most types of quinones, let alone
organic depolarizers in general, within the scope of this
type of investigation.

It was necessary, therefore, to delimit the area of
more detalled study by a preliminary qualitative survey
Of some representative compounds of various types. It
was decided also that these preliminary tests should be
carried out in several electrolytes. The more promising

materials were then to be studied as to coulombic capacity



and voltage under various conditions and, if possible, as
to the reactions actually occurring.

Factors such asg availability and cost in part deter-
mined what particular materials were selected for investi-
gation. Quinones were considered more likely to have desir=-
able broperties as depolarizers than other reducible organic
Materials, such as nitro compounds, principally because qui-
fones establish reversible potentials while nitro compounds,

for eéxample, as a general rule do not. As it happened, two

Quinones selected for study were nitro-substitutedes The two

COmpounds in question, therefore, served to illustrate the

POssibilities of nitro-compounds as well as those of quinones.

2 Apparatus.

The discharge of various experimental cells was followed

W
ith the apparatus shown in Figure 6. The voltmeter was

eonstructed from s Leeds and Northrup moving coil, reflecting-
type galvanometer in which a lens having negative curveture
was Interposed between the hair line and scale to increase

the focal length of the optical system, thus increasing the
A five-hundred thousand ohm resis-

v

Sensitivity of the meter,
tance was inecluded in series with the galvanometer to give,
in effect, a very high resistance voltage measuring system.
Readings taken with this instrument are referred to as
"termingl voltage" or "open circuit voltage".

When not in use, the galvanometer was protected with

& heavy shunting switch. The focal length of the lens and

t
he resistance were selected so that a one millimeter de=-

fleCtion of the hair line image on the scale corresponded to
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0.02 voit and so that the range O - 3 volts could be measured.
The instrument was calibreted against a potentiometer and was
found to have a 1inear scale, This calibration was rechecked
8t intervalsg,

A celx placed in the rack could be discharged through one
or a combination of callbrated resistors with or without simul-
taneous measurement of cell voltage. A milliameter could be
SWitched in or out of the circuit as desired. Discharge times
Were measured with a stopwatch for the first few hours of
discharge; then time readings were taken from an electric wall
clock,

All of the organic compounds (except one) used in this
Pesearch were Eastman c.p. grade and were used without further
Purification,

Anthraquinone disulfonic acid was obtained from a neutrali-
Zeq mixture of mono- and di-sulfonates as occurs in the sul=-
fonation of anthraquinone with oleum. In this mixture the
27 disulfonic acid is considerably more soluble than the
Mono Sulfonates and more so than other disulfonated isomers.

A sma1y amount of the more soluble components was dissolved
Trom this mixture and recrystallized without analysis. It

1s believed that the 2:7 isomer constitutes the major portion

°f the recrystallized material. It should be noted that all

dsulfonates will have the same theoretical coulombic capaclty
#nd are not very much different in standard potential. In

a0y event, this quinone is referred to as 2:7 anthraquinone

disulfonic acid in the data.
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Several forms of carbon were used in the various experi-
Ments: Acheson graphite in the form of extruded rods from
Which inept electrodes were machined (this is a relatively
Non=poroyg form of graphite); Statex carbon black, a battery-
&rade carbon black having pronounced absorption properties
®Md 8 high surface area per unit weight; finally, graphite

POwder, approximately 200 mesh, used to increase the conduc-

tivity Of the cathode mix. The zinc was in the form of
commercially pure rolled strip, 0.010 inches thick. All
Other chemicals used were of reagent grade.

experi-

Table IV compares the properties of the various

Mental cathode materials., The coulombic capacity is cal-

Culateq op the assumption that the only reaction occurring
s the complete reduction of the quinone to the corresponding
hydroquinone.

. £ell Desipn and Assembly.

The cell design arrived at after various trials was that

Shown in Pigure 7. A graphite plug sealed into a glass cylinder
¥ith Parrafin wax constituted the empty cell. This construc-
blon wagq desirable because the cell was small enough and

Hghs enough to allow the depolarizing mix to be conveniently
"elghed 1nte it on an analytical balance, when desired; the

°®11 contents could be observed through the glass tube; and

the graphite plug, acting as an inert conductor, allowed
electr1cal contact with the depolarizing mix without con-
tamination. Also the cell was of such a size and design that

Small amounts of materials could be utilized effectively in

Tung of Teasonable length.
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TABLE TV
P
ROPERTIES OF EXPERIMENTAL GALVANIC CATHODE MATERIALS

Standard
Oxidation/Reduction Coulombic

Depolari zop - s Romsorret )
Benzoquinone 0.699 898
2,5 Diphenyl-p-quinone # 0.635 12.25
Winhygrone 0.613 1. 75
2 Naphthoquinone 0.555 20.3
Ly Naphthoquinone 0.470 20.3
Anthraquinone 0.15) 15.45
Za-AntthQUinone-fB-Sulfonic Acid 0.187 10.35
Q'Anthraquinone-az-Sulfonic Acid  0.195 9.88
2:: :nthraquinone-Disulfonic Acid 0,229 8.73

nthPQQuinone-Disodium Sulfonate
5 0.229 7.05
fraguinone-pisulfonic Acid 0.228 8.73
5~Nitro-Anthraquinone-l-Sulfonic
= Acid % 0.270 9.65
PO-Anthraquinone-8-Sulfonic 9.65

Acid 3¢ 0,270

S:timated from effects of o-substitution in 1,4
Phthoquinone. (Fieser and Fieser).

%3
gﬁ:imated from effects of 1 or 3 substitution in
Nanthraquinone. (Fieser and Fieser).
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The cathode mix, after being weighed out into the
Mpty cell, and wet with a small quantity of electrolyte,
wag Pressed into a coherent cake at any desired pressure
With o ®ylindrical graphite plunger. An asbestos diaphragm
(Circle eut from asbestos paper) which fit snugly into the
8lass °ylinder was pushed into the cell on top of the mix,
P8fars Pressing. This procedure served to carry down any
nix Particles, which might have tended to cling to the sides
°f the tube, to the bottom of the cell, and subsequently
Preventeq any graphite or carbon particles from becoming
disengaged from the mix, thereby allowing the possibility of
e Internay short circuit in the cell.

The glags cylinder was of a length such that as much as
®1lght Milliliters of electrolyte could be introduced into the
sl In many runs, only three and one~half milliliters
TUlficeq to activate the cell under study.

The zine anodes were carefully cut into an L - shape,
"lth legs of two ang five inch lengths respectively, both
legs Ohe-quarter of an inch wide. The five inch leg was
COiled into g spiral having an outer circumference nearly
"L £ Shat of Hhe insvde of 6 glass tube. This anode
L1 was suspended from the top of the glass tube. The
“hodes Were cut from fresh stock for every cell, cleaned
With abragive and coiled; cleaned again in dilute HC1 and
Pihsed’ Just berore use.

The ce13 was easily disassembled after each run and the

Phkte ¢leansd before reassembly. Cells were sealed with



: and
eorks to brevent evaporation and electrolyte creepage
of
Wore activateq by filling with the desired quantity
electrolyte at the start of a test.
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CHAPTER VIT
INITTAL GELLS: VARIOUS DEPOLARIZERS AND ELECTROLYTES

1+ Control ge11s.

In order to judge the performance of an experimental
cell, 1t 1s desirable that it be compared with some cell of
fnowm behavior, The Leclanche system, used in the familiar
dry ¢ell, serves as the "control™ comparison in this research.
A faip COomparison would be between control and experimental
°ells of the same size (or weight) and design. Accordingly,
Leclanche cells were constructed in exactly the same manner
%8 the eXperimental cells and subjected to several types of
discharge.

As with later experimental cells, each ingredient of
the ¢athode mix wag weighed out separately to O.l milligram,
nd the Weighed materials then ground together in a mortar.
A0 anount of mix containing the desired quantity of depolar-
lzep Was afterwards weighed directly into the cell. After
the ce1y wWas assembled and the electrolyte was introduced,
the open ¢ircuit voltage was measured and the cell was put
& discharge immediately.

The calculations for these control cells also illus-
frateg the method of calculetion used for the experimental
°¢lls disensseq 1n chapters VITT and IX. The data for all

e
®lls i given in the appendix.
The quantities V (terminal voltage) and © (time ,minutes)
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Were Measured., W, the net electrical work, was calculated
as follows.,

Wis €qual to the product of voltage, current, and time:
W = 60vroe (VIT - 1)

watt - seconds

]

]

volts

n

W
Vv
I = amperes
(<]

i

minutes

waeVer, I=y,
R

Where R = external resistance (ohms).
Therefope,

W = (60/R) V2
v
In a discharge through a fixed resistance, voltage,

(VII - 2)

Veries (decreases) with time, 6.

P 2
l.e., W = 60/R %[. V< de
of @ by
The quantity W was calculated for every value

(VIT - 3)

: proceSS Of numerical integration from the start of discharge,
“8ing €quation (VI - 3) and the appropriate value of R.

The theoretical fractional reduction, X, was calculated
@lso, Using an equivalent weight equal to one-half the

molecular
"olecul gy, Wwelght for every quinone and equal to the

weight for manganese dioxide.

Algebraically, e
VII =~
d
X = Number of coulombs passe
Coulombic capacity of cathode.
° (VIT - 5)

X = 60/R ;J: vde
(M/Equiv, wt.

) (96500).
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where M - welght of active material in cathode.
In these control cells, as in all subsequent experimental
cells, the amount of zinc present is large enough that the

eoulombie Capacity of the anode 1s greatly in excess of that

°F the cathode. Further, the composition and quantity of the

Leclanche electrolyte are such that very little change teakes

Place in the zinc ion concentration during discharge. Also,
b Surface area of the anode 1s deliberately designed to be
%¢ large that little polarization of the anode takes place.
Thus, changes in cell voltage as discharge progresses should
b for the most part due to changes in composition of the
*8thode and in cathode polarization.

Cells ) ang S are compared in Figure 8 on the comparable
basis or fractional reduction of the MnO, to Mnp05. The
corresponding data is given in the tables in the appendix.
Comparap, data on the performance of commercial "dry" cells
Are not a&vailable in the literature but it is estimated that
the Performance of this cell when discharged through 100 ohms
Corresponds roughly to the performance of a dry cell on a

modepately heavy drain. The 500 ohm load, then, corresponds
t
YA I’G’la’cively light drain for this type of cell. The results

for thoge control cells are more directly comparable to the
**11s discusgeq in later chapters in which capacities were
"tudieq, than to the initial studies discussed in this chap-
tep,
* Electrolytes,

Varioys properties of the electrolyte would be expected to

o
Save ®ffect on not only the reversible cell potential but als
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°R the cathode polarization on drain. The reversible potential
of QUinones has been shown (13) to depend somewhat on the in-
trinsie Nature of the solvent, as well as on the pH and concen-

tration ratio of the oxidized and reduced forms. The presence
o dissolVed sSubsta

(

nces other than the quinone will affect
usually unequally) the activity coefficients of the quinone
o hydroguinone forms., The actual working cathode potential
i depend not only on the above factors but also on such
properties of the electrolyte as viscosity and conductivity,
*1d on the SO0lubility of the individual reactants and pro-
s ¢ Peaction, In addition to all these effects, the

electrolyte resistance in part determines the terminal voltage
ind the Cell: de

bending on the drain. It is impractical or
mp

°381ble o eliminate this IR drop completely in a cell

mOdelled on the usual battery design as it is eliminated
¥ Rearly 80) in simple polarization studies by the use
3 ca&pillary tip electrode.

In the Preliminary evaluation of various cell combina-
tions

> the three electrolytes used were chosen with a view

aseertaining the effect of alcohol content, if any, on the
Pelative and absolute terminal voltages obtained with the
"arloug depolarizers,

Electrolyte A consisted of a solvent composed of 1,0%
methanol in water saturated at 25°C with lithium nitrate and
methylamine hydrochloride, the saturated solution subsequently

tted wity an equal volume of the solvent. Electrolyte B

°C
conSisted simply of 60% methanol in water saturated at 25



75

With 11thium nitrate. The third electrolyte corresponded to

® formulation stateq (L) to be typical of Leclanche cells.

It wag composed only of ammonium chloride, zinc chloride, and

"eter, Thig electrolyte is identified in the data simply as L.
In genersl quinones are somewhat more soluble in alcohols

than in water. The Leclanche electrolyte, however, has

considerably higher conductivity at room temperature than
®lther Or B or probably any other alcohol-containing
elGCtrolyte. The composition, resistivity and pH of these

®lectrolyyes are compared in Table V, along with those of

the electrolytes used in some later cells. From the results

obtained in the preliminary testing of various cell combina-
tions it wag concluded that the Leclanche electrolyte, using

1 agqueoug Solvent, was the most desirable one for experimental
PurpOSes, and most subsequent cells used this component.

3.
EEEEQEﬁ_Qﬁll Combinations.
The discharge curves shown in Figure 9 indicate the

eXtremes Of terminal voltage encountered with zinc couples.
HOweveP’ these results do not indicate quantitatively the
differences in the various cell combinations, because not all
of thege Preliminary cells were fabricated with foreknowledge
T what factors were most likely to lead to irreproducible
Pesults’ Nor was the discharge allowed to proceed to the
“Fhig Telative degree as with later cells. The cathode mix
b aCCUI’ately proportioned as between carbon and active
materials but the weight of total cathode mix was measured

0Ly to 0.1 gram (about ¥ 7%). Furthermore, the discharge



TABLE V
FROPERTIES OF EXPERIMENTAL ELECTROLYTES

B Resistivity
ect ohm=cme pH
==—Clrolyte Composition 25°¢, 25°¢,
4 CH,0H 18.4% 8.11 .50
H 27.5%
LENO 16.7%
CH3N§301 37.4%
* CH,OH 3l.8% 27.0 4.50
Ho0 23. 2%
L§N03 L2.0%
. H,0 65.0% 2,28 Lol
Nf c1 26.0%
TP 9.0%
Satta, yg ’
R TR H,0 70. 8% 2.10 5.45
Nf, c1 29.2%
Satld N L‘.
* NaCl H,0 73.2% .68 6.18
i NaCl 26.8%
> Naog H,0 80.0% 2.62 x
N&OH 20.0%
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Was carrieq only to from 5 to 20% of the theoretical maximum
baseq on the equivalent weight of the quinone and the amount
Present in the cell (usuaslly about 0.46 grams per cell),

In general, these exploratory cells were discharged
Until the terminal voltage either dropped to some fairly
Steagy Value or fell to a low level.

Referring to Figure 9 again, two results are evident from
the COmparison of the five curves shown. The first is that
decidedly low terminal voltages are obtained with unsubsti-
tuteq anthraquinone even in a solvent containing 60% methanol.
That thig 1s not due to electrolyte conductivity or pH is
Seen by COomparison with the rather high voltages obtained
With the nitro-gsulfonic acid derivative in the same electro=-
lytes' Neither can it be explained entirely by the difference
s Standerd potential between the two compounds since the
difference in terminal voltages ranges from 0.8 to 1.2 volts
"hile the standard potentials differ by only about 0.1 volt.
The Second result is that the specific nature of the electro-
lyte OXerts g strong influence on the terminal voltage. It
"1 be Noted from Table V that the three electrolytes A, B
nd g, 8re almost identical in pH, but are somewhat different
e reSiSﬁiVity. However, even the least conductive electro-
1te, B, had a sufficiently low resistivity that this factor
#lone Would not cause high internal resistance. Thus, the
CPOSS‘Sectional area of the cell 1s 3.46 sg. cm. and the
avepage dlstance of separation of the electrodes is about

4l
M A 11quid column of these dimensions having the
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PesiSt.’Lvity of electrolyte B would therefore add only 7.8
hms to the internal cell resistance. This resistance, alone,
s sma1y Gompared with the external load of 500 ohms.

In general, it appears that 1t can only be said of the
®ffect or & glven electrolyte on the discharge behavior of a

depolarizer that it is the result of the interrelated and

mo
Wiy Unknown effects ons

(a) Depolarizer standard (or reversible) potential.

(b) cathode polarization (resulting from solu-
bility, diffusivity, and reaction rate in the

solvent., )
(¢) 1Internal cell resistance due to electrolyte
resistivity.

In Figure 10 benzoquinone 1s compared with the two
anthPaQUinones and manganese dioxide in electrolyte B. The
e three Organic depolarizers are compared in Figure 11 in
it Leclancne electrolyte., Curiously, the relative positions
B benzoquinone and the substituted anthraquinone are reversed
in the two solvents., Again, it is not possible to explain
thig °n the basis of pH of the two solvents since that
difference 1s relatively slight and in any event would alter
the TeVersible potential of both compounds by the same amount
in the Same direction. The effect of an increase in resis-
tivity On the terminal voltage of the cells is also slight,
g furthermors should simply decrease the terminal voltage
*Ptaineg With both compounds, without affecting their relative
g, Although the reversible potentials do depend somewhat
°N the Nature of the solvent, the possible difference 1s too

s
a1l o account for the observed effect. Finally, whatever
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®hangesg take place in anode potential and polarization should
affect ®qually cells using both depolarizers regardless of
the electrolyte.

The results must therefore be attributed to dif feren-
tial ®ffects on the rate of reaction of the two compounds

(1.e,, °n the polarization), Figure 12 shows the results

®btaineq with the various anthraquinones using Electrolyte A.
Increasing Substitution apparently decreases polarization of
the ¢athode, giving more favorable discharge characteristics.
When thne nitro-compound is present as the potassium salt,
there is a considerable decrease in terminal voltage.
Apparently the influence of depolarizer acidity 1s strong

In thig electrolyte., Figure 13 compares the two isomeric
MnSubst typeq naphthoquinones with the alpha substituted
anthraquinoma using the Leclanche electrolyte. It is interest-
ing tq Note that the steady voltage reached by cells 20 and 22
diffen by approximately 0.28 volt while the standard poten-
tals Of the respective depolarizer differ by 0.275 volt.

Also the terminal voltage of the ortho-naphthoquinone cell

1s initially about 0,08 volt higher than the cell containlng
. Para compound. The standard potentials of the two stand
"B the same relative ordsr and aiffer by 0.085 volt.

Figure 14 compares two disubstituted anthraquinones in
°lls Using the Leclanche electrolyte. As in all other
combinationS, the nitro-derivative is superior. Thils super-
iopity in terminal voltage is not due solely to the influence

be
B depolarizen acidity on cathode potential, as seemed to
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the cage in electrolyte A, however, since the comparison here
1s witnh the free disulfonic acid derivative. Figure 15
illuﬂtrates what might be anticipated in regard to results
°btained with diphenyl-benzoquinone. Although the reversible
Potentialg of benzoquinone and its substitution product are
7% greatly difrerent (Table V) it would be expected that the
derivative compound would have lower solubility and dif-
fusivity than the parent guinone. The difference between the
two Curves is much too pronounced to be accounted for by the
rélative equivalent weights since neither compound was dis-
Chargeq more than a fraction of its theoretical coulombic
Capacity,

e Sonclusions From The Tnitial Runs.
The errect of electrolyte variation on the relative and

bsolute discharge characteristics of various quinones 1is
Pronounceq and cannot be accounted for simply on the basis of
Variations in pH and resistivity between electrolytes. It

Lo Probable that the variations are in large part due to
differences in relative solubilities, diffusivities and
Pecirie reduction rate of the guinones in the various
electrolytes, although this point was not investigated
“¥Perimentally, Tt was noted that the initial steady dis-
®harge Voltages reached were, as a general rule, in better
agreement with the order of the reversible potentials when

elec=
U8ing the Leclanche electrolyte than when using those

trolytes containing methyl alcohol.
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Every depolarizer was not tested in every electrolyte
becauge the initial objective was merely to discover sult-
able COmbinations for further study and to determine only
qualitatively what effect on cell performance might be ex-
Pecteq by changing electrolytes. As previously discussed,
the Leclanche electrolyte seemed finally to be the most
appropriate and suitable electrolyte considering all factors.
From g theoretical point of view, since it already contains
ine, 4 Smaller relative effect would be expected on the
node Potential as a result of discharge with this electro-
lyte; also the presence of both zinec chloride and ammonium

*Hloride acts as an acla-base buffer. In addition, it has

the highest conductivity of those tested. From an experi=-

flental View good correspondence was observed between
Utlorences 1 cell voltage and depolarizer standard poten-
tlals With this electrolyte, compared with the unexplained
Cffect °n the relative potentials of benzoguinone and 1 Nitro
anthraquinone-8-sulfonic acid obtained in electrolyte B.
One-N1itro anthraquinone-8-sulfonic acid gave the highest
terminal Voltage encountered in testing the various depolar-

iZer"‘electrolyte combinations. Its terminal voltage was also

*Be highegt, in each electrolyte, with the exception of the
Leclanche, in which it was second highest. Unsubstituted
anthraQUinone gave the lowest discharge voltages in all
electPOIytes. The effectiveness of anthraquinone increases
SOmewhat 8s solubilizing groups are substituted in the ring.

The effect or diphenyl substitution on benzoquinone was to
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decreage the performance considerably in the aguecous electro-
lyte, It was noted that in the electrolyte contalning the
ost Methanol (B), manganese dioxide was inferior in voltage
to at least one organic depolarizer (Figure 10).

Becauge it has the highest possible theoretical coulombic
*8Pacity ror 4 quinone, and because it apparently performed
"ell in the initial tests, benzoquinone was selected for
Pirgt capacity studies. Runs with this depolarizer are
Uscusseq 1y Chapter VIII. The results of further experi-
fentg With 1-Nitro anthraquinones are discussed in Chapter
IX,

Although the preliminary results were essentially
qualitative, since no exact measurement was made of the
Hantity op depolarizer used in every case, and the theoretical
*&Pacitieg could not therefore be compared with those
actually Obtained, it is beleived that the results served to
Shoy that reasonable working voltages could be obtained wilith
these Materials,

Thege voltages were maintained in many cases on fairly
Severe 108d8, when the very small size of the cell is taken
Into 8ccount, and this fact justified the extension of the
tudy to capacities for the better materials. This exten-
Slon of the study to coulombic capacities proved to be the
Mogt fruitery] part of the work and although it was carried
g ®ntirely with aqueous electrolytes, there is little
Feason to believe that radically different relative capa-

c
tieg Would be found with any of the electrolytes used



in th
e preliminary tests
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CHAPTER VIII
CELLS USING BENZOQUINONE

- IEEQEQElggl Behavior of the Quino-Quinhydrone Electrode.

A Imown disadvantage in the use of the quinhydrone
elGCtrode in pH measurement is due to an effect termed the
"salt error" (27). This results from the differential action
oL Moderate to high concentrations of electrolytes on the
activity Ccoefficients of gquinone and hydroguinone in the
Same Solution., Because the potential of the quinhydrone
®lectroge depends on the ratio of the activities of these

tw
©s as well ag on the pH, an uncertainty arises as to the

2
PH
Measurement in solutions of high ionic strength. The

S0~
¢alleq "quino-quinhydrone" electrode does not suffer this

di
S8dvantege however, This electrode is saturated with

bot
h Quinone ang quinhydrone.,
A thermodynamic equilibrium constant may be defined as

To
Lows fop the dissociation of gquinhydrone:

(aQ) (aQHZ) / (aQQH2) = K

Ir
the activities of both gquinone and quinhydrone are fixed

by S8turation, the activity of the hydroquinone must also be
fixed’ and hence, the ratio of quinone to hydroquinqne.
There Tesults an electrode potential different from that of
TUinhydrone alone, but which is constant, characteristic of
°f the electrode, independent of salt (or other) concentra-

t
Lon, and dependent upon pH and temperature only.
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Thig Peversible potential must remain the same, furthermore,
In Variousg stages of reduction, until unsaturation takes
Place With respect to quinone.

If the reversible voltage of cells having quino=-quinhydrone
“8thodesg be measured and plotted as a function of the state of
Feduction op the cathode, and if the variations in cell
VOltage ®Ssentially reflect only variations in cathode poten-
tal, ¢Urves such as those shown in Figure 16 would be '
anticipated. These curves indicate that, under favorable
conditiOHS, 50% of the theoretical capacity of benzoquinone
“ould pe realized at a constant, and relatively high,
Potentiay, 4 is assumed that the electrode is initially
Y8turateq With a sufficient amount of quinhydrone, for which

o] coulombic capacity is assigned. This condition corres-
Fonds ¢losely to practice, since the solubility of gquinhydrone
i very Small, and an electrode consisting initially of only

Uinong should quickly become saturated with quinhydrone as

e
Gduction takes place.

Ex erimental Results with Benzogquinone.

A8 discussed in the preceding chapter, the high standard

Dotential (0.699 volt) and high theoretical coulombic capacity
$29.8 dMPere~minutes per gram) of benzoquinone indicate that
*his ¢OMpound might be a desirable depolarizer. Also the
Pesults Observed in the preliminary testing of various cell
combinations seemed to bear out the theoretical considera-
tions Of the preceding paragraph in that a remarkably steady

first
vOItage 1s observed with benzoquinone cells during the

Te
" hourg op discharge,
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Unfortunately, an analysis of the actual coulombic

*8Pacity obtained with benzoquinone cells does not confirm

all the Possibilities indicated by the preliminary results

and by theory. Various attempts to achieve the theoretically

POssible f1fty percent of the ultimate capacity at a constant
VOltage Were without success. In the following sections are
discussed the results obtalned in the study of the variables
Which might be expected to influence the discharge behavior.
It was the objective of these experiments to see what
QUantitative effect moderate changes in cell composition and
cons’cruction Oor conditlons of discharge would have on capa-
Wiy and discharge voltage. Those directions of change
"hich Seemed to point toward an appreciable increase in the
lengty Of discharge at approximately constant voltage were

to be bPursued to find the optimum effecte

It was convenient to select a cut-off voltage of 0.75
ol ron Comparison of delivered coulombic capaclties since
o thig Voltage the rate of decrease of voltage with in-
Creasing fractional reduction of the depolarizer was found
¥ be high. The actual capacity obtalned therefore, does
o depenq critically on the chosen cut-off. An increase
1 length or tpe plateau should be reflected in a roughly

pr‘°p°1"t-’tonal increase in coulombic capacity.

3 EQQﬁE&_Qﬁ;Dischargc Rate,
wn
Cells in which the amount of guinone present was kno

0
accur&tely to a milligram were discharged through 500, 15
Although

woi g Ohms, The results are shown in Figure 17.
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there is a Substantial increase in polarization, that is,

& decreage In the terminal voltage of the cells as the load

1s inCl"eased, the effect is much more noticeable in the early

Stages Of discharge than in the later. For example, to a
“Ut-ory Voltage of 0,75 volt, there is realized only 2, 25,
nd 28, 5¢ Of the theoretical capacity of the depolarizer with
loagg °f 75, 150, ang 500 ohms respectively. Very likely,
Sreater Utilization of the depolarizer would be found if the
10ad wop, Smaller still, However, judging from these
Pesults, the load would necessarily be very small indeed,
*o shoy Substantial improvement.

Similar results were obtained with cells in which a
decpeased amount of carbon was used in the cathode mix, as
1s illustrated in Figure 18, The use of less carbon effec-
tively Increases the current density at the cathode. Since
% PeaSonable decrease in load or cathode current density
“PPeareg likely to increase the length of plateau (and
therefore, the percentage effective utilization of the
depolarizer to the chosen cut-off) by any substantial amount,
attention Was turned to other avenues of exploration,

I, .
L EEZEE&LEELAmount of Excess Quinone.
The results obtained with cells L), 45, and L6 are

Shown in Figure 19, In this set of experiments the amount
N °arbon in the cathode mix was fixed at 1.813 grams to
*Rsure & constant and low current density and the amount of
qctive materigl (benzoquinone) was increased from 0.201 to

°+ho3 to 0.60) grams in the respective cells. It was
necesSary to use 5 milliliters of electrolyte in all these
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r
m:zf ::njzjt Cell 46, having the largest amount of depolarizing
. s oo ned a sufficient amount of liquid for both absorp-
i N ¢ cathode mix and immersion of the anode with the
ve ectrode separation. The load was arbitrarily set
Peasj:a:hms to allow Cell L6 to discharge to completion in a
. le length of time. This is a moderately high, but
. SeVere, load for this size of cell, judging from the
sesults Obtained with the MnO, control cells. It can be
aeen that celis containing the relatively larger amounts of
cctive Material tend initially to level out to some falrly
SOnstant discharge voltage, whereas the cell containing the
Tzzli::zlamount appears not to approach any plateau at all.
s ts are in accordance with the theoretical expecta~
3 Previously discussed. The larger the amount of qui-
th:egfresent initially, relative to the amount of electrolyte;
v eater the proportion of the theoretical coulombic
thza:ity Which should be obtained under conditions such that
i &thode consists of a saturated guinone-quinhydrone
) :::;°de end therefore exhibits constant discharge potential,
N ©de which is initially just saturated with guinone
VG:;l:anhibit no plateau at all, A cathode containing a
fixe €¢ amount, on the other hand, could, as previously
Gt Sed, theoretically approach 50% of its maximum capacity

Constant potential, There is a practical 1limit to the
i::p::t:on of active material which can be incorporated into
- rbon mix, however, above which the electronic resis-

® of the mix would begin to increase sharply, with

cohse
Quent deleterious effect on cell performence. Cell L6
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M8y be near this limit, although no reduction of working

VOltage 1s observed over cell 45, It will be noted that

¢ell L6 shows essentially no Improvement in utilization
over cell )5 even though it contains fifty percent more
depolarizer. In any event, there appears to be no practical

&dvantage in using further excess amounts of quinone.

Ss
Effect or Electrolyte pH.
At 30°C., an increase of one unit of pH willl decrease the

Feversible potential of a benzoquinone electrode by 0,06 volt.
The diScharging electrode suffers the same decrease, but may
&lso pe Influenced in other ways. Thus there may be a change

5 Polarization or possibly even a change in the cathode

Peaction ltself. Tt seemed of interest to determine the

aCtua) effect of an alteration of pH on benzoquinone cells,
fnd Figure 20 shows the data for three cells in which the
electpolyte PH was the variable.

The initial closed cireuit voltages are 1.25, 1.20,
and L1l volts for cells 32, 48, and 49, respectively,
copr'esponding to decreases of 0.05 and 0.11 volt for cells
48 ang L9 over cell 32, The reduction of cathode potential
i 81eCtI‘Olytes having the pH of cells 48 and L9, according
%o the equation for the reversible potential, would be 0.060
Yolt ang 0.104 volt. 1In acid solutions, the anode reaction
1s Mnaffected by pH, as 1s discussed more thoroughly in
Chapter 1y,

In addition to an increase in cell voltage with more

aciq electrolytes there is apparently also a more pronounced,



/4

ELECTROLYTE
CELL KEY pH
.2 a>oo 32 (@] 4,44
o) 48 o 5.45
Bo, % 49 = 6.18
Y
o
Cbo o
l.e %ﬁ %0 o
°e %o,
=)
S
08
O |
i
0.8 g
o
FIGURE 20.
0.4 -
EFFECT OF ELECTROLYTE pH ON
DISCHARGE CHARACTERISTICS OF \
BENZOQUINONE CELLS., 500 OHM :
LOAD. :
0.2 1
I%
%
C T T T X T T 57 4
o C.l 0.2 0.3 4 0.5 0. 0.7 0.8
x -o <



102

though relatively short, region in which approximately

*Onstant voltage 1g obtained., This indicates that the direc=
tion of decreasing pH might lead to greater fractional
Utilization of the cathode material as well as higher cell
voltages, he PH of the Leclanche electrolyte is, however,
"POUb &8 low as 1s prectlesl for wes utth sink slestnsdas,
The indicateg direction and amount of change which to

Achieve greater cathode utilization is, therefore, beyond
that whiey ls attainable with zinc couples. According to
Varioug authors (27) (36) both benzoguinone and hydroguinone
"ndergo automoxidation in alkaline media, and therefore no

attempt Was made to investigate an alkaline zinc-guinone

Couple,

6
. Intermittent Discharge,

Other obvious approaches having been exhausted, it

Seemeqd POssible that improvement in cathode capacity might
Fesuly from g type of discharge in which the cell could
Tecovern at intervals from polarization and concentration
Bradientg, Accordingly, cell 50 was constructed in a
Mannep Similar to cell 32, and likewise discharged through
09 °hms, with the difference that one hour periods of
diSchane Wwere alternated with one hour periods of rest.
Ater the fifth, ninth, and thirteenth hour of total dis-
Sharge time, the cell was rested for longer periods, the
°Xact timeg being 11, 17, and 17 hours. Cells 50 and 32
o COmpared in Figure 21, At the end of the thirteenth

tal
hour, of discharge, the cell had been activated for a to
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Period of 58 hours. At this point the discharge voltage
W88 0.61 volts and the calculated fractional reduction was
%e23L: In the onse of cell 32, which had been discharged
eontinuously, the discharge voltage was still 0,90 volt at
® caleculated fractional reduction of 0.232. Also, to a
Cut-off voltage of 0.75 volt, the percentage utilization of

the cathode materials was 19.1 and 28.9% for cells 50 and

32, respectively. There is also a less well developed

Plateau in the case of intermittent discharge.

It seems apparent that, far from allowing more efficient

Use of benzoquinone, intermittent discharge actually de-

Creases the performance of the cell. This is the result that

would pe expected if appreciable cell deterioration (self-
discharge) took place on standing in the activated condition.

This erfect also could account for the generally low coulombic

°&pacities obtained with benzoquinone cells, as compared with

theorny,

7+ Comparison with Quinhydrone.
The results obtained when gulnhydrone was substituted

for quinone are quite different from those Just discussed.
Figure 22 compares cell 32 with cell 17, which was constructed
In the game manner as 32 except that a welght of quinhydrone

Was Substituted which was the same as the welght of quinone

Previously used. The coulombic capacity of quinhydrone is

Slightly less than half that of quinone, and this is, of

Course, allowed for in the calculated fractional reduction (X).
g

Whereas the highest capacity obtained with quinone cells
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(with
c
11 32) was 28.5% or the theoretical, cell 47, using

Quinhvyg
ydrone gave approximately 55% of its capaclity to the

Same 0y o e
Off voltage (0.75 volt). These results are of

mOPe
acade .
mic than practical interest, however, since the

hs
i;jhz;g;:iliza?ion of gquinhydrone is offset completely by
" o T equivalent weight. It 1s of interest to observe
. ¢ Initial closed circult voltage of cell L7 was 1.09
thet:; Which corresponds to that of an inflection point in
. Ve for the quinone cell at about 10% calculated
weduction. It is remarkable that quinhydrone can sustain a
SOPking Voltage ag high as 1.0 volt when discharging through
o ohms, rop such a considerable fraction of its theoretical

®apacity
ty, especially in view of its relative insolubility,

ag co
MPared with both quinone and hydroguinone.

8
° En
==Cr'gy Output or Benzoquinone Cells.
The net electrical work W (watt-sec.), calculated, like

X b
: Y & process of numerical integration from V, &, and R,
Sr»e

duced in Teble VI to watt-seconds per gram of active

Mmate
Tlal in the cathode of each cell in the series just

dige
Ussed. From the obsorved cathodic coulombic capacity

nd this ene

b rgy output, the average discharge voltage could
€ e
8leulated and is also given in Table VI. The relation

bety,
°0n these three quantities is as follows:

vV = W1/60 C!
V = Average discharge voltage.
W' = Energy output of cell, watt-sec, per gram
depolarizer (to 0.75 v. cut-off).
C' = Obgerved coulombic capacity of depolarizer,
cut=ofrf).

amp. -min. per gram (to 0.75 V.



TABLE VI,

Cell Cathode

Depolarizer Carbon

grams grams

&4 0.458 0,818
5 0.458 0.916
32 0,207 0.414
34 0,202 0,404
35 0,202 0.101
36 0.202 0,101
43 0,201 0,403
44 0,201 1.813
45 0.403 1,813
46 0,604 1,813
anté 0.210 0.420
48 0,210 0.420
49 0,210 0,420
50 0.210 0.420

# M0  ## Quinhydrone

RELATIVE PERFORMANCE OF BENZOQUINONE AND CCNTROL CELLS,

Electrolyte
Comp., ml,
L 6.0
L 6.0

L 3.0

L 3.0

L 3.0

L 3.0

L 3.0

L 5.0

L 5.0

L 5.0

L 3.5
NB401 3.5
NaCl 3.5
L 3.8

* To 0,75 volt

Load Coulombic Capacity®* Average
(amp-min per gram

depolarizer)
Ohms  Theo, Observed
100 18,5 10.6
500 18,5 18,5
500 29.8 8.63
75 29.8 7.12
500 29.8 8.10
150 29.8 5.90
150 29.8 7,45
150 29,8 7.1%
150 29.8 7.42
150 29,8 7.45
500 14,75 8.11
500 29.8 8,55
500 29.8 4.62
500 29.8 5.69
cut-off,

Discharge
Voltage*

1,03
l.12
1.04
0,951
0,985
0,955
1.04
1,02
1.08
1,03
0,210
0.955
0.893

1,08

Net Elsctrical Remarks

Work®*
(watt-sec per

gram depolarizer)

655

1240

B4l

406

478

338

466

438

481

460

442

490

247

359

Control

Contreol

Intermittent
Discharge
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Thege calculations show that although the benzoguinone
cells can maintain a dischar

ge voltage of between 0.90 and
l. 05 Volt’

which is almost as high as that of the manganese
d'
“0xlde control cells under the same conditions, the watt-

S
®cong Ooutput is lower than the control cells mainly because

0

o] Inefficient use of the depolarizer. Benzoquinone has a
h

lgher theoretical coulombic capacity than Mn02, though,

a
Ad, in bPrinciple at least, could exceed the performance of
Mno_,
&
P
Conclusions From Runs Using Benzoquinone.

Benzoquinone, which has the highest coulombic capacity
Of a13 quinonGS, and also has a high standard potential,
°an, in theory, deliver 50% of 1ts theoretical coulombic
capacity at essentially constant voltage under certain
*onditiong, These facts seemed to justify further examina-
tHon of the discharge behavior of cells having benzoquinone
8thogeg,

Within the 1imits imposed by the cell size and construc-
tion,

PH

and by the nature of the cell materials, variations in

* Pate ofr discharge, cathode current density, amount of
a0t1Ve material, and type of discharge all seemed to have
Pelatively little effect on coulombic capacity; the obgerved
limits being from about 19 to about 29% of the theoretical total
8Pacity, 4o o 0.75 volt cut-off. The effect of pH variation
= discharge voltage appears to follow closely from the effect

1 the reversible potential of the quinone. The effect of

ischarge rate and current density is much more noticeable
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°n digen
S arge voltage than on capacity. Intermittent dis-
L aI‘ge W
» Which prolongs the period of activation of the cell,
fads ¢,
less effistent utilization than does oontimucus

diseh
ar
€8¢ When the depolarizer is present initially in the

form of quin

hydrone, 55% of the theoretical capacity is
PealiZed

in contrast to an average of about 27% for gquinone.,

Whep,
th
® lower theoretical capacity of guinhydrone is taken

m:::rjccount’ however, the output per unit weight of active
als 1isg approximately the same in the two forms.
It 1s believed that a partial explanation of the
escrepancy between observed and theoretical capacities can
foung in the relative instability of the activated benzo-

9uing
ne
¢ell., This cannot account for all the observations,

hOWeVer, 8s discussed below.

B Tt 1a logical to assume that cells containing various

WOEI:tS Of excess quinone over that required for saturation

- 2ll surrer deterioration at the same rate, to the

thi:nt that 1¢ takes place, in the activated condition., If
1s S0, it follows that those cells containing the greater

OnO::t Of active material should be affected relatively less.
; ® other hand, it was observed that an increase of 50%

1 the amount of quinone present in a cell of a given con-
struction gave no improvement whatever in fractional utili-
zation Of the cathode material. (Compare cells L5 and 46,
F18UPe 19.)

Another explanation, more in accordance with observation,

as follows, It is well known (for example, in the case of



110

dry cells) that discharge tends to increase the pH in the

Vicinity Of the cathode, while the opposite effect occurs

5% the #node. This results from the relative slowness of
bhe diffusional processes compared to the rate of formation
ang disappearance of products and reactants. As previously
mentioned, benzoquinone suffers auto-oxidation in alkaline
Bdla; My srrsct of the carbon electrode surface and the
als 8tmosphere in which the cells we re discharged could
ea311y be to accelerate this process., If conditions in the
“%th0de mix of these coells were as postulated the net effect
foulq be to destroy part of the depolarizing material before
- 4 Could pe used. Also, when an electrolyte of initially
Alghor PH were used, less coulombic capacity should result
becauSe Of accentuation of the effect. This is what was
Obseryeq (note Figure 20) and is less easily explained on
i basis of self-discharge of the complete cell. Further-

24 the same explanation can account for the apparent

»
tmg ¢ to fractional utilization demonstrated by the set of
Us shown 1y Figure 19 in which the guantity of active

Materiqy was varied, whereas the other explanation cannot

a
Ccount for it at all.



CHAPTER IX
CELLS USING ANTHRAQUINONE AND RELATED COMPOUNDS

' Introduction,

While benzoquinone, as previously discussed, appeared
originally to be the depolarizing material holding most
"TOniise, besauss of its velatively high standard potential
anq theoretical coulombic capacity, anthraquinone seemed to

%8 the Tagg promising material, for just the opposite
Peasons’ 88 an examination of Table IV and Figure 5 will
Show, Certain derivatives of anthraquinone show slightly
highern Standard potentials than the unsubstituted compound,
%t some Sacrifice of theoretical coulombic capacity, however,
The breliminary results of Chapter VII nevertheless
*9med to 1naicate that the Nitroanthraquinone Sulfonic Acids
"ght be goog depolarizers. It appeared that it would be
wopthwhile to examine the behavior of the various available
anthraquinones more closely than in the preliminary studies.
This examination yielded some interesting results,
Showing that certain anthraquinone derivatives possess good
depOIapizing ability as measured by their sustained terminal
VOItageS through high coulombic capacities. The results of

0 the coneclusions from the various sets of experiments on

these Compounds are discussed below.

2, Un
~Substituted Anthraquinone.
A comparison of two cells, otherwise identlcal, except

that °ne (cell 53) contains 0.2 grams of anthraquinone and
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0.

4 8rams of carbon in the cathode while the other (cell L2)
e :

°Ntains only the O.Ly grams of carbon, is shown in Figure 23,

I
% 1» slses that unsubstituted anthraquinone, at least under

t 1
he ¢onditions of cell 53, has essentially no depolarizing

&bility.
The behavior of the cell containing only carbon is worth

SOme cOnsideration, in view of these and later results.

Although the type of carbon used (a 50/50 mixture of fine

8raphite and battery-grade carbon black) has no depolarizing

ability Per se, there will usually be a slight amount of

Oocluded OXxygen present in a freshly prepared cell which

"1 oxert an effect, This explains the Initial open cir-

‘uit Voltages of 1.1 to 1.2 volts obtained even without

Such cells drop quickly to fairly low (0.5

depolapizer.
0.6 vo1t) terminal voltages with a 500 ohm load. After-

"ards there 15 a less rapid drop., The voltage of these
undepolarized cells seems to decay approximately as a
logarithmic function of the time. The low, but not zero,
VOltageS sustained by such cells must be due to the simple

co
Prosion reaction of zinecs

Zn
FTObably initia1ly depolarized to a slight extent by the

Presencs iIn the cell of a small amount of air, It is shown
lator that the atmosphere in which certain experimental cells

geh diSCharged can have a significant effect on the discharge

behavior.
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i
éﬁﬁﬁzéﬂglgone Mono=Sulfonates.
Discharge curves for Potassium Anthraquinone alpha=-

Su
Lfonate and Sodium Anthraguinone beta-Sulfonate (cells

3
9 ang 40) are shown in Figure 24. The results are very

8

Imilar to those obtained with unsubstituted anthraquinone,
a

lthough the potassium compound might be interpreted as

Sh
°Wing some slight depolarizing ability.

. Hiﬁz&égﬁbggquinone Sulfonic Acids.
Figure 25 illustrates the results obtained with the

l-Nitr'o--8--Su1fonic Acid and the 5-Nitro-l-Sulfonic Acid

A
nthpaquinones. The curves are very nearly indentical., 1In

both Cases there is a large initial drop in voltage which

is PPactically complete after a sufficient number of coulombs
have Passed to reduce five to ten percent of the quinone.

e Pemaining fraction of the coulombic capacity is obtained
At an almost constant voltage of 0.85 to 0.90 volt. This
fairly high terminal voltage in comparison with cells 39 and
Lo May be due partly to the influence of the free acidity of
*hese Compounds on cathode potential. In the case of both
cells, MOore useful coulombic capacity is obtained than can

be “¢Counted for by the reductlon of the quinone. It appears,
88 wity cell 38, for example, shown in Figure 25, that the
iseru) capacity exceeds the theoretical by more than 50%.
FiguPG 26 compares cell 55 (like 37 in construction and
comPOSition) with an undepolarized cell containing an

identical amount of cathode carbon. Here, as well, the

datg indicateg depolarizing ability far beyond that possibly
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due ¢
O the
he quinone, These results raised the question as to

What r
ea
ctions were actually taking place at the cathode of

thGSe 03118.

5
. In
%ion of Cell Reactions.
Ir
the results of cells 37, 38, 39, 4,0 and 55 are
Peplo

tt
®d in the form of V vas. log X it would be expected

that
Cce
rtain Information could be obtalned as to the cathode

Pea
Ctiong which would

not be apparent from the simple V « X
Plot,

) The Peasons for this and a discussion of the limita-
Ong :
inherent in this method of analysis are put forth below.
T
he €quation for the reversible potential, E, of a

Quing

ne
electrode is usually expressed as follows:
B~

S E° ~(2.3RY/5 ) pH - 2.3(RT/2 5 ) 1log aQHZ/aQ .

Fo
T a given quinone, assuming constant pH, the plot of

E g
gai
. nEt log aQH /éQ should therefore be a straight line
avin 4
8 & slope or -~ 2,3(RT/2.F ), or - 0.03 at 30°C.
Also,

1f the electrode is saturated with the quinone
QIWa
IS the case with the cells under consideration) and

Since
the Quantity X is directly proportional to the amount

Of 1g
duceq material (the corresponding hydroquinone) present,

the

S

b lope of a plot of E vs., log X should in this case also
e

= 0.03,

" In €eneral, although the plot of E against the log of

e
Proper function of the activities of the reactants and

pbo

; Bets wigg always yileld a straight line of characteristic

Slo
be

’

the E - log X plot will only yleld a straight line
Ungg
" Circumstances such that log X is directly proportional

tot
he log or this function. Deviations from linearity of
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this plot will indicate, therefore, deviations from these
Conditiong, The quantity X may be regarded as simply
®quivalent to g certain number of Faradays, and if the
abscissae Of these plots were in terms of Faradays or

Coulo
mbs, rather than X, the theoretical slope would be

€xact 7
1y the same. It can happen, therefore, that other

ight lines will result from the plot, due to reactions

Othe '
T than the one discussed, if it is possible for such

tions to occur. Each reaction is characterized by its

Own Potential so that a shift from one reaction to anothe r
Hay Fesult in a shift from one straight line portion to
&nother, with a new, or possibly the same, slope, if con-
ditiOHS are such that a linear plot results. Often, several
POssible reactions have the same slope and for this reason
the Slope alone does not completely identify a reaction.

The above comments apply strictly only to the reversible
The reversible cathode potential could not be

pOtential’ E.

Meg
Sured, or course, without influencing the character of the

dig
®harge under study. It was hoped that some information
as
to the cathode reactions could be obtained from the V =
lo
g X plot, however, where V is the terminal voltage of the

cell.

V is a function of E, but it is impossible to specify

an
®Xact mathematical relationship. V depends on not only

th

© cathode potential, but on internal cell resistance, the
ex

terna load, and polarization of the anode and cathode,

ag
well as anode potential, The contribution of all these
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factorg must be known, or else all but the cathode potential

Must remain constant in order that it be possible for the
¥re log X plot to be subject to exactly the same interpre-
tation as the E - 10g x plot.

As Previously discussed under cell design, the zinc was

Made large enough so that little anode polarization would be

®XPecteq to occur. Anode polarization is usually of smaller

Magnitude than that of the cathode, in any case, for these
®ells. No change in anode reaction during the course of
discharge would reasonably be expected and the composition
and quantity of the Leclanche electrolyte is such that little
Change ip zine concentration or electrolyte resistance should
Occur, qp, largest unknown factor by far 1s cathode polari-
Zation, which may increase, or perhaps even decrease (due
to lowep current densities) during the course of cell dis-
Charge.

In Spite of all the above-mentioned limitations it 1s
belieVed that the V - log X plots can be interpreted to

indicate certailn changes in the cathode reactlon of the

Various cells, For example, although the slopes themselves,

because of the irreversible effects just described, will

Probably not correspond to any theoretical values very

ClosGly, it would appear justifiable to consider the con-

tinuatioy of any reasonably linear portion of the plot
actually obtained as corresponding to some single reaction.
LikeWiSG, a marked shift in voltage between two more or less
Hnear portions of the plot could reasonably be interpreted

= Indicating a shift from one reaction to another, as could
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& Sudden shirt from one constant slope to another.
Figure 27 shows this type of plot for cells 39 and /0,
Which botp showed rather poor depolarizing ability. The
Initigy Slopes for both curves are greater than can be
dccounted for on the basis of any known reaction of the
depolarizer and very likely are due more to increasing
¢athode polarization than to any changes in cathodic poten-

tal, (It may be noted that cells 4 and 5, using manganese

dioXide, both showed a progressive drop in terminal voltage

With Increasing fractional reduction, although the theo=

Petical expectation would be for constant cathode potential.)

As the calculated fractional reduction of these cells

@PProaches 100% both curves seem to be approaching, if not

Peaching’ slopes of the order of the theoretical - 0.03,

At Or near 100% reduction, both slopes are seen to incresase

sharply to a new and substantially higher value, as would

be ®Xpected on termination of the depolarizing reaction.
Cells 37 and 38 when plotted in this manner show a

SOmewhat diffepent behavior. As shown in Figure 28, there 1is

&n Initia] steep slope which gradually decreases up to a

Value of X between 0.05 and 0.10. There is then a sudden

drop 1n voltage until about 0.90 volt is reached, after which
the ©Xperimental data appear to fall more or less on a
Straignt line having a slope of about = 0.05 or = 0.06 volt
Per unit or log X. This approximately linear portion of the

data continues well past the expected limit where X equals
A portion of this graph

1°0, In contrast to cells 39 and LO.
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is Fe-plotteq in more detail in Figure 29. There is also

Shown 1p Figure 29 the results of cell 55, which was a

duplicate of cell 37. The points for cell 38, which contained

the isomeric compound, may be taken, apparently, as repli-
c8ting the results of cells 37 and 55. If this reasonably

linear Portion of the resulting composite graph be considered

as corresponding to some single cathode reaction it is
difficult to identify this reaction with the reduction of

the Quinone because more coulombic capacity is obtained than

theory 8llows., TIn the case of cell 55, for example, 160

°r 170% Of the capacity of the quinone reduction is indicated.

Cell 38 duplicates this result, while cell 37 shows a less

marked, though definite excess capacity.

Filgure 30 shows the V - log X plot and Figure 31 shows

the v _ X plot for cells 55 and 56. These two cells are

ldentyeqy in construction and composition. The first was

discharged through a 500 ohm load and the second through

150 Ohms. (Cell 56 shows the same drop in voltage at about

1oZ Feduction which characterized cells 37, 38, and 55.
The Slope of the V - log X plot for cell 56 between 10 and

100z Feduction is higher than with the other three cells,

hOWever, showing that polarization effects cannot be neg-

lecteq When the absoluté value of this slope is considered.
Thepe 1s also a less abrupt shift to a steeper slope near the
°nd or discharge, where the depolarizing reaction apparently

ter’minates, Figure 31 shows that falirly good discharge

PABPEO e Lnticn ava olbtalasd Witk Hhie whll seaiinet i
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€ve
0 with g Severe load, regardless of what reactions actually

take Place,

6,
§§§El2§‘ln Caustic Electrolyte.
The Tesults obtained using 20% NaOH as electrolyte

ontrast Strikingly with those using the Leclanche electroe-
lyte, Figure 33 compares cells 55 (acid) and 59 (alkaline)
" x Sémi-logarithmic plot.

Cell 59, which 1s initially about 0.1 volt lower than
o1l 55 8t a corresponding state of discharge, does not show
the sudden drop-off to 0.9 volt starting at about 5% re=-
ductiOh which seems to be characteristic of cells using this
depolar'izer in the Leclanche electrolyte. (Note cells 37,
38, 58, and 56). There is a slow linear voltage drop which
Oontinues to about 1.0 on the X - scale, after which the
Slope increases sharply, There is no indication of a con-
tinuation Of the initial reaction beyond the theoretical
Limi g In the case of cell 59, in contrast to cell 55,

From a practical standpoint, however, the coulombic
Utput op this alkaline cell is several times greater than
the theOretical, and is greater than that obtained with the

a
ciq cell, Figure 3l shows the voltage - discharge time

*Urve for. cell 59 compared with that of an undepolarized
¢ell ¢ontaining the same electrolyte and the same quantity
. ¢a8thode carbon.

It will be recalled that in the case of benzoguinons,
investigated in several acid electrolytes, the effect of

electrolyte PH on cell voltage followed very closely from the
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theop

etical effect on the potential of benzoquinone. This
Wag a

§ would be erected since in acid electrolytes the

bPoten
tial of zine 1is very nearly independent of pH. 1In

Very g
lkaline electrolytes, however, zinc potential depends

€ly on the pH. The following table summarizes the

behavior of zinec,
TABLE VII

ELECTRODE REACTIONS OF ZINC

Standard
pH dE/dpH __ Potential

feaction
O "oo 76 Ve

Zn++
+ 26 = zn Low
Zno
* Ho0 + 2¢ = Zn + 20H™ Intermediate

-0.06

Zno>

\\

As a consequence of this property of the anode material

OVe
rall cell voltage does not suffer a net decrease on account

lowereq cathode potential if the pH is raised to a high

en
Ough level. This is also what the results obtained with

Ce .
11s 55 ang 59 show,
This alkaline electrolyte initially contained no zinc

an
d 1t Would therefore be anticipated that the increasing

z2i
Meate concentration (also proportional to X) would in

ba
e determine the absolute slope of linear portions of the

vV .
log X plot. Tt can be shown that where a slope of = 0,03

Wo

uld be obtained with the Leclanche electrolyte, the same
Ca

thode reaction would, with this alkaline electrolyte, be
e
haracterized by a slope of - 0.06, because of the combined

ef
Tect or zinc and depolarizer. A large shift in pH could
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conceiVably lead to a different cathode reaction, as well
ol different anode reaction however,

The constant slope obtained over the whole discharge
:&nge With the alkaline electrolyte leads to the belief
hat 4 single cathode reaction takes place over this range.
In Contrast to this, there 1s, in the acid electrolyte, a

Mar
ed change in voltage and slope at a characteristic

frac
tion or the capacity. This change in the acid electro-

Lyte Might be interpreted as either a shift from one cathode
®action to another, or as a sudden shift in polarization.
% Seems unlikely that this shift would occur repeatedly
(note cells 37, 38, 55 and 56) at a characteristic frac=-
tHon op the capacity unless it were due to some chemical
Property op the depolarizer, rather than to, for example,

the
Physical condition of the cathode surface.
Tt 1s postulated that an explanation of the experimental

Fesultg may be as follows. In acid electrolytes the anthra-
inone derivative is only able to sustain the original
8thoge reaction for a small fraction of the theoretical
uinone Ccapacity, after which increased polarization and
®Creased cathode potential have allowed the intervention
°f a Seécond reaction. In the strongly alkaline electrolyte,
the Ccathode reaction is less polarizable and is maintained
through the theoretical capacity, after which the voltage

dr
°Ps unti] the second reaction can again occur, thus

ac
counting for the greater practical capacity to the voltage

e
Yomars obtained with the alkaline than with the acid
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electrolyte. The exact nature of this "second reaction"

*8 N0t knowy.

£ Effect or Atmosphere on Performance.

\_‘
1t was felt that the possible influence of air on cell

"oltage ang capacity should be checked in connection with
the Pesults just discussed. Alkaline cells are more sus-
°eptible to the effects of air depolarization than acid
lls’ and, in fact, commercial air-depolarized cells use
the same electrolyte (20% NaOH) used in this investigation.
AccoPdingly, alkasline cells like cell 59 were constructed

and discharged in atmospheres of pure nitrogen and pure

Xygen, The results are shown in Figure 35. The cell which

Wes run in bure oxygen, although corked, unfortunately
underwent considerable corrosion at the zinc where it was
eXposed to the atmosphere and was also wet with electrolyte,

e Consequence of this, contact was lost before the cell

haq been discharged as long as desired. The run did last

Sufficiently long, however, to show any effect of oxygen on

discharge charecteristics which might be observed up to the

the°r'etica1 capacity of the cathode.
Within the 1imits of probable experimental error the

Pointg for the cells exposed to air, oxygen, and nitrogen

all fall on the same straight line. This linear portion of

s Which has a slope of - 0.03, continues to nearly

After

100z Of the theoretical gquinone capacity (log X = 0).
this pPoint there is evidently a significant difference

®tween the effects of the nitrogen and the air atmosphere.



/.4

. ‘ |

— e

oTTTT— e @

I o

&
O e e ® ~OL"“"“.Q—--—__

e

&
O { @
CELL KEY ATMOSPHERE o o
59 = AlR (o)
6l ® NITROGEN
62 o OXY GEN | | °
\ \ o e
O i
. |
1 @ '(
FIGURE 34. g ° |
z . |
FFFECT OF VARIOUS ATEOSPHERES ON g
DISCHARGE CHARACTERISTICS OF NITRO- !, o *,
ANTERAQUINONE SULFONIC ACID CELLS. a " i
ALKALINE ELECTROLYTE, 500 OHM LOAD. k \
| :
3 - \
x \
|
\
\ |
‘ i
*. k
|
{
1,
|
o E
i |
!
|
|
|
- = 0 ’
/og X (x= Cafe-FracrT,

+1
. Reduvc ,*'/a/)) 2



135

B
€cause of the well established reaction of zinc in this

e
leCtrolyte, it 1s difficult to account for the low V = log

X slope in terms of the formation of anthrahydroguinone.
Figure 36 shows the results obtained when cell 61,
Which had been discharged first under nitrogen, was exposed

to air Overnight and then re~discharged under nitrogen,
5 Steady discharge voltage which could be attributed to
Tegenerateq material 1s ever reached.
The conclusion from this set of experiments is that

®IF has 11ttle, 1f any, effect on the initial cathode resc-
Moo of this sineline aslls The AifFevétiss showm te exist
®tween the behavior of the depolarizer in acid and alkaline
Cells cannot be attributed to ailr, but is most likely due

to the chemical properties of the depolarizer itself. The
behavior of the alkaline cells in the region of excess

®8Pacity 1s more complex and the complete explanation for

this is not immediately clear.

. Catalyzed Anthraguinone Disodium Sulfonatesi
As mentioned in Chapter IV, certain anthraquinone

derivatives have been used as absorption reagents for

hYdrogen in gas analysis, including the nitroanthraquinone

SulfOHic acids., Anthraquinone disulfonlc acids and other

S0luble anthraguinone derivatives have also been found to be

effeCtive. These reagents generally contain a finely divided

*8talytic motal, such as palladium, in addition to the

Peducible substance.
As it happened, a quantity of one of these reagents,

based on Sodium anthraquinone 2,7 disulfonate, was available
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%0 the writer or thig dissertation. Tt was thought that
this matepgey might have depolarizing ability in primary
Cells,

This absorption reagent material was known to contain,
In 8ddition to the quinone, sodium protalbinate which was
the Protective colloid for the palladium, as well as sub-
Stantia) amounts of sodium carbonate. The exact analysis
"as not kmown, and therefore the actual coulombic capacity
®0uld not pe calculated. The ratio of quinone to palladium
wag aPPPOXimately 15 to 1, and the actual gquinone content
"8y have been as high as 80%.

In Flgure 37 the indicated fractional reductions are,

hOweVer’ calculated on the arbitrary assumption that the

depOIarizing material was the pure quinone. Since the same
"8terial was used for all cells, they are compared on an
identical basis,

Cell 65 likely was not purged sufficlently to remove
e OXygen, as indicated by the inltial slightly higher,
but More rapidly decreasing, terminal voltage than cell 63,

Certain facts seem to stand out in the results of this

98% or experiments. First, this cell shows a substantilally

higher Operating voltage when it i1s discharged in alr than
When 1t 1s discharged in nitrogen. Secondly, the initial
Slope Of the V - log X plot is lower in ailr than in nitrogen.

Third, this slope in air is also less than - 0.03, (actually

B 0'013) which is the lowest possible for any conceivable

9Uinone reaction (that when the electrolyte is nonvariant



[.2 0]
O
@ o
° o]
of ¥ ——2—2a, e |
e i i
@
3 Ko,
° 0
CELL KEY ATMOSPHERE OO
63 o NITRO GEN (=Y
c4- O AlR
65 (=] NITROGEN
€ ]
@ \
FIGURE 36, l (=]
EFFECT OF ATMOSPHERE ON DISCHARGE

|
\
CHARACTERISTICS OF DISODIUM ANTHRA- | \
QUINONE DISULFONATE CELLS CONTAINING
PALLADIUM COLLOID CATALYST. 500
OHM LOAD, ALKALINE ELECTROLYTE.

-2

s 0 , : +1
/Og X (X= Carg. Fruct zfed\_'c,?“‘;’;;/}’)



139

W1th respect to zine). The effest of polarization on this
Slopercould only reasonably be assumed to be to increase
it rather than decrease it. The indicated slope for cell
63 (under nitrogen) is - 0,045,

An explanation which fits the observations for this
cell Composition is as follows: The catalyzed cathode is
@ble to utilize air originally contained and also any
diffusing into the cell to regenerate the qulnone nearly
88 fast as it 1s reduced by discharge. Because of this,
opepating voltage is not only increased but is maintained
through a higher capacity than 1s the case under nitrogen.
Thisg behavior 1s quite different from that obtained with
the Uncatalyzed nitro-derivative. It 1s postulated that

the Presence of the palladium colloid accounts for the

Sensitivity of cell 6l to oxygen.
Even though the results indicate effective utilization

°F air in this case, these cells were not designed to take
Tuly advantage of air diffusion. It is probable that the

. initially present in the cell accounts for most of the

®Tfect. 1t would appear that if a cell were used which had

type or porous air-depolarizing carbon, continuous regenera-
tion might take place. This type of carbon was not avallable
to the writer, and in any event, it was not the objective
here to develop an air=-depolarized cell, but merely to

imental
determine the influence, 1f any, of air on the exper

Cells.
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9.
EQEZEX_Output of HExperimental Cells and Conclusions.

The energy output (net electrical work) of the various
exper‘imental cells is probably a better criterion of the
Overall effectiveness of the various depolarizers than either
"oltage op capacity alone.

Table vy compares the performance of the various anthra-
9Uinoneg with the MnOp, control cells. In general the average
ischarge voltages are slightly lower than those of benzo-

_quinone and control cells discharged under comparable con-

ditiOns. The effective coulombic capacities of the better
¢ells are very high, however; not only higher than the
Sontroy cells, but several times as high as calculated for
the Peduction of the quinone. The energy output (product

iy Voltage ang capacity) per gram of cathodic active material
9 thePefore greater in some cases than that of MnO,.

The catalyzed anthraquinone disodium sulfonate cell,
Vhen diSCharged in air, maintained a voltage as high as
that op the MnO, cell through a coulombic capacity 1.38

timeg that of Mpo This capacity could very probably be

Do
MCreageq considerably, perhaps indefinitely, if the
Optimyy cell design utilizing an air-depol rizing carbon
Wepg used,
In the case of the nitroanthraguinone sulfonic acids
¢ mugt be concluded that the results do not point to a
Slngie reaction of these compounds either in both electrolytes

o
T over tne whole discharge range in the acid cells. It

Should be mentioned as a possibility that the nitro group may



TABLE VIII. RELATIVE PERFORMANCE OF CONTROL AND ANTHRAQUINONE CELLS,

Cell Cathode Electrolyte Load Coulombic Capacity* Average Net Electrical Remarks
2:1 Carbon:active mat'l, (amp-min per gram Discharge Work*
depolarizer) Voltage* (watt-sec per
Depolarizer grams a.m, Comp. ml, Ohms Theo. Observed

gram depolarizer)

4 MnOo 0.458 L 6.0 100 18,6 10.6 1,03 655 Control
) ¥n0y 0,458 L 6.0 500 . 18.5 18,5 112 1240 Control
53 AQ 0,200 L 3.5 ©500 15,45 - 0,58 -

39 AQrOC-SOQK 0.202 L 3,0 300 9.88 0.52 0,910 28.4

40 AQ-P -BO.SKQ 0.202 L“ 3.0 500 10.35 0.14 0.845 Tsd

38 5—NOZ-AQ-1-SOSH 0,202 L 3,0 500 9,65 21,3 0,828 1055

37 l-NOz-AQ-B-SOSH 0,202 L 3.0 500 9.65 15.8 Q0.857 813

55 ditto 0,200 L 3.5 500 9,65 20,8 0.872 1085

56 ditto 0,200 L 3.5 180 9,65 5.10 0,854 261

59 ditto 0,200 NaOH 3.5 500 9,65 25.1 0,975 1465 Air Atm,
61 ditto 0,200 NaCGH 3.5 300 9,65 16,3 0.980 360 No Atm,
62 ditto 0,200  NaOH 3.5 500 9.65 a " a 0. Atm.
63 2,7 AQ-di-SOsNa 0,2004 NaOH 3.5 500 7.054# 5.25 0.975 307 Na Atm
64 ditto 0,200 NeQHE 3,5 500 7.05 25,5 1.11 1695 Afr Atm,
65 ditto 0,200 NaCH 3.5 500 7.05 4,65 0.968 270

# Weight of resgent #A# For pure quinone Eo

* To 0,75 volt cut-off,
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have taken part in the cathode reactions, It cannot be
88serted definitely that a reduction of this group took

Place, however, basing the conclusion on the available

datg,
A consideration of the theoretical characteristics

(& - log X slope and capacity) of the possible reactions
Of thig group, and comparison with observation, is not possible

Since the literature does not specifically treat the reduction

ar nitPoquinones. For nitrobenzene there 1is indicated a

COmplex stepwise reduction in which certain steps exhibit
Teversible potentials while other steps are irreversible.
Also, the nature of the reduction products themselves are

dependent on pH, current density, and the nature and history

Of the cathode surface. What the mutual effect of the

uinone and nitro groupings might be, each undergoing

Peduction, 1s difficult to assess, having regard for the

Probable irreversible nature of the whole process.
It is clearly only possible to say that the results are

hot entirely consistent with the simple formation of the

fMthrahydroquinone in all cases, either from the viewpoint

Of the capacity obtained, or the slopes of the voltage=log

®apacity plots. Neither are they inconsistent with what 1is

known or the reactions of substituent nitro groups.

Whatever the actual reactions, though, there is no
doubt thgt, high coulombic capacities are obtained with this
depolarizer, the most favorable voltages (and also the

higheSt effective capacities) being obtained with the

alkaline cells.



CHAPTER X
SUMMARY AND CONCLUSIONS

1,
General Behavior of Quinone Depolarizers.

The initial terminal voltages encountered with various

zinc-unsubstituted quinone cells, when using an aqueous

¢lectrolyte, appear to follow from the order of standard
Potentialg of the various quinones. Unsubstituted anthra=-

9uinone hag essentially no depolarizing ability under the

®onditions investigated. The effect of ring substitution

°f the quinone 1s to markedly increase the terminal voltage
obtained with the experimental cells over that obtained with
the Unsubstituted compound. Although the substituents
inVeStigated do, in fact, raise the standard potentials

°Y sma11 amounts, the effects on cell terminal voltage were

Mach greater, When electrolytes containing substantial

qMOunts or methanol were used less correspondence was noted
between the standard potentials and cell voltage, certain
®Ompounds being affected much more than others. The effects
due to ring substitution and electrolyte variations are
8ttributeq mainly to the corresponding changes in solubility,
diffusiVity, and reaction rates of the depolarizers, as it

+h Shown that the observed effects cannot be due entirely to
¢hanges in the factors which influence the cathode potential,

°r to electrolyte resistivity.
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2. Discharge Characteristics.
Certain of the cell combinations which appeared to

either for theoretical reasons:

Justify fupthep investigation,
Or because the preliminary work indicated promising charac-

were studied as to actual coulombic output to

teristics,
The data for the experimental

an arbitrary voltage cut-off.
¢ells was plotted in the form of cell terminal voltage vs,

the calculated fractional reduction of the depolarizer, so
that all compounds were compared on the basis of the utili-
2ation of their theoretical coulombic capacity. Cells
Containing different depolarizers, or different quantities
Of the Same depolarizer are therefore compared on the same
theOI’etical basis,

Both theory and preliminary investigation indicated
that the benzoquinone-zinc couple would have a relatively
high (1,20 volt observed) terminal voltage which could

Perhaps pe maintained through 50% of the theoretical total

®8pacity of the cathode. The highest utilization of benzo-
dUinone actually obtained to the 0.75 volt cut-off was 28.9%.

The effect of variations in electrolyte composition, cell
c°nstruction, and discharge conditions was studied and it
was concluded that side reactions of the gquilnone were very

like1y responsible for the low capacities obtained relative

to the theoretical. It was postulated that auto-oxidation
°f the benzoquinone due to alkeline conditions at the cathode

Tesulting from discharge itself might be a major factor.

Although unsubstituted and monosulfonated anthraquinone
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if any, depolarizing ability, the nitroanthra-
In the

Showed 11tt1e,

Quinone Sulfonic acids showed good characteristics,

Leclanche electrolyte-containing cells terminal voltages orf

0.85 o 0.90 volt were maintained, after a quick initial

drop or about 0.4 volt, through coulombic capacities greater

than c¢ould be accounted for on the basis of the reduction

°f the quinone., In alkaline electrolytes, on the other hand,

there wWas obtained a slightly lower initial voltage (about
1.2 Volt) which was maintained with only a slight drop up to
appPOXimately 100% of the expected capacity for the reduc-

tion or the gquinone, after which a somewhat more rapid

VOltage drop set in, (From a practical standpoint, however,

Several times the theoretical capacity of the quinone is
°btained to the 0.75 volt cut-off with the alkaline cells).
Tt wag shown experimentally that the results obtained with
the nitfo-compounds using alkaline electrolytes do not
depeng on the presence or absence of air, at least until
the theoretical capaclty is exceeded. The results just
disCUSsed were analyzed further, by replotting the data in
the form v - log X from which it was hoped that any changes
In the cathode reactions could be observed. This method of
"Malysis indicated that the reactions of the nitroanthra-

9Uinone qiffep in some fundamental way in acid and alkaline

electPOlytes. In neither electrolyte were all results

®Onsistent with the hypothesis that the cathode reaction

Consigtg simply of the formation of the anthrahydroquinone.

The possibility of a reduction of the nitro- group of
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this depolarizer was considered, but it was not rossible to
State definitely that such a reaction took place.
The depolarigzer giving the highest output was an

anthraquinone disulfonate catalyzed with a ralladium colloid

When discharged in air. It was shown that the good per=-

fopmance Of this cell depended on the presence of air and

1t Was postulated that continuous or, at least, semi-

¢ontinuous regeneration of the active material might be

Possible ir ap alr-depolarizing carbon were used as the

Cathode metal,

3¢ Net Electrical Work.
The net electrical work (which must strictly be attribu-

ted to the cell as a whole) was calculated for each cell and
Teduced to watt-seconds per gram of depolarizer. On this
basig the energy output is equivalent to the product of
¢athode capacity per gram of depolarizer and the average

cell discharge voltage obtained using a zinc anode under

the stateq conditions. This quantity will not be a constant

Tor an individual depolarizer, but depends on cell compo-
sition, construction and discharge conditions. The better

¢ell combinations are, nevertheless, identified by their

higher energy outputs.
'The highest energy output of a benzoguinone cell was

less than half that of an Mn02 cell discharged under the

Same conditions., With the better anthraquinone cells the

Performance of MnO. was exceeded.
£






Depolarizer:
Electrolyte:

0.1,58 gms.;

L,

Load: 100 ohms.
Initial 0.C.V. ¢

<
o
H<
c—'-
143

el
®

NN MY MY N W W W o W W W iw |

WS O@H DWW o

3y 2%

0.88
- 0.88
* 0,75
0.135

* Calculated.

Min.

O~ o\ NEFWwWN HO

1105

Carbons

CELL L
MANGANESE DIOXIDE

W

Watt=5Sece.
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O oW\ o=

(SE=aeae ) mRe SN ENENB=gNo Ve oL N lex\U s Eng GUI G =

oo~ oN\nnfEww N H e

.
VIO~ 0 O N OO 0.~ OO\ NFw N = O

O
O
Ll

0.916 gmse

X

Fractional
Reduc tion

0
0.0016
0.0032
0.,00L9
0.0065
0,0081
0.,0096
0.0112
0.013
0.019
0.029
0.037
0.042
0.0L9
0,058
0.065
Oo 079
0.092
0,10l
0,11
0.132
0,145
0. 163

1,48



CELL 5
MANGANESE DI OXIDE

Depolarizer: 0.458 gms.; Carbon? 0.916 gms.

Electrolyte: L, 6.0 mle
Load: 500 ohms.
Initial 0.C.V.: 143

') Q W
Volts Min. Watt=Sec.
I »

U2 1 0.

"-l-e Oo)—‘- 5
L2 i 0.970
o : i
- 1 .

38 22 6.8
.36 37 9.00
3 2 z
.33 &7 15.5

30 107 23.7
.28 143 30.2
«28 156 330/

A i 230
¥ 300 +Ole
23 L27 8&.2
23 1472 92.5
«18 1300 237
11 1640 292
-00 2900 158
.75 - 3 570

OHMHF -
. b ot B e i e 0 b 5 1 e 0

* Calculated.

X
Frectional
Reductilon

0
0.000336
0.000673
0.00135
0.00350
0.00L73
0.,00912
0.0127
0.0168
0.0194L
0.0223
0.0347
0.0423
0.0457
0.0U97
0.,0527
0.0930
0.130
0,12
0. 300
0.473
0. 725
0.787

% 1.00

149
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CELL 9
ANTHRAQUINONE

D
epolarizer: O0.46 gms.; Carbon: 0.92 gms.

Electrolyte: B, 6.0 ml.
IOad: 500 ohms.
nitisl 0.C.V.: 0.70

" 6
Volts Min.
g 0
O-LI-B 005
0.149 1
0.49 &
0.48 3
0.l 7
0.42 7
% 11
0. 37 15
0. 36 1l
0.36 18
0.35 a¢
0.33 £
0.32 e
0.30 33
0. 28 37
0.27 L3
0.25 48
0.24 22
0.2 52
0. 23 68
0.19 79
0.17 93
o Tk 102
O.]-S 115
0.13 130
0.13 132
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CELL 10
1=-NITROANTHRAQUINONE=8~SULFONIC ACID

DepOlarizer: 0.,6 gms.; Carbon: 0.92 gms.

Llectrolyte: B, 6.0 ml.
%ad: 500 ohms.
Initig] 0.C.V,s 1,%2

v -
Volts Min.
= 0
1502 155
1,00 3
0.99 11
0.99 1T

I3



152

CELL 11
BENZOQUINONE

Depolarizer: O.L6 gms.; carbon: 0.92 gms.

Electrolyte: B, 6.0 ml.
oad:s 500 ohms.

v 0
Volts Min.
5 .
0.60 1
0. 60 L
0.56 1h
.53 £l
0.50 o
0,48 33
0,117 38
0.46 25
0uli2 6
0.10 86
0.32 197
0.22 335
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CELL 15
MANGANESE DIOXIDE

Depolarizer: 0.46 gms.; Carbon: 0.92 gms.

ilectrolyte: B, 6.0 ml.
cad: 500 ohms.
Initial 0.,0:V.3 1,18

v e
Volts Min.
0.8l 0
0.7 5
0.70 30
0. 66 8

0:61 160
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CELL 16
1-NITROANTHRAQUINONE-8-SULFONIC ACID

Depolarizer: 0.4,6 gms,; Carbon: 0.92 gms.

Electrol

yte: A 6.0 ml,
%Oad: 500 ohms:

nitial 0.,¢,V.: 1.60

v C)
Volts Min.
1,50 %
1.50 2
S

1.

et 65
.18 280
0.60 720
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CELL 17
ANTHRAQUINONE
Depolarizer: 0.l6 gms.; Carbon: 0.92 gms.
Electrolyte: A, 6.0 ml.
Load: 500 ohms.
Initial 0.C.V.: 0.85
AT e
Volts Min.
0.83 0
0,70 L
0.61 10
0.5 17
o.ﬁ 8
0.2
0.141 2l5
0,110 320

0.37 iee
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CELL 18
POTASSIUM ANTHRAQUINONE-ALPHA-SULFONATE

Depolarizer: 0,46

- . gms,; Carbon: 0.92 gnms.
Electrolyte: A, 6.0 ml.

Cad: 500 ohms.

Initial 0,c. V. : 0.9,

v e
Volts Min.
0.87 0
0.83 p
0.78 @
0. 74
0.6l 12
0.52 21
0.48 30
0.48 37
0.U7 60
0.6 104
0.1i5 161
0.2 219
0. 36 1210
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CELL 19
POTASSIUM 1-NITROANTHRAQUINONE=-8-SULFONATE

Depolarizer: 0.46 gms.; Carbon: 0.92 gnms.
Electrolyte: A, 6.0 ml.
Load: 500 ohms.
Initial 0.C. V.2 0.90
v &
Volts Min.
0.85 0
O.BP 2
0. 7Lt
0,70 %
0.68 17
0.67 2l
0. 6l 63
0.63 107
6 150

0.62
0.61 347



158

CELL 20
POTASSIUM ANTHRAQUINONE~ALPHA~-SULFONATE

Depolarizer: 0,46 gms.; Carbon: 0.92 gnms.

Electrolyte: L, 6.0 ml.

Load: 500 ohms.

Initial 0.c.V.: 1.06

\' =

Volts Mine.
1.0l 0
0.95 1
0.88 2
0.8l 3
0.81 %
0. 76
0.68 15
0.65 27
0,62 L1
-5 %
0.
0.56 160
0.54 360
0.5L 1450
0.5 570
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CELL 21
152 NAPHTHOQUINONE

Depolarizer: 0.6 gmse; carbon: 0.92 gms.

Electrolyte: L, 6.0 ml.
Load: 500 ohmse
Initial 0.CeV.? 0.99

v o

Volts Min.
069 0
0.92 g

049l 1

0,92 18
0.92 57
090 77
0.88 103
0.8l 150
0,81 210
0.78 279
0.75 390

0457 110
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CELL 22

1L NAPHTHOQUINONE

Depolarizer: 0,46 gms,; Carbon: 0.92 gms.

Electrol z '

yteq L 6.0 ml.
Load: 500 ohms:
Tnitial 0.C.V.: 0.90

' e
Volts Mine.
0.89 0
0.88 1
0.87 6
0.86 20
0.85 70
0.85 90
0.85 200

0. 8L 265

o O 16 hrs.

Put on open circuit
0.11 0
0.22 30
0,10 200
0.L8 315
0.50 360
0.80 5l} hrs.
O.8LI- 73:5 hrse.

Redischarge of Cell
0.76 0
0.73 1
0.T2 2
0.70 6
0.55 3L
0.38 71
0,19 130
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CELL 23
1-NITROANTHRAQUINONE=-8-SULFONIC ACID

Depolarizers: 0.6 gms.: Carbon: 0.92 gms.

Electrolyte: L, 6,0 ml.
Load: 500 ohms.
Initial 0,C.V.: 1.45

v e
Volts Min.
= 0
1. 30 1
1:2 3
1,22 6
0.88 38
048l 6l
0.73 1130

Cell recharged at .0 milliamperes for
three hours, then redischarged as follows:

v 6
1.37 0
1.31 1
1.25 3
1.20 5
0.97 el
0.93 35
0.8 148
0.78 109
0.77 127
0.76 162
0.70 1515

Cell again recharged at 4.0 milllamperes, but
for ;2.5 hours, and redischarged as follows:

v c]
1.3L 0
1.27 0.5
Jsal !
10 20 1'5
1.16 e
l.lL’_ 2.5
T 3

3.5

1.10
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CELL 23 CONTINUED

=
Min.



CELL 2
2,5 DIPHENYL PARABENZOQUINONE

Eepolarizer: 0.4,6 gms.; Carbon: 0.92 gnms.
HYlectrolyte: L, 6.0 ml.

Load: 500 ohms.

Initial o0,c.V.: 1.14

v 2
Volts Min.
1.12 0
1.03 Ly
0.99 20
0.96 38
0.92 53
0.62 76
0.54 89

113

163
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CELL 25
2:7 ANTHRAQUINONE DISULFONIC ACID

Depolarizer: 0.46 gms.; Carbon: 0.92 gms.

Electrolyte: L, 6,0 ml.
Load: 500 ohms.
Initial 0.¢.V.: 0.95

v =}
Volts Min.
0.90 0
0.78 g

0.72

0.69 23

0.68 33
.67 L9

OCQooo
ONONON
o\ o
=
=
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CELL 32
BENZOQUINONE
Depolarizer: 0.207 gms.; Carbon: 0.414 gmse
Electrolyte: L, 3.0 mle”
Load: 500 ohms.
Initial 0.C.V.: 1.26
v () " " }'éi 1
Watt=Sec. ractiona
Volts Mini Reduction
) 1 0
1.25 g 0.18 0.000405
.2, . 0.37 0.000808
L.23 - 5,17 0,00 82
1.20 2 Tt REH:
Wt 178 1.0 0.0697
1.18 18 g o 083
1,16 21 312 0'88%8
1,1l 226 38.8 0.0910
1.12 235 ot o-
jeie I 1.2 0.0937
1.08 258 LLB.% 8.({829
1.07 273 Lo 0,113
1.06 298 s 0.119
1.06 315 258 0.130
1.OLL 314-8 5505 01/5
1.02 [,50 oo g 01198
1.02 o8 80.8 O'%92
5 60 660 93,0 ” 23
0.86 708 e : 0. 0
kO 9 _ %112 o 0'202
0.5L 14,23 140 o

* Calculated
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cooocooCo

CELL 3L
BENZOQUINONE

Depolarizer: 0.202 gms.; Carbon: 0.0l gms.
Electrolyte: L, 3.0 ml.
Load: 75 ohms.
Initial 0.C.V.: 1.3k

v o W X
Volts Min. watt=Sec. Fractional

Reduction

1.15 0 0 0
1.10 1 1.01 0,00249
1.09 2 1.98 0.00491
1,08 5 I 81 0.0121
1,05 16 15,2 0,0380
1.0l g2 20.0 0.0519
1,02 37.5 1543 0.0872
0.96 50 3.9 0.115

<9 58 %8.8 0.132

. 8L 82 o) 0.179

.82 102 75.2 0.216

.78 111 80.0 0.23l

s 15 oo e # 82,1 % 04239

.68 128 87.2 0. 261

L0 178 98.5 0.321

Calculated
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CELL 35
BENZOQUINONE

Depolarizer: 0.202 gms.; carbon: 0.101 gns.

Electrolyte: L, 3.0 ml.
Load: 500 ohms.
Initial 0.C.V.: 1.25

W X

VJ 9

Volts Mine Watt=Sec. grzctizgal
eauc n

1.2 0 0 0
1-23 1 0.18 0.000.408
1.20 3 0.53 0.00122
1.20 4 1.05 0.0022
1,18 26 %.us 0.010l
1.18 35 .00 0.0139
1.18 41 8. 65 0.0202
1.17 88 14.8 0.0348
1.17 105 et 0.041%
1.16 139 2340 0.05l
1.09 253 0.3 0,097k
%-02 268 ﬁﬁ'g 8'%8%

0 280 n '
1.06 289 5.0 0.110
1.0 305 L7.5 0.11
1.02 338 51.7 0.127
1,02 348 53.0 0.130
1,02 326 55,1 0.137
0.99 500 71.5 0.182
0,92 605 83.0 0.215
0.75 - % 96,6 % 0,272
0.2 1350 123 0.382

* Caleculated



168

CELL 36
BENZOQUINONE

: 0,101 gmse
Depolarizer: O0.202 gms.; Carbon

Electrolyte: L, 3.0 ml.
Load: 150 ohms. ¢
Initial 0.C.V.: 1.20

W X 2
: - =36Ce Fractiona
VO{tS RN i Reduction
0
0
0,00253
113 g 1.08 0.00875
i 3.52 0.0173
Te11 7 322 0.0173
1.09 1l Al 0,032
i 22 21.1 0.0237
1203 i S 0.0721
1701 4 A 0.103
1,01 61 268 0.13u
0.97 89 19,6 O’j39
0.91 119 103 O’i7o
.8l 15 63.7 o
081 lo 5 68.3 " 0-272
g 4 86.0 .
52 293

Calculated



*

Depolarizer:
Electrolyte:
: 500 ohms.
Initial 0.C.V.:

Load

\'
Volt

1.1
1. 38

*

® o o ° o 8 ° o @
[N C R N NasXecXeolocXoskoodocdosecfeslooNosiosXesNeclosleckec kel e)

0000000
00000000000

S

culated

0.202 gmsSe s
3.0 ml.

1.0

CELL 37

1-NITROANTHRAQUINONE-S—SULFON

0.104 gms.

L d
= oUW\ o
[S2 @ RNo B agNo] o.p_—&&}o

UViowfHF

N = e

2

21.6

X

0
0,001l
0.00413
0.00680
0,0100
0,0193
0,025l
0.0375
0.0482
0.0547
0.109
0.121
0,133
0.1l1
0.156
0.162
0,170
0.183
0.189
0.198
0.205

169

Fractional
Reduction



5—NITROANTHRAQUINONE-l-SULFONIC ACID

Depolarizer: 0.202 gms.;
Electrolyte: L, 3.0 ml.
Load: 500 ohms.

Initial 0.C.V.: 1l.h2

Vv 0
Volts Mine.
1.h41 0
1,20 11
1.16 2l
il 31
140 L3
1.0k 51
0.9 62
0,92 85
0.90 97
0.90 116
0.90 132
e

. 2 3
0.89 110l
0.88 922
0.88 1%40
8.?; 1605
O:Su 14320

* Calculated

Carbon:

CELL 38

W

Watt=-Sec.

0.L0l gmse

X

0
0,019
0.0307
0.0390
0.0528
0.,0615
0.0707
0.,0928
0410l

0.122

170

Fractional
Reduction
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CELL 39
POTASST UM ANTHRAQUINONE=ALPHA -SULFONATE

Depolarizer: 0,202 gmse; carbon: 0.L0L ems.
Electrolyte: L, 3.0 ml.
Load: 500 ohms.
Initial 0.C.V.: 1.33

v ) W X
Volts Min. Watt=Sec. Fpractional

Reduction

1,31 0 0 0
l.2y 1 0.195 0. 00129
1.21 2 0. 376 0. 00252
1.15 3 0.5L2 0.00372
1.09 5 0.8L5 0.00598
1.06 7 1,12 0. 00815
1.0 10 1.52 0.0113
0.9 22 2.96 0.023
0.89 32 3.98 0.032
0.78 L7 5.25 0.0L55
0.75 e % 5.93 0.0525
0.7L 60 6.15 0.0555
0.70 86 7.77 0.07L
0.68 12l 9.93 0.101
0.66 160 11.9 0.125
0.63 352 21.5 0.250
0.61 61,0 3);. 8 0.427
0.58 1220 59.4 0.780
0,56 1550 72.3 0.970
0-5% 1885 8L, 5 1.16
0.3 2730 105 1.5

Calculated.
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CELL 40
SODTUM AN THRAQUINONE=BETA~SULFONATE
Depolarizer: 0.202 gms.; Carboni 0.L0L gms.
Electrolyte: L, 3.0 ml.
Load: 500 ohms.
Tnitial 0.C.V.: 1.10
v ) W X
Volts Min. Watt-Sec. Fractional
Reduction
1.09 0 0 0
1.00 1.5 0.197 0.00150
0.94 3 0.365 0.00290
0.88 5 0.565 0. 0016l
0.75 & # 1l.43 # 0,0133
0.73 18 1.57 0,017
0.68 34 2.8 0. 0248
0.66 L5 3.11 0.0325
0.60 1L 7.85 0.092
0,58 307 1%.6 0.18L
0,57 899 38.2 0.510
0.57 1140 L7.5 0,613
0.5 1436~ 58,2 0.798
0,53 1780 70,2 0.977
0. 38 2715 93.5 1.385

Calculated.
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CELL L2
UNDEPOLARIZED

Depolarizer: 0.0 gms.; carbon: 0.4OL gmse.

Electrolyte: L, 3.0 ml.
TOad: 500 ohms.
Initial 0,C.V.: 1.12

v e
Volts Min.
1.11 0
1,06 1
1.03 2
0.98 Iy
0.96 5
0.86 11
0.80 16
0.75 22
0: 73 26
0.70 31
0.68 e
0,66 51
0.63 70
0.62 85
0.60 25 97,
0.58 378
0.54 1145
0.53 1235
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CELL L3
BENZOQUINONE

Depolarizer: 0.201 gmsS.; carbon: 0403 gmse

Flectrolyte: L, 3.0 ml.
Load: 150 ohms.
Initial 0.C.V.2 1.2h

W X

v )
Volts Min. Watt=Sec. Fractional
Reduction

1,22 0 0 0
1.20 1 0.588 0.0013
1.18 2 1.16 0.0026
1.18 3 1.72 0. 0000
1.17 L.5 2.5l 0.00595
Lol 8 oLl 0.0105
1.16 13 % 48 0.0169
1.15 28 15,1 0.0262
1,18 35 18.8 0.0452
1.1 L5 2.1 0.0580
1.0 73 37.9 0.0925
0.98 129 61.6 0.157
0,96 156 72.0 0.186
0.95 17 78,1 0.205
0.90 18 82.5 0.218
0.86 192 8li.5 0.223

#* 0.75 b # 93.7 s 04250
0.62 283 104.5 0.297
0.58 303 107.2 0.311
Q.5 330 1104 0.328

LI‘ i

0.53 ginn 112 0.335

# Calculated.
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CELL L4
BENZOQUINONE

Depolarizer: 0.201 gms.; carbon: 1.813 gms.
Electrolyte: L, 5,0 ml.
Load: 150 ohms.
Initial 0.C.Vs? 1.26

\ e W 4
Volts Min. Watt=Sec. Fractional

Reduction

1.2l 0 0 0
1.23 1 0,612 0.0012
1.22 2.5 1.51 0.003L3
1.22 g 3,00 0.00679
1.20 1l 8,28 0.0137
1.18 20 11.7 0.0268
1.16 31 17T 0.0U16
1.14 36 20.3 0,048l
l.12 I8 25.% 0.0632
1.04 93 L7 0,117
1.02 119 58.L o.1%6
0.98 138 66.0 0.167
0.96 1y 68.14 0.17L
0.92 152 71.2 0.182
0.88 161 7%.0 0.191
0.75 » % 88.1 % 0,240
0.58 330 108. 3 0.32l
0,52 1120 119 0.379
0.25 1166 161 0.700

Calculated.
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CELL L5
BENZOQUINONE

Depolarizer: 0.403 gmse; carbon: 1.813 gms.

Electrolyte: L, 5,0 ml.
Load: 150 ohms.
Initial 0.C.V.2 1. 27

v (o] W X
Volts Mine. watt=Sec. Fractional
Reduction
1.20 0 0 0
1.23 1 0.608 0.000703
1,23 2 Tl 0.00148
1.22 3 1.82 0.00212
1. 28 6 3,60 0.00400
1l.21 11 6.57 0.00752
1.20 19 11.2 0.0130
1.20 25 1.7 0.0171
1,20 33 19.3 0.0221
1.19 Ly 25,6 0.0295
1,18 o7 32.8 0.0377
1,18 70 e 0.0l72
1 : a0 06535
il 2., .

1-1g 182 57.% 0,068
1.16 111 62.5 0.072
1.14 122 68.1 0,0803
Ix10 106 gg.u 8.8821
1.08 158 .
1,06 1?2 92.5 0.110
1.05 183 97.5 0.117
1.0l 199 10l 3 0.127
1.03 213 1104 3 0,135
1.02 21 122 0.1505
1.01 255 127.5 0,158
%-O% 280 iﬁﬁ 8°ig%
R 225 149.5 0,189
0.81 322 1%6 0.24;
0.80 127 187 0.247

* 0,75 - % 194 % 00249
0.68 502 203 0.278
0.63 575 215 0. 30
0.56 663 228 0.333

#Calculated.
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CELL L6
BENZOQUINONE

Depolarizer: 0.60L gmse; carbon: 1.813 gms.

Electrolyte: L, 5.0 ml.
Load: 150 ohms.
Initial 0.C.V.: 1.30

\ /a) W X
" Volts Min. Watt=Sece. mractional
Reduction
1,26 0 0 0
1.24 1 0.62 0.,000455
1.22 3 1.83 0.00149
: S
«21 " .
1.20 15 g.BS 0.00680
1.20 22 ©12.9 0.00983
1.20 25 13.2 0.,0115
1.20 31 18.0 0.0141
1.20 35 20,2 0.0156
1.20 1,0 5%, 3 0.018L
1.19 5 26,1 0,0200
1.19 50 28.9 0.0219
1.19 60 3.6 0,0270
1.18 69 39.6 0.0308
1.18 75 43.0 0.0323
1418 80 45.8 0.0g 3
1,18 87 Uh9.7 0.0388
1,18 96 5l.8 0.0427
1.18 105 59.7 0.0L57
1.18 110 62.5 0.01.92
1.18 126 71.1 0.056l
1.16 162 91.0 0.0705
1.15 182 102 0,0801
1.14 188 105 0.0826
1s12 203 112.5 0.0889
1.12 210 116 0,0923
1.10 218 120 0.0950
1,08 231 127 0.101
1.06 26 13k 0. 107
102 305 177 R
1.00 3%7 195 0.161
1.00 02 200 0.166
o - o3t}
Lol .

0.97
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CELL L6 (CONT!D)
W ;3

\' ot
Volts Min, Watt=Sec. Fractional
Reduction
0.95 79 230 0,19
0.89 %08 2l0 0.20L
.83 559 255 0.221
+ 75 ol » 278 # 0,250
Lo 1399 381 0.l12
.38 1430 381 0.416
.37 15 385 0.1,18

COo0oOoOo
Ll

* Calculated.
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CELL L7
QUINHYDRONE
Depolarizer: 0.210 gmse; Carbon: 0.420 gms.
Electrolyte: L, 3. ml.
Load: 500 ohms.
Initial 0.C.V.2 1,310
v 8 W X
Volts Mine. Watt=Sec. Fractional
Reduction
1.Q9 0 0 0
1.08 1 0.142 0.000705
1.08 3 0.L21 0.00210
1.08 Iy 0.562 0.00281
1.07 9 1.25 0.00630
1.06 15 2.08 0.010l;
1.06 23 3.15 0.016L
1.05 11 L.23 0.0218
1.04 38 5.14 0.0263
1.04 5 6.05 0.0318
1.0l 52 6.95 0.036
L0l 63 8.1 0.0l33
1.03 7 9.8 0.0502
1,02 8 11.6 0. 059u
1 02 96 12.6 0.0650
1,02 109 1. 2 0.0741
1.02 181 15.7 0. 0825
1: 03 132 171 0.0890
1.00 10} 18.5 0.0971
1.00 153 19.6 0,103
1.00 163 20.8 0.109
1.00 177 22.5 0.118
1.00 165 23,1 0.123
1.00 191 2l 1 0.127
1.00 200 25,2 0.133
1.00 212 26.7 0.141
1.00 221 27.8 04147
1.00 233 29.2 0.155
0.99 2l 6 30. 0.163
0.99 - 268 33.4 Dkt !
0.98 286 35.5 0,189
0.98 309 38.1 0.20
0,98 337 L1.3 0-226
. 319 2.6 0+ B3
1157 55.1 0. 304
59,1 0.327



3%

%

Volts

s s 9 o o o
Ul\uil~3 @00\ 00 OO

CO0OOOCO0O00O0
oVl wHF oo

Calculated

CELL 47 (CONT'D)
QUINHYDRONE
° W
Min. Watt-Sec.
510 61.1
232 63.5
513 it &
200 71,0
613 723
625 137
663 773
il % 93.0
1311 117

X

0.337
0.351
0.358
04393
0.402
0.408
0.430

# 0.55

0T34
0.768

180

Fractional
Reduction
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CELL L8
BENZOQUINONE

Depolarizer: 0.210 gms.; carbon: 0.1420 gms.
Electrolyte: Sat'd. NH ¢l, 3.5 ml,

Load: 500 ohms. =

Initial 0.C.V.: 1.22

\4 e W b 3
Volts Min. Watt=Sac. Fractional
Reduction
1.2 0 0
1.1% g 0.171 0.000380
11T 2 0.336 0.000757
1,16 3 . 0.500 0.00133
1.16 n 0.661 0.00150
1.16 7 1.15 0.,00261
1.16 9 1.47 0.00335
1.15 15 2.143 0.00557
1.1 22 3,5l 0.00812
1.1l 27 [y. 32 0.00993
1.1 55 8,69 0.0201
1.1l 61 9,62 0.0223
1.13 66 10.6 0.0241
1.13 75 11.9 0.,0273
1.13 86 13.6 0.0313
B B 99 15.6 0.0354
l.12 123 19.2 0. 007
1,11 139 21.6 0.0504
1.11 1.7 22.8 0.0533
1.10 159 2l 6 0,057k
1.08 178 27.2 0.0641
1,06 200 30,2 0.0715
1.04 222 3%.2 o.o792
i 5 2 3.6 0,082
el 1 38.8 0.0935
1.00 303 I13.2 0.105
0.99 325 45.9 0.112
0.98 31,9 48.6 0.120
0.98 360 50.0 O.%Z%
097 220 22:8 o 13
i ﬁ67 %2.0 0.156
.95 206 45,8 0,168
5 : e I
.67 1150 117 .
.6l 12116 122 0. 355

Calculated



Depolarizer: 0.210 gms.;
Electrolyte: Sat'd.

Load: 500 ohms.
Initial 0,0.V.2

*
VI OO0 DO0O0OO0VOO0VO0CO0O00OD0O0O000000K
Fuion o wulono@ O O FFENDMND NN DFERFUuOY

Calculated

1418

Mine.

227
300

3
Lal
1140

CELL L9

Carbon:
NaC1l,

BENZOQUINONE

0.420 gmse.

W

Watt=Sec.

L] L L ] Ll Ll . . v » l-Jﬁ_"o
HORFFO~W0OWE OO DN H O O

O\1OC O O OO N0

o

O OOV WOV O~ ONVNEWW N

NP
'._l

X

0
0.00176
0.003.7
0.00415
0.00549
0.00806
0.00982
0.012)4
0.01)7
0,01 %
0,018
0.0232
0.025)
0.0329
0.0387
0.0428
0.0478
0.0,98
0.0549
0.0638
0.0722
0.0932
0.0980
0.117
0,126

% 0,155

0.279

182

Fractional
Reduc tion



a2,
"
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CELL 50
BENZOQUINONE

Depolarizer: 0.210 gms.; carbon: 0.420 gms.

Electrolyte: L, 3.5 ml.
Load: 500 ohms.
Tnitial 0.C.V.: 1.27

v ) W X
Volts Mine. Watt=Sece Fractional
Reduction
1.25 0 0 0
1.21 60 10.5 0.0231
1.19 120 20,7 0. 0460
1,18 180 30,8 0.0686
1.11 21,0 39.5 0.0900
1,03 300 L7.2 0,110
0.99 360 25.5 8'123
0. 8% 50 el 0,16k
0. 80 2,0 72.0 0.179
0.75 - # 75.3 s 00191
0.7L 600 76.0 0+193
0.68 660 79.2 0,206
0.65 720 82.4 0.213
0,61 780 85.0 0.23

Calculated
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CELL 53
ANTHRAQUINONE

Depolarizer: 0.200 gmsS.; Carbon: 0.400 gmse.

Electrolyte: L, 3.5 ml.
Load: 500 ohmse.
Initiel 0.C.V.: 1.22.

v )
Volts Min.
1.23 0
1l 1
1.0 3
1.00 6
0.96 8
0.89 12
O« TT 29
0.76 33
B 78 1,0
0.70 8
0.66 N
0.65 15
0.62 100
0.60 133
0.58 1200
0.55 2880



kY
"

3%

1-NTTROANTHRAQUINONE=-8-SULFONIC ACID

Depolarizer: 0.200 gms.;
3.5 ml.

Electrolyte: L,
Load: 500 ohms.
Initial 0,C. V.3

\'
Volts

s o

oY¥eXeloXolo¥oToNololooleRoloYoloRoloYoRoRo N BR RN R =Y
®

IO DOm0 OOOOOVOOOHEFHFHNNDWE

FuUiuulo nfFHFuirininmniinioNo o oy vEE o FEF D FE o OW o

L] . * * . ° ] L] L] . L L

Calculated

1.50

Mine.

1380
1425
1479
1570
1621
1690
1740
150
1920
20140
2375
2912
3240
11260

Carbon:

3

CELL 55

0.,00 gms.

185

X

Ffactional
Reduction

0
0.,00297
0.00978
0.0148
O'OﬁES
0.0l 2
0.0557
0.0725
0.0955
0.110
0.133
0.382
0.432
0.506
0.549
0.68L

°
WL
=

O\

O O\ @w N BRI =3 O U

.
Ui o~

WMNHNNVHFHEFEHFRFEFR R



*

1-NITROANTHRAQUINONE-B—SULFONIC ACID

Depolarizer: O.2og‘§m;if

Electrolyte: L,
Load: 150 ohms.
Initial 0.C.V.:

v
Volts

ofelofollolololalololeolale)
. L]

W oo NN NI~ N

O N O\VF @V WF VTN ™

Calculated

1.6

2]
Mine.

17
27
9

8
90
106
127
152

208
252
295
395

609
1260
1330
1500

Carbonz?

CELL 56

W

L] * »

- Y ®
N0 OWUIW N VTR @O

N0 0N CNOR 10w @O

‘—l
0503 OuaLEEOa O 1) 1

0.1,00 gms.

Watt-sec °

T

X

0
0.00

0.06

0.10L
0.174
0% 227
0.289
0.332
05 390
04456

3+ 0,529

0.602

186

Fractional
Reduction



l-NITROANTHRAQUINONE-B-SULFONIC ACID

Depolarizer: 0,200 gmses
Electrolyte: 20% NaOH, 3.5

1.40

Load: 500 ohms.
Initial 0.C.V.:

Atmosphere: Air.

\A
Volts

1,35
1s21
1.1)

L4 » ® o o o
o H
UlHWw

*

Ul O~~~ mm\o\é))

O0O0O00O00OO00OO0OHHK
® °
Oww O UIdWw OO

Mine.

37
180
L.Oo7

1055
1320
1500
1575
1815
2L.75

2735
2880
3266
11060

1,170

Carbon:

CELL 59

Watt=Sec.

0.1400 gms.

W

187

X

Fractional
Reduction

0
0.00396
0,056
0.21
0.47

l. 21

il

\»uwmi\;mm,_,‘_,
N O O o0 =3
RFUlNOoO QO OoOWwlw
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CELL 60
UNDEPOLARIZED

Depolarizer: 0.0 gms.,; Carbon: 0,400 gms.
Electrolyte: 20% NaOH, 3.5 ml.

Load: 500 ohms.
Initial 0.C.V.: 1.36

v )
Volts Min.
1.15 0
1.12 1
1.0 2
0.9 1l
0.91 21
0.8l 45
0.77 108
0.70 196
0.65 270
0.58 Ly by
0.9 1095
0.U7 1320



OCOOO0OOOOHHHHK
L]

A,
"

CELL 61
1-NITROANTHRAQUINONE-B-SULFONIG ACID

Depolarizer: 0.200 gms.; Carbon: 0.400 gmse

Electrolyte: 20% NaOH, 3.5 ml.
Load: 500 ohms.
Taltial 0.C.V.: 1.26

189

v e W X
Volts Min. Watt-Sec. Fractional
Reduction

1,23 0 0 0
1.20 1 0.178 0.00127
1.18 5 0.859 0.,00622
1.16 13 2.17 0.,0160
1.16 3l 5e 57 0,0415

« 2 61 9,89 0.0737

L1l 126 20.0 0.151

i 198 31,2 0.236

.12 365 57.0 0.433

.08 600 91.0 0.702

82 12%5 161 1.3

.80 1380 172 1.%5

.76 1595 187 1.63

.75 - ¥ 192 # 1,69

e 17%0 197 1.7k

b 1860 205 1.83

.60 2735 250 2.43

Calculated
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CELL 62
1-NITROANTHRAQUINONE-8~-SULFONIC ACID

Depolarizer: 0.200 gms.; Carbon: 0.400 gnms.
Electrolyte: 20% NaOH, 3.5 ml.

Load: 500 ohms.
Initial 0,C.Vs2 1,30

Atmosphere: Oxygen.

1’2 a W b

Volts Min. Watt=-Sec. Fractional
Reduction

1.28 0 0 0
1,16 6 1.07 0.00763
1.1 16 2,66 0.0196
L1 33 5,32 0.0398
.12 52 8.29 0.,0625
Y12 72 13 0.0852
L2 117 16.6 0.126
1.06 760 108 0.855
1.0 870 123 0.975
1,02 1020 12 1,14
] 1080 150 1.20
0.86 1130 155 1,25
0.16 1355 162 1737

Oxygen had corroded zinc contact thru.



.
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CELL 63

DISODIUM ANTHRAQUINONE DISULFONATE
HYDROGEN REAGENT

Depolarizer: 0.200 gms.; Carbon: 0,400 gnms.
Electrolyte: 20% NaOH, 3.5 ml.

Load: 500 ohms.

Inttial 0.0, V.2 1.35,

Atmosphere: Nitrogen.

' e W X

Volts Min. Watt-Sec. Fractional
Reduction

1,32 0 0 0
1.02 i ! 0,160 0.00150
1.00 2 0.287 0.00279
1.02 ? 0.899 0.00927
1,03 1 1.76 0.0183
1.00 : | 2.26 0.0236
0.97 27 3. 30 0.03L8
0.98 o) .79 0.0511
0.96 173 19.8 0.216
0.92 219 23.6 0.260
0.8} 1131 %3.5 0.500
Oul> - # 61.5 # 0,79
0.66 1147 79.6 1.09

Calculated.
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CELL 6l

DISODIUM ANTHRAQUINONE DISULFONATE
HYDROGEN REAGENT

Depolarizer: 0.200 gms.; Carbon: 0,400 gms.
Electrolyte: 20% NaOH, 3.5 ml.

Load: 500 ohms.

Initial 0.C.V.: 1,36.

Atmosphere: Air.

4 6 W X
Volts Min. Watte=Sec. Fractional
Reduction
133 0 0 0
1.26 3 0.605 0.00498
1,86 10 1.93 0.0163
1.26 23 g.az 0.0372
1.25 L2 .02 0.0679
1.25 50 9.52 0.0807
1.25 69 13.1 0. 112
1.2y 106 20.0 0.170
1.2l 126 23.6 0.202
1.20 190 35.2 0. 302
1.17 270 8.5 0.2l
1.12 65 79.3 0.711
3. 10 87 112 1.03
0,92 1501 2;5 g.gg
0.90 1540 21 .
0.88 1813 22 2.%&
#* 0,75 - # 340 #* 3.01

a2,

Calculated.



CELL 65

DISODIUM ANTHRAQUINONE DISULFONATE
HYDROGEN REAGENT

Depolarizer: 0.200 gms.; Carbon: 0,L00 gms.
Electrolyte: 20% NaOH, 3.5 ml.

Load: 500 ohms.

Initial 0.C.V,3 1.28

Atmosphere: Nitrogen.

v e W X

Volts Min. Watt-Sec. Fractional
Reduction

1,22 0 0 0
1.13 2 0.331 0.00301
1.08 1l 2,10 0.0201
3071 L9 6.70 0.0670
0.98 N 10.8 0,112
0.96 107 1%.& 0,140
0.93 149 18.0 0.191
0.90 210 2.1 o.2§2
0,86 287 31.2 0. 350
0.82 387 39.7 0,157

.78 LL70 L6,1 0.5%2

.75 - # 51,0 # 0,6

60 1298 93.2 1.27

.60 1388 97.0 1.34

.58 1688 110 1,57

Calculated
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