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ABSTRACT 

Since Volta's invention of the first primary cell, 

using silver and zinc, numerous other cell combinations 

have been studied, covering a wide v ariety of anode and 

cathode materials. The latter h a v e included both inorganic 

and organi s ubstan c es capable of e le ctrochemical reduc­

tion, although, historically, organi c cathode materials 

have received v e ry much less attention than the inorganic . 

It was the purpose of this investigation to study the 

actual beh avior of a selected numb e r of quinones as 

depol a rizers in primary cells. Performance of experimente.l 

cells was compared with cells of the usual dry cell 

composition but o f the same size and construct ion a s cells 

of experimental composition. 

The results show that certain substituted anthraquinones 

po ssess good depolarizing ability as measured by discharge 

voltage and coulombic capacity. Energy o utput in s ome cases 

was higher than that of the manganese dioxide c ontrol cells 

( zinc anodes in all cases) because of higher effectiv e 

coulombic capacities . 

A qualitative study o f t he effect of sub s tituents on 

the discharge vo ltages o f var i o us quinones showed tbat c ell 



working voltages were much more sensitive to quinone sub­

stitution than were the calculated reversible potentials . 

Also, in the case of nitro - substituted anthraquinones more 

coulombic capacity was obtained than could be accounted for 

by the simple reduction to the corresponding hydroquinone . 

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, 

usinr 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 th0 effect was not due to "animal elec­

tricity", but to the two metals, and that electricity, 

identical 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. Volta's 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 



3 

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 

a 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 1 s pile enabled experimenters t o 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 two-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 1 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 OT , in the axis of which was placed 

4 

a cylindrical rod of zinc immersed in dilute sulph uric 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 e lectrode (41). 

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 

o f the Daniell type . The best known of the various forms 

and the only one which has survived to the present time 

is the " gravity cell", which was patented by Varley in 

England in 1854. 

Table I lists 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 (1840) substi­

tuted carbon for platinum and produced a cell which came 

into wide use. The reactions and the voltage are essentially 



TABLE I 

SOME EARLY PRIMARY CELLS 

Inventor Year Anode Anolyte Cathol;yte Cathode Voltage 

Daniell 1836 Zinc ZnS04 Cuso
4 

Copper 1.07 

Grove 1839 Zinc HCl or 
( amalg. ) H2so

4 HNO~ and Platinum 1. 9 - 2. 0 
H2 04 

Bunsen 1840 Zinc H
2
so

4 HNO~ and Carbon 1.94 
( amalg . ) H2 04 (gas coke) 

Smee 1840 Zinc 1:7 Sulphuric acid Platinized 0.5 
(a.ma.lg.) (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 ac·id Carbon 2.0 
( amalg . ) sat 1d with Na2cri0} . 

(single fluid ce 1 

Leclanche 1868 Zinc Saturated NH
4

c1 Mn02 and 
( amalg . ) retort carbon 1.5 

De la.Rue 1880 Zinc 2. 5% NH
4

c1 Silver chloride \.n 
on silver 1.03 



the same as for Grove's cell. 

Smee (1840) developed a cell of low volta~e which 

overcame, to a degree, the difficulty of polarization 

encountered with previous single fluid cells. His cell 

6 

used a sulphuric acid electrolyte and a cathode of platinized 

platinum. 

Walker (1857) modified Smee 1 s cell by substituting 

platinized carbon f or 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 (41). 

The bichromate cell was invented by Johann Poggendorff 

in 1842, and became widely used in laboratories. In various 

modifications it was either a one- or two-fluid cell. The 

cell reaction is (41): 

3Zn + 7H2S04 + Na2cro7 = 3Znso
4 

+ Na2so4 + Cr2 (S04)3 +7H20 

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 

his now famous cell in 1868. The fact that manganese 

dioxide was a conductor of electricity and was at the same 

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 . 

Tbe beneficial effects of amalgamation had first been dis­

covered as early as 1836 (41). 

Leclanche 1 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. In 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 five . (17). 

7 



CHAPTER II 

THEORY OF VOLTAIC CELLS 

1. Role of Primary Cells as Energy Sources. 

It is customary to regard the difference between 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, is 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 

its component parts and in its fabrication as is 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 

exception 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. 

9 

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 

is too small to justify mechanical equipment . Other proper­

ties of primary cells indicating their use are portability 

(as for flashlight cells) and steadiness 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 electrical anergy obtainable from a vo ltaic cell 

derives from the free energy o f the chemical reaction taking 

place in the cell (37). Vo ltaic 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 appro aches zero as chemical equilibrium 

is approached . 

For any process taking place in a galvanic cell operating 

reversibly at constant temperature and pressure, the maximwn 

useful work obtainable from the system is, as f or any rever­

sible process at constant temperature and pressure, 
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W net = - ~ ( U + PV - TS) = - .4 H - T .4 S = - A F. 

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 is 

negligibly small; it is due only to changes in volume o f 

(solid) electrodes, and to changes in concentration of the 

liquid electrolyte. Consequently, the net work is 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, that : 

W net = n 'ii E . 

Here, n is the number of chemical equivalents per mole of 

reaction in the cell, 3 is the Faraday constant, giving 

the quantity of electricity associated with one chemical 

equivalent, and Eis the electromotive force of the cell. 

It follows from the preceding two equations that : 

- 4 F = n J E. 
For any galvanic cell to be significant thermodynamically, 

its 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 



place in the cell, 

~ s == n fl (dE)/(dT) at constant pressure. 

For cells, therefore, which have zero or negligible 

temperature coefficients, the net work obtainable from the 

cell is equal to the heat of reaction at constant pressure . 
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A given quantity of reactants in a primary cell, 

h owever, 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 is quite independent of the path f o llowed between the 

initial and final states, the actual net electrical work 

obtained 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 quantity which can only approach, 

and never equal, the reversible potential, since the quantity 

n, the number o f equivalents per mole of reaction, like the 

free energy change, is independent of the degree of irreversi­

bility, and 3 is a fundamental constant. 



Algebraically, 

W net, irr. = n 3 V, 

where Vis the terminal voltage of the cell, less than the 

reversible potential by an amount which depends on the rate 
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of discharge, the history and ge ometry 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 

given cell, the quantity n 3 , can be predicted with cer­

tainty, in the absence of side reactions, in that it must 

f ollow 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 (42). These electrode, or 

11 half-cel l " potentials arise as a consequence of the tendency 

f or 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 Voltaic 

cell having the greater tendency to oxidize becomes anodic 

With respect to the other electrode . Under open circuit 

conditions, the tendency f o r the individual electrode reactions 



to occur is exactly counter-balanced by the potentials 

between electrodes and electrolyte. If external connection 
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of the el e ctrodes 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 is 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 A ea 

and .d ec are the anode and cathode polarizations, respec­

tively. 

In the case o f hydrogen evolution, at least, the polari­

zation, other than that due to concentration gradients, is 

dependent on the current density at the electrode in the 

following manner: 

L1 e = a - b log i , 
where i is the current density and the quantities a 

and bare constants. This equation (the Tafe~ equation) 

is only valid at potentials not too near the reversible 

potential. When LJ 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 similarly 

in that the polarization is a logarithmic function of current 
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FIGURE l . ELECTRODE POLARIZATION IN A HYPOTHETICAL PRIMARY CELJ.... 



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. 
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The ohmic drop through the cell due to the resistance 

o f 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 1 depend on the circuit current I, which in turn 

depends on the internal and external resistances, Ri and Re. 

The relationships between the various quantities of 

Figures 1 and 2 are as f o llows : 

E == E ' + ( A ea + A ec) 

V == E' - IRi == IRe 

E' == I (Re + Ri) 

I == E' 

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, 

chemical reversibility should be distinguished from thermo­

dynamic reversibility. For example, the Daniell cell 

Zn/ Znso4 / CuS04/ Cu 

is 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 



V 

Ri 

-·---·----··---- i 

I 

R.e 

----~ I 

FIGURE 2. EQ,UIVALENT CIRCUIT OF DISCHARGING CELL. 



exactly the opposite effect, that is, the solution of 

copper and the deposition of zinc. On the other hand, in 

the cell 

Zn / H
2
so4 / 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 
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a reverse current causes the solution of copper and the 

liberation of hydrogen at the zinc . This cell is chemically 

irreversible. 

The Daniell cell, however, does not achieve, nor even 

appro ach, thermodynamic reversibility unless only a differen­

tially small current is 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 

when passing from anodic to cathodic currents and may not 

pass through a reproducible, reversible potential. An 

irreversible anodic effect is passivity, in which the elec­

trode may suddenly assume a more noble potential after 

having undergone oxidation near its reversible potential. 

4. 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 hydro gen are usually provided. It will be recalled 

that Volta's orig inal pile was built of zinc and silver 

using a common salt electrolyte. The reaction taking place 

in this cell, of course, is: 

Zn + H20 = ZnO + H2 

The anodic reaction: 

Zn = zn++ + 2e , 

takes place with little polarization under these conditions, 

but the cathodic reaction: 

2e + 2H+ (aq.) = H2 (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. Daniell ' s cell, the first improvement of Volta ' s 

invention, substituted the nearly non-polarizable deposition 

of copper for hydro gen evolution. 

The term depolarizer, in connection with primary cells, 

is 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 is that the only function or 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

izer is 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 

e . m. f . measurements and on the Nernst equation. Hydrogen 

Will be evolved at the cathode only when its pressure 

reaches one atmosphere . The action of the Mn02 is to keep 

its pressuri far below this. According t o Macinnes, the 

system Mno2 - Mn
2
o3 - H2o - H2 is univariant and will have 

a 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
4

c1 + ZnC1
2

/ H
2

(1 Atm.)/ NH
4

c1 + ZnC12/ H
2 

(p Atm.). 

He measured the e .m.f. of the left half of this double cell 

at 25°c ., and found -0.514 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, 

Pis then found to be 4 x 10 - 34 Atm. A drop in voltage 

from -1.50 to -1.20 volts corresponds t o a rise in the 

hydrogen pressure to 10-24 Atm. 



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 Mno
2 

of the additional quantities of hydrogen 

liberated during discharge . 
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Koehler (24) 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 NH4 + ( aq . ) + 2e = 

The more recent point of view is 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 

possible cathode reactions in dry cells, depending on 

c omposition, pH, and current density but the one t o be 

expected under usual c onditions o f operation is : 

= 

(Strictly speaking, this reaction takes place in the 

absence of zinc . Under the usual dry cell conditions the 

final product of the cell reaction is hetaerolite, Mn
2

o
3

• zno) . 

Heise and Cahoon are most emphatic in their criticism 

of the o lder idea and include the following preface to a 

review (in 1952) o f the general theory of the Leclanche 

cell (17) : 

Electro chemical theory, particularly as regards 
the development of electromo tive force, was well 
advanced by 1900, yet the early battery technolo ­
gists were slow to apply its teachings t o the 



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 Mn02 electrode or the operating 
voltage of the cell is not innnediately 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 Mn02 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. 

5. Reactions in Primary Cells. 

Although it is true, as stated previously, that for a 

cell to be significant thermodynamically, it must exhibit 
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a reversible, reproducible potential, and the cell reaction 

must be known, it is also true that at least two of the 

most important modern pr:Lmary 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 

0.n the choice of one of several alternative cathode reac­

tions, as the usual anodic process is the simple ionization 
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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 

illustrates some techniques used in elucidating the reac­

tions . 

Examination of crystals from spent cells shows (42) 

the presence, among other substances, of hetaerolite, 

Zno • Mn2 o3. One would infer, on this evidence, that the 

overall cell reaction could be adequately represented by 

the equation: 

Zn + 2Mn02 = ZnO • Mn2o3 , 

and the cathode reaction by the equation: 

2e + 2Mn02 (s . ) + 2H+(aq.) = Mn2o3 • H2o (s.). 

In this case the manganese dioxide would undergo a 

Valence change of' one, and the electrode potential would 

Obe y the following equation : 

If the activities of the solids remain constant as 

Unity, the pH - potential relationship follows immediately: 

e = eo 2. JRT/J ( pH) 

At 30° c., the slope of the line showing the pH -

Potential relationship should have a slope of -0.06 volts per 

PB unit. 

Various investigators (6) (32) have studied the _matter 

and values for the slope of this curve ranging from -0.06 

to -0.12 volt per pH unit have been obtained. 

McMurdie, Craig and Vinal (32) found that, in acid 



23 

solutions, the manganese dioxide electrode is in equilibrium 

with divalent manganese, but that at a pH of 4.5 or higher, 

the divalent manganese ion is largely removed from solution. 

This was explained by postulating the following equilibrium : 

Mn02 (s . ) + MnC12 (aq .) + 2H20 = Mn2o3 • H2 0(s . ) + 2HC1.(aq.) 

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 + Mn02(s .) + 4H+(aq.) = Mn++(aq.) + 2H20, 

and the pH - potential relationship would be as follows: 

e == e0 + RT/2 "3 ln a4(H+) = e0 - (2.3)2RT/:;, (pH), 

Which has a slope twice as great (-0.12) as that corresponding 

to the univalent reactio n . 

Craig studied the pH - potential relation in the ab­

sence of zinc 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 

of 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. I n Figure 3 the slope of the lines is fixed 

definitely by the more strongly acid and alkaline regions. 

These slopes agree als o with what would be expected from the 

theoretical considerations just presented. However, Cahoon 

( 6 ) believes the reactions differ when zinc chloride is the 

acidifying agent, and that the slope in that case is -0.06 

over the pH range 1-12. The actual amount of manganous ion 



/.0~ 
I 

I 

"' ! , 

i-'. ~ X 2 VO , ( + 1 _ ~,SlopE:: ~~r pH uni, . "" o.~ ,... € 
~ 
~ 
~ 

~ 
~ 0.6 I '\X 
~ 

~~-
":::) 

---\,.. 
\) 
\J) 

IJ) 0.4 

', ~ ! 

> 
----.. 

.:r- :,(~ I 

~ 

~ 

/06Vol~x~ 

~ 
Q.) 

~ 0.2 r 
5/c,pe: o~r pH un1T. 

a:. 

P--

0 
0 2 4 6 8 10 12 

prl 

l'IGURE 3 • RELATION BEI'WEEN PH AND POTENTIAL OF Mno
2 

AS DETERMINED BY CRAIG • 

.;,. ,. ... ~-"""-



25 

Which can exist in a dry cell is very small, because the pH 

of the electrolyte is higher than that at which any appreci­

able amount is possible . Under equilibrium conditions in a 

dry cell, then, the chief reaption to be expected at the 

manganese dioxide electrode is a univalent change, in any 

event . 

Walkley (45) has pointed out that when an oxide is 

capable of more than one stage of reduction it may go to 

the lowest stage directly, or in steps. Which course it 

takes depends on the free energies of the oxides MO and 

M20 relative to the metal M. If the following reactions 

characterize the system, the oxide MO will be reduced 

directly to the metal only if A F~ < Ll Fg, that is, 

if FO ) 0 
M20 FMO • 

(1) 2MO(s.) + H20 + 2e 

(2) M20(s .) + H2o + 2e 

= M20{&) + 20H-(aq.) 

= 2M(s .) + 20H-(aq.) 

(3) 2MO(s.) + 2H2 0 + 4e = 2M(s.) + 40H-(ag.) Ll F3 

Both cases are illustrated in Fig;ure 4, in which the 

stanctard free energies and potentials are shovm as functions 

Of the state of reduction of cathode systems originally 

consisting of the higher oxide MO only. It can be seen that 

a Practical advantage accrues in Case I, as the potential is 

determined by the presence of MO until reduction is complete . 

Thermal measurements (45) show that FHg
2
o > F§go, and 

the Ruben-Mallory cell, which utilizes a mercuric oxide 

depolarizer has a notably constant discharge voltage . On 

the o ther hand Fcu20 < FCuO' and the Lalande cell, using 
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Cuo, shows a decreased voltage after the loss of one -half 

of the oxygen of the depolarizer. 
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It should be understood that the foregoing analysis 

applies only where all the components involved are separate 

solid 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 c omposition (and hence, free 

energy 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 of them is that their energy is available at a rela­
t· 
ively low voltage. Series connection of individual cells 

overcomes this disadvantage, so that a property of more 

fundamental importance is the product of their potential and 

their coulombic capacity. 

Table II lists the pertinent properties of some typical 

electrode materials which have either been proposed, o r are 

in Use, as materials for galvanic cells. The values are 

from some recent compilations ( 34) (J~-5) and calculations 

by the autho r . 

According to Walkley (45), the nLlmber of coulomb s, C, 

Of current produced by the anodic solution of 1 cc. of a 

metal • . is given by: 

C == z ~ d/A 

~here dis the specific gravity of the metal , A its atomic 



Weight, z is the valence change, and S' is the Faraday 

constant . 
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If Eis 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 capacity of cathode materials is 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 II . 

The full coulombic capacity of a voltaic cell is seldom 

realized, however, for the reas on that it is discharged only 

to a practical " cut-off" voltage and not to the point of 

chemical equilibrium . 

It is, of course, desirable that cells be free from 

local action which would result in self-discharge . All 

known cells suffer from this effect , however, t o one 

degree or another . It is on this account that many types 

of cells are normally stored in the dry state, and activated 

just before use by the addition of electrolyte or water . 

Balanced cells, that is cells in which the coulombic 

capacities o f the anode and cathode are equal, are obvio usly 

desirable f or economic reasons . They also offer another 

advantage . Cells in which there is an excess of anode 

material may begin liberating hydrogen at the positive 



Electrode 

Anodes 
K 

Na 

Mg 

Al 

Zn 

Zn 

Cd 

Pb 

Cathodes 

Cu20 

HgO 

02 

Mn02 

AgCl 

Ag202 

Mn02 

TABLE II 

PROPERTIES OF SOME GALVANIC ELEMENTS 

Reaction 

K+ + e = K 

Na+ + e = Na 

Mg+++ 2e = Mg 

Al++++ 3e = Al 

Zn0 2 + 2H20 + 2e =Zn+ 40H­

zn++ + 2e = Zn 

Cd++ + 2e = Cd 

Pb++ + 2e = Pb 

Cu20+H20+2e = 2Cu +20H­

Hg0+H20+2e = Hg+20H­

o2 +H20+2e = OH-+H02-

Mn0 2+H20+e = MnOOH+OH­

AgCl+e = Ag+Cl­

Ag20
2

+2H20+4e = 2Ag+40H­

Mn0
2

+4H\2e = Mn+++2H20 

Reversible 
Potential , 
25_ °C . 

-2. 92 

-2.71 

-2.36 

-1. 67 

-1. 32 

-0.7 6 

-0.40 

- 0 .1_} 

-0.36 

+0.10 

+0.15~H~-

+0. l 7 

+0.22 

+l. 07·:H~ 

+1.23 

Gram -
Equivalent 
Weight 

39.10 

22.99 

12.16 

8 . 99 

32 . 69 

32.69 

56.20 

101. 60 

71.54 

108 . 80 

s. oo 
86 . 90 

143.30 

61.94 

43 . 45 

,:- H2 ca tho de. -:p,:. Refs. (34) (45). ,HH~Zn anode. 

Specific 
Coulombic 
Capacit,I 

( zd/_A) 

0.022 

0 . 042 

0 . 143 

0 . 301 

0.218 

0 . 218 

0.154 

0 . 109 

( zdLM) 

0 . 084 

0 . 102 

0 . 058 

0 . 039 

0 .120 

0 . 116 

Mat'l. reg'd. 
per watt-hr., 
~rams 

o.5o 
0 . 31 

0 . 19 

0 . 20 

1.0 

1. 6 

5 . 2 

]_0~ 

~}-:~~:~ 

•:~~ 

2 . 8 

0 . 49 

0 . 20 

0 . 22 

3.S 
0.94 

0 . 82 

I\) 

'° 



terminal on exhaustion of the cathode material, thus 

generating pressure which could rupture the cell. 

JO 



CHAPTER III 

MODERN PRIMARY CELLS 

There are a wide variety of modern types of prbnary 

cells available today . World War II acted as a stimulus to 

batte 
ry research, resulting in the development of fundamen-

tally new types as well as the redesign of' cell combinations 

known for many years . 1 d d i Particular emphasis wasp ace ur ng 
the war 

on types giving high output per unit weight and 

Volume . Considerable d 1 t f 1 t t t eve opmen o • ow- mnpera ure ypes 

took place also . 

l • .T_he Leclanche Dry Cell . 

Much has already been said about the dry cell by way 

of illustration of the theory and the reactions taking 
Place • 

in voltaic cells in general . 

Although the modern product utilizes the Leclanche couple , 
Gassner is generally credited with producing the first 

successful dry cell (about 1888) . Acc ording to Vinal (41), 
Gassner • s 

positive electrode consisted only of carbon, 
however . 

His cell climaxed the work of a number of inventors , 

Of Which the 1 t 1 t primary object was making thee ec r o y-e 
Unspillabl e . 

In regard to the modern cell, the important ingredients 
a.:r-e .,. 

Zinc, manganese dioxide , graphite , acetylene black, a 
gel f 0 starch and flour which acts as a medium t o ho ld the 
elect 

rolyte and also serves as a separator f or the electrodes, 



and the electrolyte itself which typically consists of 

ammonium chloride , about 26% , zinc chloride, about 9%, and 

water, about 65%. In its conventlonal form, zinc is drawn 

into a can which serves as the anode, or negat ive electrode. 

Manganese dioxide and about twice its weight of carbon, as 

a mixture of various proportion of graphite and acetylene 

black is milled together to extreme fineness and the mixture, 

dampened with the proper a.mount of electrolyte, is molded 

under pressure into a bobbin of the height and diameter 

required to fit the zinc can . These cells typically show 

an open circuit voltage of 1 . 50 to 1. 54 volts . They are 

manufactured 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 

energy output of about 13000 watt-seconds . Heise and Cahoon 

(l?) state that in actual service, as much as 50% of the zinc 
is w 

asted due to corrosion. This corrosion is believed (42) 

to be due principally to the f ollowing reaction : 

Zn+ 2NH4c1 = Zn{NH3 )2Cl2 + H2 

a
nd 

the crystals of diammine zinc chloride which form are 

known as "shelf- life " crystals . 

In 1949 alkaline manganese dioxide dry cells were first 

Placed on the market . The aqueo us electrolyte is 30% sodium 

hydroxide. hi The advantage claimed for these cells is t er 

excellent s helf life. The cell reactions are somewhat less 

complex than in the conventional dry cell, and in particular, 

there i 1 11 s ess corrosion of the zinc on standing . These ce s 

have a Potential of about 1.52 volts . The ones now being 
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produced were designed for 1~ 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 

radio "A", and various other uses. 

The cell with copper oxide depolarizer was invented 

by Lalande. The overall cell reaction can be written as : 

3Zn + 3Cu0 + 

The electrolyte is 5N to 6N caustic soda which is in the 

region of maximum conductivity and minimum freezing point. 

The 6 open circuit potential of these cells is 1.0 volt, but 
the 

operating voltage is only o.5 to 0 . 7 volt. Because the 

elect~ 1 t f ~ 0 yte takes part in the cell reaction, the amoun o 

SOdiurn hydroxide present is a limiting factor in cell opera­

tion. On saturation of the el~ctrolyte with zinc, crystals 

Of octahedral zlnc oxide form on the electrodes and container 

~alls, usually in adherent, impervious layers and thus 

terminate cell operation. Recent practice is to add a small 

quantity of lime to the cell, which is nearly insoluble, but 

reacts With the dissolved zinc to regenerate the sodium 

hydroxide , according to the equation: 

Ca(OH)2 + 2ZnO·NaOH + 2NaOH. 

3J 



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, 

nor effective at the voltage of the oxygen electrode . ~ 

3. Air Depolarized ("AD") Cells. 
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Though long sought, the substitution of an air depolarized 

cathode for the copper oxide of the Lalande cell, whereby 

operating voltage was approximately doubled, was not success­

fully accomplished until some forty years after the intro­

duction of the Lalande element . The electrochemical behavior 

of 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 aqueous electrolyte, they develop reprodu-

Cible potentials and have marked oxidizing properties. 

According to Schumacher and Heiss (39) and also Berl (3), 

oxygen, at these electrodes, in alkaline electrolytes, 

ea t ablishes a reversible equilibrium with peroxyl ion: 

+ + 2e = + 

and the final reaction product in air depolarized cells is 

Peroxide: 

+ + 2Na+ • 

These equations indicate the consumption of twice as 
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much oxygen per Faraday as is 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 is greater than its decomposition, oxygen 

consumption approaches the theoretical value (43) . 

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 
st

ated (18) that the penetration o:f caustic electrolyte is 

reduced toe :few millimeters per year by a mild water proofing 

treatment of the electrode. 

Cells of the type just described find the same use as 
th

e conventional Lalande cells, with the following advantages : 

freedom from the limitations of a solid chemical depolarizer, 

an °~erat1· ng , d "th th ~, voltage of about 1 . 52 volts , compare wi e 

Lalande 0 . 7, lighter weight , and easier maintenance . Recently, 

:miniature air depolarized cells with an immobilized electro­

lyte have appeared on the market :for use as "A" supply :for 

Portable hearing-aid sets . In these cells, the electrolyte 

is 9N caustic soda containing diss olved zi nc . In electrolyte 

Of this composition, zinc oxide is the anode product , which 

Precipitates in porous form , and the electrolyte is substan­

tially nonvaria.nt in composition, giving a greater uniformity 
Of 

discharge vo ltage through its useful life . 
4. Qther Alkal i ne Cells . 



Two new couples have come into commercial development 

as a result of intensive research and development connected 

w th World War II . 

36 

The "RM" cell utilizes a cathode-depolarizer of' mercuric 

OXide and f'inely divided graphite compressed into a hard 

Pellet, an amalgamated z nc anode, and an electrolyte of' 

Potassium hydroxide substantially saturated with potassium 

Zincate . The 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 
st

eel case. These cells are characterized by their high 

ratio of' energy to volume, long shelf life, uniform dis-

charge potential, resistance to environmental conditions of 

corrosion , temperature and pressure, and are mechanically 

T'Ugged and stable. The theoretical voltage of' this system 

is in close agreement with the measured value of stabilized 

cells, that is 1 . 345 volts. The uniformity of this value 

Of Ope d n circuit voltage makes it applicable as a secon ary 
st

andard of' potential wbere 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 

drains Which is three times as high as the air depolarized 

cell, for example, and f'ive times as high as the Leclanche 

dry ce11 . The electrode reaction is : 

Zn + HgO = ZnO + Hg 

The Presence of zincate in substantially s aturated concen­

tration tends to inhibit corrosion of the zinc by a mass 
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action effect. The zinc oxide formed as a result of electro­

chemical action precipitates, and thereby maintains the 

electrolyte composition, as in the alkaline Leclanche cell. 

The silver peroxide - zinc couple has been the subject of 

numerous investigations with regard to its possibilities as 

a secondary battery. A practical, reserve type, high rate 

Primary battery, using this couple was developed during 

World War II for military use. This battery has a cathode 

consisting of a coating of silver oxide or silver chloride 

on a grid material such as silver- plated copper, nickel or 

Silver Wire or screen, subsequently reduced to silver and 

electrolytically formed to silver peroxide . The anode is of 

sheet zinc , zinc plated or zinc dust pasted on copper, 

nickel, or silver wire or screen. The electrolyte is 25 

to 35 percent potassium hydroxide solution . 

The outstanding characteristic of this cell, which is 

really a characteristic of the cathode, is its ability t o 

operate at very high current densities . It will deliver 

current at the rate of 1 . 0 amperes per sq . cm. of cathode 

superficial area for periods up to several hours . Because 
th

e Silver oxides are s o luble in the electrolyte, this cell 
is 

normally stored in the dry state and is limited to 24 to 
72 hour•s activated stand life before use . 

The electrochemical behavior of the oxide plate is 

unusual . Silver f orms two oxides, Ag2o and Ag202• In the 

Plate f orming process, the charge is carried past the voltage 

corresponding t o the higher oxide, t o the po int of oxygen 

evolution . There are significant differences in the discharge 
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characteristics of the two oxides . The univalent oxide 

gives a coulombic output which is 100 percent of the theore­

tical and is not affected by the rate at which the oxide is 

formed . Th 
e peroxide, Ag2o, on the other hand, approaches 

t 2 
his ideal efficiency only when it is formed at a very low 

current density. Both oxides are ultimately reduced t o 

Silver as a result of the discharge . The two states of 
0
Xidatlon of the silver would indicate two states of dis­

charge at different potentials; however, at high discharge 

rates the higher potential, 1. 90 v . , is not always observed, 

a
nd 

the operating voltage falls quickly to a value of about 

l . 45 Volt . 

5
• Qells With Magnesium Anodes . 

Magnesiun1 has certain outstanding qualities which re ­

commend its use as a galvanic anode . Its gram-equivalent 

Weight is 12.16 compared with 32 . 69 for zinc , and its 

reversible electrode potential is -2 . 34 c ompared with - 0 . 761 
f o l:' zinc . 

In spite of these real advantages, magnesium has f o und 

little Use as an anodic material in voltaic cells, because 
it . 

ls c o rroded rapidly i n electrolytes . Chromates have been 

Used to inhibit it s great activi ty b ut no really stable cell 

Using magnesium has been repor t ed yet . 

A reserve - type cell utilizing a magnesium anode has been 

developed f o r use in pilo t balloons f or meteorological work, 

hoi-,ever . . 
It consisted of a f o il of high purity magnesium 

separated by a t hin layer of absorbent paper from a cathode 
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of silver foil upon which a layer of silver chloride was 

electroforrned. The foil electrodes were one to three mils 

in thickness. The foil-paper strip was wound spirally into 

the shape of a 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 lOO amperes for a few seconds (33). Sea water, tap water 

and even distilled water served to activate the cell. 

6. 
£,hlorine Depolarized Cells . 

Porous carbon of the type used in air- depolarized cells 

attains the theoretical potential of 1. 358 volts when exposed 

to chlorine at atmospheric pressure . 

Cells using chlorine as depolarizer make provision for 
the gas to b · t b t e admitted only as needed on closed circui, u 

great anode wastage occurs with even the least active anode 

materials . Chlorine has been coupled with iron, zinc, 

aluminum and magnesium in such cells . With zinc the cell 

Voltage is 2.05 volts . Although the open-circuit voltage of 

such cells is only slightly increased by moderate increases 

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

raised considerably (43) . 
7 . 

.Q_ells Using Non- Aque ous Electrolytes . 

It was mentioned that considerable difficulty has been 

experienced in various attempts to construct stable primary 

Cells Using magnesium . Sodium and potassium, which appear 

even more attractive from the po int of view of potential, are, 

of c ourse, alto gether inc ompatible with aqueous solutions . 



The attention of various investigators (JO) (40) has 
th

ere.fore been turned to the possibilities that lie in the 

Use o.f non-aqueous electrolytes . Two examples are the use 

o.f liquid sul.fur dioxide and liquid ammonia . Both of these 

compounds are liquid under moderate pressure at normal 

temperatures, and both have the property o.f dissolving various 

salts to .form conducting solutions . 

McDonald (30) has constructed experimental cells using 

both of these · d solvents . A cell with a magnesium ano e, a 

carbon cathode, and an electrolyte of liquid ammonia contain­

ing magnesium nitrate and potassium persulfate had an open 

circuit Voltage of 1. 3 volts. This cell could be shorted for 
100 h 

ours and would recover its voltage quickly. A short 

Ci:t>cuit current density based on the area of the magnesium 

Was 1 milliampere per sq . cm . This low value was attributed 

to insufficient wetting of all the magnesium and carbon 

SUrface. A similar cell using a sodium anode gave J.5 volt_s 

on °Pen circuit, with 120 ma. per sq. cm. maximum current 

density. Sodium was corroded rapidly in the solution, 
however. 

The best of the sulfur dioxide cells studied by McDonald 

Utilized sodium as the anode and an inert iron positive elec-
t:r>octe. i 

The electrolyte was liquid sulf'ur dioxide with iod ne 

tribromide and ferric chloride dissolved in it. The open 

Circuit Voltage varied f'rom 3.5 volts at room temperature to 

2.7 Volts at -6o oc . 
8 • 

.Q,_ells Using 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 or­

ganic 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 

held, (see Ch. II} that the function of a depolarizer is to 

react With nascent, or molecular hydrogen after it is 

liberated at the cathode. To illustrate the sequence of 

reactions taking place in his cells, for example with 

nitrobenzene, he cited the well known (25} reduction scheme 

followed by that, and related compounds, in electrolysis 

cells: 

Nitrobenzene = Nitrosobenzene = 

Phenylhydroxylamine = Aniline . 

According to this scheme, a given amount of oxygen, 

Present originally in the depolarizer combined in a nitro 

group, is ultimately found in the form of water as a result 

of the reduction, thus: 

= 

Bauer recommended th 1 t e emp oymen 

especially the hydroxides of the 

of alkaline electrolytes, 

alkali metals and stated 
th

at a zinc anode could be used with copper, iron, nickel, 

or carbon as the cathode element. He stated that the value 

Of the nitre compounds was largely enhanced when used mixed 

-w-'ith, or in the presence of a metal in a finely divided 
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state, or in the presence of a reducible metallic oxide. 

It 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 of current, but also as a catalyst, by drawing the nitro 

compound into reaction. 

Bauer pointed out that the nitro compounds are either 

solids or oily liquids and are generally poor conductors of 

electricity. In some forms of his battery they were used 

mixed With a conducting substance like retort carbon or 

graphite . 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 

nitre compound floated 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 tho theoret i­

cal amount of depolarizer would be needed for a given 

ampere-hour capacity. The suggestion was made further, trat 

since the nitro reduction products are readily oxidized, they 

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

according to the patent specification, the electrolytic 

oxygen liberated on charge effects the reoxidation. 

The nitro derivatives of benzene, toluene, xylene and 

naphthalene were especially preferred. 

In 1942 w. c. Arsem (1) described the invention of a 

Voltaic cell which used "a novel depolarizing system". 



The cathode depolarizing assmnbly was described as being 

made up of the following elements: 

a . A depolarizing agent which is an orgnnic 
substance capable of electrolytic reduct ion. 

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

c. A highly conducting form of carbon. 

d . A form of carbon having a high specific 
su1•face. 

e. A solutlon of an electrolyte. 
As e 

xamples of the depolarizing agent, Arsem mentioned 

substances in which the oxidizing properties are due to a 

grouping containing nitrogen attached to a halogen or 

oxygen, as well as other reducible organic compounds. 

Specifically, the following substances were claimed: 

N-chloramides such asp-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 - NC1
2 

or (RX)2 -

N - Cl, in which Xis an acidic radical, such as - CO -

or - SO h 1 2 - and also substances containing other a ogens 

in Place of chlorine. Other compounds claimed were Nitro -

compounds such as alpha-nitronaphthalene, 2,4, dinitrophenol 
and ct· 

J.nitrotoluene, as well as nitroso and azoxy compounds. 

Pinally, quinones, such as benzoquinone and chloranil, were 

mentioned. Arsem also states that the reaction of the 

depolarizer is with molecular hydrogen. With the chlorine 

containing compounds, the reaction products are given as 
the 

corresponding amide and hydrochloric acid. In the case 
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of nitro-compounds, the products are shown as the corres­

ponding hydroxylamine and water . No reaction for quinones 

was indicated . 

The purpose of the acid ingredient was stated to be to 

prevent the cathode liquid from becoming strongly alkaline, 

thereby lowering the cathode potentlal. 

Arsem gave data to show the performance of one of his 

cells in which the depolarizing a ssembly weighed twenty­

five grams arrl contained ingredients in the proportions : 

P- toluene sulfonyl dichloramide, 500 parts; boric acid, 

5oo parts ; carbon black, calcined out of contact with air, 

55 parts ; artificial graphite, 1045 parts ; sodium chloride 

solution, 5%, Boo parts . The following table was presented 

to show the results of an experiment which compares Arsem ' s 

cell With two dry cells of the usual compositi on . All the 

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

and Were discharged through 4 ohms . 

TABLE III 

DISCHARGE CHARACT~RISTICS OF ARSEM ' S CELL AS COMPARED 
WITH COMMERCIAL DRY CELLS. 

Minutes 

0 
20 
60 

120 
180 
195 
205 
240 
300 
310 

Arsem Cell 

1. 65 
1. 39 
1.32 
1. 29 
1.18 
1.17 
1 . 15 
1.08 
0. 83 
0 . 75 

Volts 

Cell A Cell B 

1. 40 1. 38 
1.18 1. 21 
1 . 06 1.10 
0.93 1.02 
0. 77 o . 88 
0 .75 o . Bo 

0 . 75 
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DatR on cells with nitre-compounds or quinones was not 

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

in Which was made of 11 phloridzin", a naturally occurrine; 

substance which is glucoside of phloretin (c.f . Merck's 

Index) and has the empirical formula C21 H24 010 • 

According to Schauli, this material has the property 

of absorbing ammonia and ammonium salts and also". • • • 

gives up and takes in oxygen without any change in tempera­

ture and considerably increases the capacity and also the 

recuperative power o.f the battery." 

In 1927, I . Estermann was granted a German patent 

(l2 ) for an "Electrolyte f'or a Galvanic Element of the 

Leclanche Type . " Estermann called attention to the well 

recognized fact that many dry cell failures were the result 

of anode corrosion with subsequent bursting of the zinc can 

due to hydrogen pressure . He therefore added a material such 

as benzoquinone or methylene blue to the electrolyte to func ­

tion as an 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 Use was made of various quinones and other organic 

oxidizing compo unds as depolarizers with methyl and ethyl 

alcohol electrolytes . The results showed that azoxybenzene, 

P- aminoazobenzene, anthraquinone, quinhydrone, and benzo ­

quinone all gave promising discharge characteristics . The 

effect of temperature was the primary object of investigation 



and it was shown that at -30°c., the cell using benzogui­

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, 

solid inorganic depolarizers, like Mn02 and V205, although 

giving initially higher voltages, became polarized more 

quickly and soon dropped to voltages lower than benzoguinone. 



CHAPTER IV 

THE ELECTROCHEMICAL BEHAVIOR OF QUINONES 

l . 
.§.tandard Oxidation-Reduction Potentials . 

An inert electrode, such as platinum, immersed in a 
med· . . 

ium Which contains an ox idizing agent and a reducing 

agent Which will react reversibly with each other will come 

to a definite potential with respect to some standard elec­

trode . T hat potential follows from the thermodynamic 

expression : 

E == 

When the reactants and products are all at unit activi­
ties t 

' he potential is called the standard po tential, E 0
, 

't-ihich i s thus a measure of the standard free energy change, 

A F
0

, 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 

Plat inum electrode . 

Generally, the potential for this type of reaction is 

given by: 

E 
+ O. 06 log(H+) + 0. 03 l og (Quinone)/(Hydroquinone) 

at 30°c . 

Each quinone has a characteristic ox i dation-reduction 

Potential which is a measure of its oxidizing power . The 
mo:r, 0 P0 sitive the potential, the stronger is the quinone as 

an Oxidizing agent . 

again t 
s a hydrogen 

Also, since these potentials are measured 

electrode, a positive potential indicates 



a quinone which is a stronger oxidizing agent than H+ and a 

hydroquinone which is a weaker reducing agent than H
2

. 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 

corresponding hydroquinone . 

It has been found that the temperature coefficient of 

the standard potential is about the same for a large number 

of 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 or the 

quinone and hydroquinone throughout the series. 

It is also found experimentally that compounds such as 

diphenoqulnone, 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 

Of the relative number of valence bond resonance forms found 

in the quinone and hydroguinone, respectively. They found 

nearly a straight line relationship between the standard 

Potential of para-guinones and the ra~io of the number of 
these forms as is illustrated in Figure 5. Ortho-quinones 

have higher energy contents than para-quinones, and hence, 

Slightly (about O.l v.) higher potentials. 

2. ~ffect of Ring Substitution on the Standard Potentials. 

Fieser (13) has studied the effect of substituents in 
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the 1 or 3 position on the potential of phenanthraquinone, 

and Fieser and Fieser (11+) studied the effect of substitu­

tion on the potential of both 1, 2, and 1, 4 naphthogui­

nones . Most of the determinations were carried out in 

alcoholic solution, but the results would be expected to 

apply closely to aqueous solutions . In general, the con­

clusions were that acid-s trengthening groups increase the 

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

a 2 substituted NH2 group lowered the standard potential of 

1,4 naphthoquinone by 210 millivolts (E 0 unsubstituted= 

o.48 volt), whereas an so3Na group in the same position 

increased the potential by 69 millivolts. The effects with 

1 ,2 naphthoquinone substituted in the 4 position were -251 

and +60 millivolts, respectively. 

When substitution is not in the guinone ring, the 

magnitude of the effect is smaller, but the order is again 

the usual one. An NH2 group in either the 1 or 3 position 

of Phenanthraquinone lowers the potential by 98 millivolts 

(Eo unsubstituted. 0.460 v.) whereas the S03H group (data 

for S03Na not given) increases it by 23 t o 30 millivolts. 

An No2 group, incidentally, raised the potential by 91 

millivolts in the 1 or 3 position. Comparative data for 

the effect of the nitro group on naphthoquinones was not 

given, but should be considerably larger. 
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Also, when the substituent is not in the quinoid ring 

its effect d epends very critically upon its position with 

respect to the quinoid ring. Substituents in the 2 or 4 
Position of phenanthraquinone, for example, are practically 

Without effect on the standard potential. 

3. !he Electrode Reactions of Quinones . 

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

benzoquinone-hydroquinone electrode is as follows : 

C6H402 (aq . ) + 2H+(aq .) + 2e = c6H4(oH) 2 (aq.) 

If, as is customarily the case when this electrode is being 

Used for pH measurement, the concentrations of quinone and 

hydroquinone are fixed at the same value by the use of the 

molecul ar compound quinhydrone, and both these values 

remain constant, the electrode will respond to changes in 

PH in exactly the same manner as a hydrogen electrode, that 

is, by a decrease in potential of 0.06 volt per pH unit. 

On the o ther hand , if the pH of such an electrode is 
ma· 

intained constant, and the ratio of quinone to hydroqui-

none is varied, it is found that a plot of potential vs. 
th

e log of the ratio (Q)/(QH2 ) has a slope of +0.03, as 

Would be expected from writing the equation f or the elec­

trode potential in terms of the activities of the reactants 

and Products. This fact supports the proposed electrode 

reaction because 

the re t· ac ion per 

it shows that two electrons take part in 

mole of quinone (28). All quinones, 
howev-er, do not react in the same manner. With certain 

compound s, there is a possibility of semi-quinone f orma-

tion. For example, tetramethylquinone reacts in two stages 
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as follows ( 28) : 

TMQ, SEMIQUINONE 

--

HYDRO­
TMQ 
ION 

CH3 CHJ 

oQo 
CH3 Cl-l3 

Each stage of the d ti i 1 1 1 t re uc · on nvo ves on. y one e ec ron 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 

a tendency toward acidity and undergoes dissociation in 

alkaline solution according to the following reactions : 

QH2 == Q,H- + H+ and Q,H- = Q= + H+ . 

In a case of this sort, the normal pH - potential 

slope would shift t o a smaller value at high alkalinities, 

Wi th a given initial ratio of oxidized to reduced substances, 

Since the actual runount of reduced material (hydroquinone) 

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 is used. This electrode 

has th 1 f~ t th e advantage that it is free from sate recs on e 
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acti ·t vi Y coefficients of the quinone and hydroquinone. The 

equilibrium constant for the reaction 

Quinone + Hydroquinone = Quinhydrone 
is given by 

= K 
a 

QQH2 
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Where K depends only on temperature and pressure. Conse-

quently it follows that if any two of the activities in K 

are fixed by saturation, the ratio aQ/aQH
2 

is fixed and 
hence the electrode potential will remain constant as the 
electrode is reduced, until unsaturation occurs with respect 

to quinone. Such an oxidation-reduc t i on elec t rode is similar 
in this 

respect to the metal oxide electrodes referred to in 
Chapter II. 

4. 
~chanism and Kinetics of the Electrode Reaction. 

Rosenthal, Lorch, and Hammet (36) studied the kinetics 
of the rd 

e uction of benzoquinone to hydroquinone at platinum 

electrodes. They found an extreme dependence of the electro­
Chern1 

cal reaction rate on the nature and history of the 
cathoct 

e surface. For example, the initial catalytic activity 
Of 

Various metal surfaces was approximately as follows : 

Blank platinum 1 
Gr ay platinum on gold 10 
Bright platinum on gold 80 
Bright gold on platinum 3 
Bl ank go ld 0.5 
Mercury O. J 
Bright palladium on gold 1 

Any 0 ne rnetal • etrea.tments surface, however, given various pr ~, 
such as 

heating in air or nitrogen or soaking in cleaning 
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solution, gained catalytic activity by a factor of ten or 

twenty. This 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 

r a te of reduction of quinone, as measured by the cathodic 

current at a given potential, decreased rapidly for from 
th

irty seconds to two minutes and then continued a slow 

downward drift indefinitely. Thus it can be seen that the 

reduction rate of quinono is an extremely variable and 

i ndefinite quantity. 

Nevertheless, the above mentioned authors were able to 

calculate specific rate constants for the electrochemical 

react1 ht d 0 n at a blank platinum electrode and show ta, un er 

co nditions such that concentration overpotential and side 

reactions can be neglected, the current was an exponential 

function of the potential and to determine the order of 
the 

reaction with respect to quinone, hydroquinone and hydro-
gen i on. 

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 

fo~mat1on of hydrogen atoms at the electrode, thus: 

Q + 2H 0 = 

Rosenthal et al showed that this view was untenable in 
this 

case, at least since the reduction of quinone was rapid , 
even t 6 

a a positive potential of o. 5 volt with respect to the 
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reversible hydrogen electrode, whereas the depooition of 

hydrogen would be completely negligible at this potential on 
th

e same cathode surface or even on one much more active . 

The mechanism postulated for the reaction was as follows: 
th

e reaction of a molecule of quinone with either two, one, 

no hydrogen ions simultaneously with two or one electrons. 

or 

Kortum and Bockris 

Th· 
(26) agree with this postulated mechanism. 

r 

ls indicates six possible parallel reaction paths with the 

formation of the six following intermediate or final products: 
Q~, ~-, ~u- + 

~ ~.u, QH (Michaelis• semiquinone), Q.H
2 

and Q.H
2

• Which 

Pa
th 

Predominates depends on composition and potential. It 

Was noted that the reaction was zero order with respect to 

hydrogen ions in slightly alkaline solutions {pH > 8) and 

fir
st 

Order from O-6 pH, with a trend to higher order at 

Very low pH values. 

Comparable mechanisms for the reduction of other qui-

nones we~e h 11 · ~· not suggested. However, inasmuc as a guinones 

e
st

ab1ish reversible oxidation-reduction potentials with 
their h 

Ydroquinones, such mechanisms would not seem unlikely. 
5. 

B.£.lative Depolarizing Abilities of Various Organic Materials. 

Organic materials, other than quinones, which are capable 

Of electrolytic oxidation and reduction do not, as a general 

rule, establish reversible oxidation-reduction potentials {26). 
Bathe 

r, the process of reduction, for example, requires a 

definit i d t· e hydrogen overvoltage. In electrolyt c re uc ion 

Processes the desired hydrogen overvoltage is controlled by 
th

e choice of cathode metal and by variations in current 



density, temperature, and pH. 

Compounds such as ketones and oximes, which are diffi­

cult to reduce, undergo reduction only at metals at which 
th

e hydrogen overvoltage is relatively high (lead , mercury, 

ca&nium, etc . ) while compounds containing the more easily 

reducible nitro groups are readily r educed at platinum, 

copper and nickel electrodes . 
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Stone and Hunter (22) studied the "single potentials " of 
\Ta_!' ' II 

i ous cathode metals versus a number of "depolarizers . 

They found the relative order of the potentials on the e . m. f . 

scale the same regardless of the cathode mate r ial, although the 

abso lute value was different . The most pos i tive potentials 

were obtained With the first, the least posit ive with the 

last . in the f' 11 , o owing list . 

1. 

2. 

3. 

4. 
5. 

6. 

7. 

8. 

9. 

lo . 

11. 

12 . 

Quinone - Hydroquinone . 

Quinone . 

F ++ F +++ e , e • 

m - Nitroan i line . 

Acetaldehyde . 

For maldehyde . 

Azobenzene Sulfoni c ac id. 

Acetone . 

3 , 3 ' Diaminoazoxyben zene . 

+ H , H
2

• 
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Qxidation and Reduction of Anthraguinones . 

According to Fieser and Fieser (15), when a suspension of 
anth raquinone in aqueous alkali is treated with a reducing 

agent of suitable potential, such as sodium hydrosuli'i te or 

Zinc dust, the material dissolves to give a rich blood red 

solution of the sodium salt of anthrahydroquinone. On 

contact With air, the red color is discharged from the solu­

tion d an anthraquinone is reprecipitated. This sequence of 

reactions is the basis for an oxygen reagent developed by 

Fieser in 1924 (15) . 1 This reagent is made by disso ving 

sodium hydrosulfite in alkali and adding a small amount of 

SOdiurn anthraquinone-beta-sulfonate . The organic reductant 

absorbs oxygen much more rapidly than the hydrosulfite, but 

reduced state by the inorganic reagent and 

catalyst for the eventual utilization of the 

is kept in the 

functions as a 

hydrosulfite . Fieser states that the organic reductant has 

a Powerful affinity for oxygen . 

In the cour•se of research l ooking toward the development 

or a liquid 1 i ti absorption reagent for hydrogen, severa nves -

gators (23) (35) had f ound that soluble organic nitro compo unds 
Were 

quantitatively reduced by hydrogen in the presence of a 

Palladium colloid t ' b catalyst . The rate of absorp·ion ecame 
slow 

after only a fraction of the stoichiometric amount of 

h:Y-d:r-ogen had been absorbed, however . 

An improved hydrogen reagent (23) was developed by Huff 

and Bonney f thr using vario us substitution products o an a-
quinon 

e in the presence of a stabilized palladium colloid. 
Thi 

s solution n or as a co uld function either as an oxyge 



hydrogen reagent, depending on the state of oxidation or 

reduction of the anthraguinone and on the pH. Further, 

oxygen and hydrogen could be absorbed rapidly and simul­

taneously in stoichiometric amounts, or alternately, the 

solution could be regenerated by air after absorption of 

hydrogen alone. The following compounds were found to 

Possess considerable activity : 2,7 sodium anthraquinone 

disulfonate and sodium, 1-nitro anthraguinone 8-sulfonate . 

Sodium beta-anthraquinone sulfonate also possessed fair 

activity. 

It seems likely that all the above mentioned reactions 

are fundamentally electrochemical in nature, especially in 

View of th . e increased activity in the presence of a finely 

divided metal having a low hydrogen overvoltage, and could 

be caused to take place in a voltaic cell under suitable 

conditions. 
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CHAPTER V 

SUMMARY OF FOREGOING AND STATEMENT OF PROBLEM 

1. 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) (40), 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 

:t>ealized . 

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 

itself and by any substituent groups. 



PART II 

EXPERIMENTAL 



1. Program. 

CHAPTER VI 

INTRODUCTION 

In contrast to the field of inorganic depolarizers, 

there are a wide variety of organic substances which could 

conceivably act as depolarizing materials. Considering 

only tb-0se classed as quinones, there are a great many 

quinone derivatives of benzene, naphthalene, anthracene, 

Phenanthrene and other polynuclear hydrocarbons as well 

as all the possible substitution products and their iso­

mers, not to mention heterocyclic analogs of these. 

Each can 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 detailed 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 as availability and cost in part deter­

m. d 
ine what particular materials were selected for investi-
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gation. Quinones were considered more likely to have desir­

able properties as depolarizers than other reducible organic 

materials, such as nitre compounds, principally because qui ­

nones establish reversible potentials while nitre compounds, 

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

quinones selected for study were nitre-substituted. The two 

compounds in question, therefore, served to illustrate the 

possibilities of nitre-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 

constructed from a Leeds and Northrup moving coil, reflecting­

type galvanometer• in which a lens having negative curvature 

W-as interposed between the hair line and scale t o increase 

the focal length of the optical system, thus increasing the 

sensitivity of the meter . A five-hundred thousand ohm resis -

t ' 
ance w-as included 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 

" terminal voltage " or "open circuit voltage ". 

When not in use, the galvanometer was protected with 

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

the resistance were selected so that a one millimeter de­

flection of the hair line image on the scale corresponded to 
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volt and so that the range O - 3 volts could be measured. 

The instrument was calibrated against a potentiometer and was 

found to have a linear scale . This calibration was rechecked 

at intervals. 

A cell placed in the rack could be discharged through one 

or a combination of calibrated 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. 

3. Qhemic als. 

All of the organic compounds (except one) used in this 

research were Eastman c . p . grade and were used without further 

Pl..l.r ifica tion. 

Anthraguinone disulfonic acid was obtained from a neutrali -

zed mixture i th 1 of mono- and di-sulfonates as occurs n e su -

fonation of anthraquinone with olet11n. In this mixture the 
2

: 7 disulf'onic acid is considerably more soluble than the 

mono SUlfonates and more so than other disulfonated isomers . 
A 

sma11 amount of the more soluble components was dissolved 

from this mixture and recrystallized without analysis . It 

is believed that the 2 : 7 isomer constitutes the maj or porti on 

Of the recrystallized material . It should be noted that all 

disulfonates will have the same theoretical coulombic capacity 

and a ti 1 I re not very much different in standard paten a • n 

an~ 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: A h 
c eson graphite in the form of extruded r ods from 

Which inert electro des were machined (this is a relatively 

non- porous form of graphite); Statex carbon black, a battery-

grade carbon black h ti t · aving pronounced absorp on proper 1es 

and a high surface 11 h"t area per unit weight; fina y, grap 1 e 

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

tivity of the cathode f f mix . The zinc was in the orm o 

commercially pure rolled strip, 0 . 010 inches thick. All 

o ther h 
c emicals used were of reagent grade . 

Table IV compares the properties of the various experi ­

mental cathode materials . The coulombic capacity is cal­

culated on the assumption that the only reaction occurring 

is the complete reduction o:f the guinone to the corresponding 

h:rdroguinone . 

4• ~l Design and Assemblz. 

The cell design arrived at after various trials was that 

shown in Figure 7. A graphite p l ug sealed into a glass cylinder 

Wi th Parrafin wax constituted the empty cell . This c onstruc­

tion 
Was desirable because the cell was small enough and 

light enough t o allow the depolarizing mix to be c onveniently 

Weighed into it on an analytical balance, when desired ; the 

cell contents could be observed through the glass tube ; and 

the g 
raphite plug, acting as an inert conductor, allowed 

elect-i ... cal contact with the depolarizing mix without c on-

tamination . Also the cell was of such a size and design that 

small amo unts of materials c ould be utilized effectively in 

l"'Uns of reasonable length. 



TABLE IV 

PROPERTIES OF EXPERIMENTAL GALVANIC CATHODE MATERIALS 

~ 
Benzoquinone 

2 ,5 Diph enyl-p-quinone 

Quinhyctrone 

1
' 2 Naphthoquinone 

Standard 
Oxidation/Reduction 

Potential, E 0
, 

250c 

0.699 

.;:- o. 635 

0.613 

o.555 
l,4 Naphthoquinone 0.470 

AnthJ:,aquinone 0.154 
Na-Ant}u-, 

aquinone- {J -Sulfonic Acid 0.187 

K-AnthJ:,aquinone- c:t -Sulfonic Acid 0.195 
2,7 Anthr 

aquinone-Disulfonic Acid 0.229 
2, 7 Anth 

raquinone-Disodium Sulfonate 
0.229 

2 6 A 
' nthraquinone-Disulfonic Acid 0.228 

5
-Nitro-Anthraquinone-l-Sulfonic 

Acid .;:-.;;. O. 270 
1-iat 

ro-Anthraquinone-8-Sulfonic 
Acid .;H~ 0. 270 

➔:- Estimated from effects of o-substitution in 1,4 
Naphthoquinone. (Fieser and Fieser). 

-:H:- Estimated f'rom effects of 1 or 3 substitution in 
Phenanthraquinone. (Fieser and Fieser). 

Coulombic 
Capacity 

amp-min/gm. 

29.8 

12.25 

l¼-• 75 

20.3 

20.3 

15.45 

10.35 

9.88 

8.73 

7.05 

8.73 

9.65 
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The cathode mix, after being weighed out into the 
empty cell 

, and wet with a small quantity of electrolyte, 

Was Pressed into a coherent cake at any desired pressure 
With a 

cylindrical graphite plunger . An asbestos diaphragm 
( Circ1 

e cut from asbestos paper) which fit snugly into the 

glass cylinder was pushed into the cell on top of the mix, 
be.for e Pressing. This procedure served to carry down any 
lni.:x: p 

articles, which might have tended to cling to the sides 
O.f the tube 

, to the bottom of the cell, and subsequently 
Prev-ented any graphite or carbon particles from becoming 
disengaged 

from the mix, thereby allowing the possibility of 
an intern 1 

a short circuit in the cell . 

The glass cylinder was of a length such that as much as 
eight 

milliliters of electrolyte could be introduced into the 
ce11 . 

In many runs, only three and one-half milliliters 

SUf.ficed to activate the cell under study. 

The Zinc anodes were carefully cut into an L - shape, 

Wi
th 

legs of two and five inch lengths respectively, both 
legs 

one-quarter of an inch wide . The five inch leg was 

coiled into a spiral having an outer circumference nearly 

equa1 to th This anode at of the inside of the glass tube . 
0 0

il Was t b Th suspended from the t op of the glass u e . e 
anodes 

Were cut from fresh stock f or every cell , cleaned 
With 

abrasive and coiled ; cleaned again in dilute HCl and 
l"' i nsect 

' just before use . 

The cell was easily disassembled after eacb run and th0 
Part 3 cleaned before reassembly. Cells were sealed wi th 
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corks to prevent evaporation and electrolyte creepage and 

Were activated by filling with the desired quantity of 

electrolyte at the start of a test . 



CHAPTER VII 

INITIAL CELLS : VARIOUS DEPOLARIZERS AND ELECTROLYTES 

1. 
Qontrol Cells. 

In order to judge the performance of an experimental 

ce11 it 
' is desirable that it be compared with some cell of 

The Leclanche system, used in the familiar knoivn behavior . 

dry cell 
, serves as the "control" comparison in this research. 

A fai 
r comparison would be between control and experimental 

Cells of th 
e same size (or weight) and design . Accordingly, 

Leclanche cells were constructed in exactly the same manner 

as the experimental cells and subjected to several types of 

discharge. 

the 
As With later experimental cells, each ingredient of 

cathode mix was weighed out separately to 0 . 1 milligram, 
a:nd th 

e Weighed materials then ground together in a mortar. 

A:n amount of mix containing the desired quantity of depolar­

izer Was 
afterwards weighed directly into the cell. After 

the Cell 
Was assembled and the electrolyte was introduced, 

the open 
circuit voltage was measured and the cell was put 

o:n discharge immediately. 

'l'he calculations for these control cells also illus-

trates the i t 1 method of calculation used for the exper men a 

Cells d 
iscussed in chapters VIII and IX. The data for all 

cells is i 
g ven in the appendix. 

The quantities v (terminal voltage) and g (time,mi:nutes) 



We:r,e measu:r•ed. W 
, the net electrical work, was calculated 

as follows. 

Wis equal to the product of voltage, current, and time: 
w :::: 60 VI Q 

W:::: watt - seconds 

V::: volts 

I ::: amperes 

minutes 

Howeve:r,, I == Y.., 
R 

Where R::: external resistance (ohms). 

The:r,efore , 
W ::: (60/R) v2Q 

(VII - 1) 

(VII - 2) 

In a discharge through a fixed resistance, voltage, V 
Varies ( 

dec1>eases) with time, Q. 

re v2 i.e., W:::: 60/R --/, dQ (VII - 3) 
The 

a Proce 
quantity W was calculated for every value of Q by 

ss of numerical integration from the start of discharge, 
Usin 

g equation (VII - 3) and the appropriate value of R. 

The theoretical fractional reduction, X, was calculated 
also 

, Using an equivalent weight equal to one-half the 
lllolecu1 

a:r, Weight for every quinone and equal to the molecular 
Weight 

for manganese dioxide. 

Algebraically, 

X::: Number of coulombs passed 
Coulombic capacity of cathode. 

Theref'ore· , 
e 

X ::: VdQ 
9 00). 

(VII - 4) 

(VII - 5) 
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Where M = wei ght of active material in cathode. 

In these control cells, as in all subsequent experimental 

Cells, the o-ount of =" zinc present is large enough that the 

coulombic capacity of the anode is greatly in excess of that 

Of th
e cathode. Further, the composition and quantity of the 

Leela h 
nc e electrolyte are such that very little change takes 

Place in th e zinc ion concentration during discharge. Also, 
the 

surface area of the anode is deliberately designed to be 
so 1 

arge that little polarization of the anode takes place. 
Thus h 

, c anges in cell voltage as discharge progresses should 
be f 

or the most part due to changes in composition of the 
cath d 0 e and in cathode polarization. 

Cells 4 and 5 are compared in Figure 8 on the comparable 
basis 

of fractional reduction of the Mn02 to Mn203. The 
co:t':t> 

esponding data is given in the tables in the appendix. 
Comp 

a:t>a.ble data on the performance o.f commercial "dry" cells 
al:'e 

not available in the literature but it is estimated that 
the 

Performance of this cell when discharged through 100 ohms 
col:'l:'e 

spends roughly to the performance o.f a dry cell on a 
:tnodeT>at 

ely heavy drain. The 500 ohm load, then, corresponds 
to a 

relatively light drain .for this type of cell. The results 
fol"' th 

ese control cells are more directly comparable to the 

cells discussed iti in later chapters in which capac es were 
studied 

, than to the initial studies discussed in this chap-

2. 
~ctrolytes. 

Various properties of the electrolyte would be expected to 
hav-0 effect on not only the reversible cell potential but also 
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on 
th

e cathode polarization on drain. 
Of 
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The reversible potential 
quinones has been shown ( 

t:t>insic n 
13) to depend somewhat on the in-

ature of' the solvent, as well as on the pH and concen­
tl'ation :r 

atio of the oxidized and reduced forms . The presence 

Of dissolved substances ill ff t other than the quinone w a ec 
(usua11 

Y unequally) the activity coefficients of the quinone 

and hydroquinone forms. 

ivill depend 
The actual working cathode potential 

not only on the above factors but also on such 
P:t>oPe:rties 

of the electrolyte as viscosity and conductivity, 
and on the 

solubility of the individual reactants and pro-
ducts o 

f' reaction. In addition to all these effects, the 
ele ct:rolyte 

resistance in part determines the terminal voltage 
Of the ce11 

, depending on the drain . It is impractical or 
il11poss1b1e 

to eliminate this IR drop completely in a cell 
lllode11ed 

on the usual battery design as it is eliminated 
( ol" n 

early so) in simple polarization studies by the use 
Of a 

capillary tip electrode. 

In the preliminary evaluation of various cell combina­
tions 

' the three electrolytes used were chosen with a view 
to 

ascertaining the effect of alcohol content, if any, on the 
:t>elat1 

Ve and absolute terminal voltages obtained with the 
V-a.:r-rous 

depolarizers. 

Electrolyte A consisted of a solvent composed of' 4°% 
lllethano1 in t d water saturated at 25°c with lithium nitra e an 

llle
th

Ylamine hydrochloride, the saturated solution subsequently 
dil 

Uted With an equal volume of the solvent. Electrolyte B 
con 81st

ed simply of 60% methanol in water saturated at 25°G 



----- -- -------

With lith 
ium nitrate. The third electrolyte corresponded to 

a formulation stated (44) to be typical of Leclanche cells. 
It Was 

composed only of ammonium chloride, zinc chloride, and 
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Water 
• This electrolyte is identified in the data simply as L. 

In general quinones are somewhat more soluble in alcohols 
than in 

water. The Leclanche electrolyte, however, has 

considerably higher conductivity at room temperature than 
either A 

or B or probably any other alcohol-containing 

electrolyte. 
The composition, resistivity and pH of these 

elect 1 
ro ytes are compared in Table V, along with those of 

the l 
e ectrolytes used in some later cells . From the results 

Obtained 
in the preliminary testing of various cell combina-

tions it 
was concluded that the Leclanche electrolyte, using 

an agu 
eous solvent, was the most desirable one for experimental 

Purposes 
, and most subsequent cells used this component . 

3
• ~Pious Cell Combinations . 

The discharge curves shown in Figure 9 indicate the 

e~treme~ 1 
0 of terminal voltage encountered with zinc coup es. 

Boweveh th 4
, ese results do not indicate quantitatively the 

differe . 
nces in the various cell combinations, because not all 

Of th 
ese Preliminary cells were fabricated with forelrnowledge 

or Wh 
at factors were most likely to lead t o irreproducible 

~ 08Ults the , nor was the discharge allowed to proceed to 
8 ¾e 

relative degree as with later cells. The cathode mix 
Was 

accurately proportioned as between carbon and active 
~ate~i d 

~- al, but the weight of total cathode mix was measure 
0 n1y 

to 0.1 gram (about! 7%). Furthermore, the discharge 



TABLE V 

PROPERTIES OF EXPERIMENTAL ELECTROLYTES 

Resistivity 
_g_~lyte ohm- cm. pH, 

Composition 2500 . 2500 . 

A 
~HdOH 18. 4% 8. 11 4 . 50 

27 . 5% 
LfNO 16. 7% 
CH3N.rl3c1 37 . 4% 

B 
~HclOH 34. 8% 27 . 0 4 . 50 

23 . 2%, 
LfNOJ 42 . 0% 

L H 0 65. 0% 2.28 4 . 44 
N~hCl 26 . 0% 
Zn 12 9. 0% 

Sat , d. 
NH4c1 H 0 70 . 8% 2. 10 5.45 

N~4Cl 29 . 2% 
Sat •d. Nac1 H O 73 . 2% 4. 68 6. 18 

N~Cl 26 . 8% 
20% NaoH 

H O 80 . 0% 2. 62 
N~OH 20. 0% 
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Was ca i 
rr ed only to from 5 to 20% of the theoretical maximum 

based 
on the equivalent weight of the quinone and tbe amount 

Present 1 n the cell (usually about 0.46 grams per cell). 

In general, these exploratory cells were discharged 

Until the terminal voltage t f • 1 either dropped o some airy 

steady value or fell to a low level. 

Referring to Figure 9 aga in, two results are evident from 
the 

comparison of the five curves shown. The first is that 

decidedly low terminal voltages are obtained with unsubsti­
tuted 

anthraquinone even in a solvent containing 60% methanol . 
That t 

his is not due to electrolyte conductivity or pH is 

seen by comparison with the r a ther high voltages obtained 

With th 
e nitro-sulfonic acid derivative in tbe same electro-

lytes. 
Neither can it be explained entirely by the difference 

in standard t • · th po ential between the two compounds since e 
differ 

ence in terminal voltages ranges from o.B to 1.2 volts 

While the standard 1 lt potentials differ by only about O. vo • 
The 

second result is that the specific nature of the electro-
lyte 

exerts a strong influence on the terminal voltage. It 

~ill be noted A B from Table V that the three electrolytes , 
ana t 

are almost identical in pH, but are somewhat different 
in r 

esistivity. However even the least conductive electro-, 
lyte , B, had a sufficiently low resistivity that this factor 
alone 

Would not cause high interna l resistance. Thus, the 

cross-sectiona l area of the cell is 3.46 sq. cm. and the 
avera 

ge distance of separation of the electrodes is about 
1 cm. 

A liquid column of thes e dimensions h aving the 
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r0s1st1v-ity 
of electrolyte B would therefore add only 7. 8 

Ohrns to the 
internal cell resistance . This resistance, alone, 

is 
small compared with the external load of 500 ohms. 

In general, it appears that it can only be said of the 
effect of a 

given electrolyte on the discharge behavior of a 
depolarizer th t a it is the result of the interrelated and 
mostly 1 

un mown effects on : 

(a) Depolarizer standard (or reversible) potential . 

{b) Cathode polarization (resulting from solu­
bility, diffusivity, and reaction rate in the 
solvent . ) 

(c) Internal cell resistance due to electrolyte 
resistivity. 

In Figure 10 t benzoquinone is compared with the wo 
anth:r, 

aquinones and manganese dioxide in electrolyte B. The 
same thr 

ee organic depolarizers are compared in Figure 11 in 
the t eclanche electrolyte . Cu.riously., the relative positions' 
Of b 

enzoqu1none and the substituted anthraquinone are reversed 

in the two solvents . 
th · 

ls on t .he 

Again, it i s no t possible to explain 

basis of pH of the two solvents since that 
dir.r 

erence is relatively slight and in any event would alter 
the 

reversible potential of both compounds by the same amount 
in the 

sarne direction . The effect of an increase in resis-
t1"ity 

on the terminal voltage of the cells is also slight, 
a.na r 

Urthermore should simply decrease the terminal voltage 
Obt i 

a nect With both compounds., without affecting their relative 
0 l"der 

Alt.hough do depend s omewhat . the reversible potentials 
on. the 

nature of the solvent, the possible difference is too 
13:rna11 to account for the observed effect. Finally, whatever 
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Chang 
es take place in anode potential and polarization should 

affect equally 1 
eels using both depolarizers regardless of 

the electrolyte. 

The results must therefore be attributed to dif .feren­
tial f 

e fects on the rate of reaction of the two compounds 

(i . e., on the polarization) . Figure 12 shows the results 

Obtained with 
the various anthraguinones using Electrolyte A. 

lncreas1 
ng substitution apparently decreases polarization of 

the cath d 0 e, giving more favorable discharge characteristics. 
When th 

e nitro-compound is present as the potassium salt, 
the:r,e . 

is a considerable decrease in terminal voltage. 

A1;,:pa:r,ent1 
Y the influence of depolarizer acidity is strong 

in thi 3 electrolyte . Figure 13 compares the two isomeric 

Unsubstituted naphthoquinones with the alpha substituted 
a.nthr 

aquinone using the Leclanche electrolyte. It is interest-
ing to 

note that the steady voltage reached by cells 20 and 22 
differ 

by approximately 0.28 volt while the standard poten-

tials of 
the respective depolarizer differ by 0.275 volt. 

Also th 
e terminal voltage of the ortho-naphthoquinone cell 

is ii n tially about 0 . 08 volt higher than the cell containing 
the 

Para compound. The standard potentials of the two stand 

in the same relative order and differ by 0.085 volt. 

Figure 14 compares two disubstituted anthraquinones in 

Cells Using the Leclanche electro lyte. As in all other 

combi i nations, the nitro-derivative is superior . Th s super-
iol'·t 1 Yin terminal voltage is not due solely to the influence 

Of depolarizer acidity on cathode potential, as seemed to be 
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the case in 

is With the 
electrolyte A, however , since the comparison here 

free disulfonic acid derivative. Figure 15 
ill 

Ua
t
rates what might be anticipated in regard to results 

Obtained With d" 
iphenyl-benzoguinone. Although the reversible 

Potentials of benzoguinone and its substitution product are 
not 

greatly different {Table V) it would be expected that the 
deriv t 

a lve compound would have lower solubility and dif-

fusivity t 
han the parent guinone. The difference between the 

two cur 
Ves is much too pronounced to be accounted for by the 

relat1 
ve equivalent weights since neither compound was dis-

charged to 
more than a fraction of its theoretical coulombic 

£2n£.lusions From The Initial Runs. 

The effect of electrolyte variation on the relative and 
absolute 

discharge characteristics of various guinones is 

Pronounced 
and cannot be accounted for simply on the basis of 

Var1at1 0 ns in pH and resistivity between electrolytes. It 

is Probable that the variations are in large part due to 

differ 
ences in relative solubilities, diffusivities and 

9 Pec1r· 
ic reduction rate of the guinones in the various 

elect 1 
ro Ytes, although this point was not investigated 

e~Perimentally. It was noted that the initial steady dis­
Char 

ge Voltages reached were, as a general rule, in better 

agreement with the order of the reversible potentials when 

Using the Leclanche electrolyte than when using those elec­

trolyt 
es containing methyl alcohol. 
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Every depolarizer was not tested in every electrolyte 
becau 

se the initial objective was merely to discover suit-
ab1 . 

e combinations for further study and to determine only 

qualitatively what effect on cell performance m ght be ex­

Pected b 
Y changing electrolytes . As previously discussed , 

the Leclan he 
electrolyte seemed finally to be tm most 

appropri -
ate and suitable electrolyte considering all factors . 

F'ro:rn 
a theoretical point of view, since it already contains 

Zinc , 
a smaller relative effect would be expected on the 

anode 
Potential as a result of discharge with this olectro-

ly-te . 1 
' a so the presence of both zinc chloride and annnonium 

Chlo id 
r e acts as an acid- base buffer. In addition, it has 

the highest 
conductivity o f those tested . From an experi-

mental View 
good correspondence was observed between 

differe . 
nces in cell voltage and depolarizer standard poten-

t1 l 
as With this electrolyte, compared with the unexplained 

effe t 
c on th0 d 1 Nit relative potentials of benzoquinone an ro 

anth!'a 
quinone-8-sulfonic acid obtained in electrolyte B. 

One-Nitro anthraquinone-8-sulfonic acid gave the highest 
ter:rn1 

nal Voltage encountered in testing the various depolar-
ize!>-. 1 0 ectrolyte combinations . Its terminal voltage was also 
th

e highest in ti ~ th each electrolyte, with the excep • on o~ e 

Leclanche d , in which it was second highest. Unsubstitute 

an
thr,

aquinone gave the lowest discharge voltages in all 

electrolytes . The effectiveness of anthraquinone increases 
30:tnewh t th 1 a as solubilizing groups are substituted in er ng . 

The f t e feet o r diphenyl substitution on benzoquinono was 0 
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decrea t 
se he performance considerably in the aqueous electro-

lyte . 
It was noted that in the electrolyte containing the 

mo
st 

methanol (B), manganese dioxide was inferior in voltage 
to t 

a least one organic depolarizer (Figure 10) . 

Because 1·t has the h' 1 th t· 1 1 b ighest possib e eore 1ca cou orr · ic 
capacit f 

Y or a quinone, and because it apparently performed 

Well in the i·n1·t1·a1 tests, benzoquinone was selected for 

fir
st 

capacity studies . Runs with this depolarizer are 

discussed in Chapter VIII . The results of further experi -
ments • 

with 1-Nitro anthraquinones are discussed in Chapter 
:rx. 

Although the preliminary results were essentially 

qualitative, since no exact measurement was made of the 

qua.ntit 
Y of depolarizer used in every case, and the theoretical 

capac1t1 
es could not therefore be compared with those 

actu 1 
a ly obtained it is belc ved that the results served to 

show th 
treasonable working voltages could be obtained with 

thes 
e mater-· · l ia s. 

These voltages were maintained in many cases on i'airly 

severe 1 1 i t k Oads, when the very small size of the eel s a en 
int 0 

account, and this t'act justified the extens on oi' the 
stuct1r 

J to capacities for the better materials . This exten-
Gion 

of the study to c o ulombic capacities proved to be the 
lllo st f 

ruitful part of the work and altho ugh it was carrjed 
0 ut 

entirely with aqueous electrolytes, there is little 

l"e a son t 0 believe that radically d fferent relative capa-
c t · 

ies Would be found with any of the electrolytes used 
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in the preliminary tests . 



CHAPTER VIII 

CELLS USING BENZOQUINONE 

l. ~oretical Behavior of the Quino-Quinhydrone Electrode. 

A known disadvantage in the use of the quinhydrone 

electrode i'n pH measurement is due to an effect termed the 
rr 
Salt erro1-." ( 27) • This results from the differential action 

or :tnod 
erate to high concentrations of electrolytes on the 

activity coef'f'i'cients i o f quinone and hydroqu none in the. 

same solution. Because the potential of the quinhydrone 
elect 

rode depends on the ratio of' the activities of these 
t"tvo a 

' s Well as on the pH, an uncertainty arises as to the 

:PB :measurement in solutions of high ionic strength. The 
so ... ca11 d" e quino-quinhydrone" electrode does not suffer this 
disact 

vantage however . This electrode is saturated with 
both guinone and quinhydrone . 

A thermodynamic equilibrium constant may be defined as 
fo11 

O'tvs :for the dissociation of quinhydrone: 

K 

Ir the 
activities of both quinone and quinhydrone are fixed 

b:y-
saturation, the activity of the hydroquinone must also be 

f · ix.e d, and hence, the ratio of quinone to hydroquinone . 
There . results an electrode potential different from that of 

quinhydrone alone, but which is constant, characteristic of 
Of th 0 electrode, independent of salt (or other) concontra-
t· 

l.on, and dependent upon pH and temperature only. 
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This l'ev . 
e1>sible potential must remain the same, .furthermore, 

in va1>ious t 
s ages o.f reduction, until unsaturation takes 

Place With 
l'espect to guinone. 

If the reversible voltage o.f cells having guino-quinhydrone 
cathodes be 

measured and plotted as a .function o.f the state o.f 
l'>eduction of 

the cathode, and i.f the variations in cell 
'lrolt 

age essentially re.fleet only variations in cathode poten­
tial 

' curves such as those shown in Figure 16 would be 

These curves indicate tl'llt, under favorable 
condit· 

ions, 50% of' the theoretical capacity of benro quinone 
could b 

e realized at a constant, and relatively high, 
Potential. 

It is assumed that the electrode is initially 
Sa.tu 

l'ated With a sufficient amount of' quinhydrone, for which 
no cou1 

ombic capacity is assigned. This condition corres-
:Ponds closely 

to practice, since the solubility of' quinhydrone 
is \re1>y 

small, and an electrode consisting initially of' only 
quinone should 

quickly become saturated with quinhydrone as 
l'ectu t 

c ion takes place . 
2. 

~imental Results with Benzoguinone. 

As discussed in the preceding chapter, the high standard 
Potent1 

al (0.699 volt) and high theoretical coulombic capacity 
(29.8 

ampere-minutes per gram ) o.f benzoquinone indicate that 
this 

compound might be a desirable depolarizer. Also the 
1:>esu1t 

s Observed in the preliminary testing o.f various cell 
comb. 

inations seemed to bear out the theoretical considera-
tions or 

the preceding paragraph in that a remarkably steady 
"

0 1 t age is observed with benzoquinone cells durine the f'irst 

few houl's f' 
0 discharge. 
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Unfortunately, an analysis of' the actual coulombic 

capacit b 
Y O tained with benzoguinone cells does not confirm 

a11 th 0 Possibilities indicated by the preliminary results 

94 

and b t 
Y heory. Various attempts to achieve the theoretically 

Possible fifty percent of the ultimate capacity at a constant 

Voltage were wi"thout success. In the following sections are 

discussed the results obtained in the study of' the variables 

~hich might be expected to inf'luence the discharge behavior. 

It Was the objective of these experiments to see what 

quantitative effect moderate changes in cell composition and 

const1,u ti 
c on or conditions of discharge would have on capa-

Ci ty 
and discharge voltage. Those directions of' change 

~hich 
seemed to point tovrard an appreciable increase in the 

length 
Of discharge at approximately constant voltage were 

to b 
e Pursued to f'ind the optimum effect . 

It was convenient to select a cut-off voltage of 0.75 
"olt :r 

or comparison of delivered coulombic capacities since 
at th· 

is Voltage the rate of decrease of voltage with in-

creasing fractional reduction of the depolarizer was found 

t o be high• +> d The actual capacity obtained thereLore, oes 
not d 0 P0 nd critically on the chosen cut-off. An increase 
in 1 

ength of the plateau should be reflected in a roughly 
Pl'op0 rtional increase in coulombic capacity. 
3

• ~ct of Discharge Rate . 

Cells in which the amount of quinone present was known 

8.ccu1,a.te1y to a milligram were discharged through 500 , 150 

8nd 75 ohm s . The results are shown in Figure 17. Although 
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the:r,e is a 
substantial increase in polarization, that is, 

' a 
dec:t>ease i· n the 

terminal voltage of the cells as the load 
is i 

nc:t>eased, the ef.fect is much more noticeable in the early 
stages 

o.f discharge than in the later. For example, to a 
cut-orr 

Voltage o.f 0.75 volt, there is realized only 24, 25, 

a
nd 28 .51 O.f th th t h d 1 i . ~ e eore ical capacity oft e epo ar zer with 

loads 0 1' 75, 150, and 500 ohms respectively. Very likely, 
g:r,e at 

er Utilization of the depolarizer would be found if the 
load 

We:r,e smaller still. However, judging from these 
:t>e su1 t 

s, the load would necessarily be very small indeed, 
to Show b 

su stantial improvement. 

Similar results were obtained with cells in which a 
dec:t>ea . 

sect amount of' carbon was used in the cathode mix, as 
is ill 

Ustrated in Figure 18. The use of less carbon effec-
t1 "el 

Y increases the current density at the cathode. Since 
no rea 

sonable decrease in load or cathode current density 

aPPea:t>ed likely to increase the length of plateau (and 
the:r, 

ef'ore, the percentage effective utilization of the 

depolarizer to the chosen cut-off) by any substantial amount, 

attention was turned to other avenues of exploration. 
l~. 

~ct oi' Amount of Excess Quinone. 

The results obtained with cells 4J+, 45, and 46 are 
Shovr.n . 

in Figure 19. In this set of experiments the a.rnount 
Of 

ca:t>bon in the cathode mix was fixed at 1.813 grams to 
0 nsu:r,0 a constant and low current density and the amount of 
active 

material (benzoguinone) was increased from 0.201 to 
0-403 t 0 0.604 grams in the respective cells. It was 
~ecessa.~y 11th ~· to use 5 milliliters of electrolyte in a ese 
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runs 
so that Cell 46, having the largest amount of depolarizing 

rniJC , 
contained a sufficient amount of liquid for both absorp-

tion b 
Y the cathode mix and immersion of the anode with the 

Usual electrode separat1·on. il The load was arbitrar y set 
at 15 

O 0 hms to allow Cell 46 to discharge to completion in a 

reasonable length of time. This is a moderately high, but 
not sev 

ere, load for this size o f cell, judging from the 

results obtained with the Mn0
2 

control cells. It can be 

seen that cells containing the relatively larger amounts of 

active material tend initially to level out to some fairly 

constant 
discharge voltage, whereas the cell containing the 

srna11est amount t h 1 t t 11 appears not o approac any pa eau a a . 
The re 1 

su ts are in accordance with the theoretical expecta-
tion 

s Previously discussed. The larger the amount of qui-

none Present initially, relative to the amount of electrolyte; 
the gr 

eater the proportion of the theoretical coulombic 
Cap 

acity Which should be obtained under conditions such that 
the c th 

a Ode consists of a saturated quinone-guinhydrone 

electrode 
and therefore exhibits constant discharge potential. 

A. cath 
Ode Which is initially just satu~ated with quinone 

Should exhibit no plateau at all. A cathode containing a 

Very large 1 
amount, on the other hand, could, as previous y 

discus 
sect, theoretically approach 50% of its maximum capacity 

at co 
nstant potential. There is a practical limit to the 

.Propo t 
r ion of active material which can be incorporated into 

the carbon i mix, however, above which the electronic res·s-

tance o~ th 1 ith i e mix would begin to increase sharp Y, w 
conse 

quent deleterious effect on cell performance. Cell 46 



may be near thi·s li·mi~t 1 , a though no reduction of working 

Voltage is observed over cell 45. It will be noted that 
ce11 46 

shows essentially no improvement in utilization 
over 1 ce 1 45 even though it contains fifty percent more 
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depolarizer. 
In any event , there appears to be no practical 

advantage in using further excess amounts o f guinone. 
5

• g_fect of Electrolyte pH. 

At Jo 0 c ., an increase of one unit of pH will decrease the 

reversible potential of a benzoguinone electrode by 0.06 volt. 

The ct· 
ischarging electrode suffers the same decrease, but may 

also be in-Pluenced h b h ~ in other ways. Thus t ere may ea c ange 

in Polarization or 

reaction itself. 

possibly even a change in the cathode 

It seemed of interest to determine the 
actu 1 a effect of an alteration of pH on benzoguinone cells, 

a
nd 

Figure 20 shows the data for three cells in which the 

electrolyte pH was the variable. 

The initial closed circuit voltages are 1.25, 1.20, 

and 
l.14 volts for cells 32, 48, and 49, respectively, 

corresponding to decreases of 0.05 and 0.11 volt for cells 
48 

and 49 over cell 32. The reduction of cathode potential 
in 1 e ectrolytes having the pH of cells 48 and 49, according 
to t 

he equation for the reversible potential, would be 0.060 

Volt and 0.104 volt. In acid solutions, the anode reaction 

is un 
affected by pH, as is discussed more thoroughly in 

Chapter IX. 

In addition to an increase in cell voltage with more 

acid electrolytes there is apparently also a more pronounced, 
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th
ough relatively short, re g ion in which approximately 

con
st

ant voltage is obtained. This indicates that the direc­
tion :r 0 

decreasing pH might lead to greater fractional 

Utilizati· on o ... 
~ the cathode material as well as higher cell 

Voltages. T 
he pH of the Leclanche electrolyte is, however, 

about 
as low as is practical for use with zinc electrodes. 

The indicated direction and amount of change which to 

achieve greater cathode utilization is, therefore, beyond 
th

at Which is attainable with zinc couples. According to 

Various 
authors (27) (36) both benzoguinone and hydroquinone 

und
ergo auto-oxidation in alkaline media, and therefore no 

attempt 
Wa s made to investigate an alkaline zinc-guinone 

couple. 

6
" To_termittent Discharge. 

Other obvious approaches having been exhausted, it 
seemed 

Possible that improvement in cathode capacity might 

result :f 
rom a type of discharge in which the cell could 

recover at intervals from polarization and concentration 

gradients. According ly, cell 50 was constructed in a 

manner similar to cell 32, and likewise discharged through 

500 Ohm 
s, with the difference that one hour periods o f 

discha rge were alternated with one hour periods of rest . 

After the :fifth, ninth, and thirteenth hour of t otal dis­

charge time, the cell was rested for longer periods, the 
0 Xact t· 1 50 d 32 imes being 11, 17, and 17 hours. Gels an 

are compared in Figure 21 . At the end of the thirteenth 

hour o:r discharge, the cell had been activated for a total 
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period of 58 hours . At this point the discharge voltage 

Was 0 . 61 volts and the calculated fractional reduction was 

o. 231. In the case of cell 32, which had been discharged 

continuously, the discharge vo ltage was still 0 . 90 volt at 

a calculated fractional reduction of 0 . 232 . Also , to a 

cut-off voltage of 0. 75 volt , the percentage utilization of 

th0 cathode materials was 19 . 1 and 28 . 9% f or cells 50 and 

32 , respectively. There is also a less well developed 

Plateau in the case of intermittent discharge . 

104 

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 be expected if appreciable cell deterioration (self­

discharge) took place on standing in the activated conditi on . 

'l'his effect also c ould acc ount for the generally l ow coulombic 

capacities obtained with benzo quinone cells, as compared with 

theory. 

7. Q__omparison with Quinll.ydrone . 

The results obtained when guinhydrone was substituted 

for quinone are quite different from tho se just discussed . 

Figure 22 compares cell 32 with cell 47, which was constructed 

in the same manner as 32 except that a weight of quinhydrone 

Was substituted which was the same as the weight of quinone 

Previously used . The c oul ombic capacity of quinhydrone is 

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

course, allowed f or in the calculated fracti onal reduction (X) . 

Whereas the highest capacity obtained with quinone cells 
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(ivith cell 32) 
was 28.5% of the theoretical , cell 47, using 

guinhyd 
rone g ave approx ima tely 55% of' its capaci t y t o t he 

same t 
cu -Of'f' voltage (0.75 volt). These results are of 

more 
academic t han practical interest, however, since the 

hio-hc . . 0 r ut i l i za ti· on oi' 1 quinhydrone is offset comp etely by 
its hi 

gher equivalent weight. It is of' interest to observe 
th

at the i nitial closed circuit voltage of' cell 47 was 1.09 
V-olts 

1 Which corresponds to that of' an inflection point in 

the curve for at the quinone cell at about lOp calculated 
reduction. 

It is remarkable that guinhydrone can sustain a 
"tv'Ol'k. 

1.ng Voltage as high as 1 . 0 volt when discharging through 
50Q Ohm 

s, for such a considerable fraction of its theoretical 

capaci t y, especially in view of its relative insolubility, 
as 

compared with both quinone and hydroguinone . 
8. 

~rgy Output of' Benzog uinone Cells . 

The net electrical work W (watt-sec.), calculated, like 

X, by a Process of' nmnerical integration from V, 9, and R, 
is 

reduced in Table VI t o watt-s econds per gram of active 

:material in the cathode of each cell in the series ju9t 

dis cu . . t 838d. From the observed cathodic coulombic capac1 Y 
and thi s energy output, the average discharge voltage could 
be 

calculated and is also given in Table VI . The relation 

betv.reen these three quantities is as f ollows : 

V == W•/60 C1 

-V = Average discharge voltage . 

wr = 

er = 

Energy output of cell, watt-se~. per gram 
depolarizer (to 0 .75 v. cut-ofr) . 

Observed coulombic capacity of depolarizer, 
amp.-min. per gram (to 0.75 v . cut-off) . 



TABLE VI. RELATIVE PERFORMANCE OF BENZOQUINONE AND CONTROL CELLS. 

Cell Cathode Electrolyte Load Coulombic Capacity* Average Net Elect r i cal Remarks 
(a.mp-min per gram Discharge Work• 

Depolarizer Carbon depolarizer) Voltage* (watt-sec per 
I 

grams grams Comp. ml. Ohms Theo. Observed gram depolarizer) I, 
1; 

I· 
41 O. 458 O. 916 L 600 100 18.5 10.6 1.03 655 Control 

f 
511 00458 O.916 L 6 .o 500 18 . 5 l8o5 1.12 1240 Cont rol 1: 

.I. 
32 O. 207 Oo4l4 L 300 500 29.8 B.63 loO4 54.l \I 

,1 
34 0.202 004.()4 L 300 75 29.8 7.12 O.951 406 

,, 
11 

35 00202 0.101 L 3.0 500 29.8 a.1O 00985 478 

36 0.202 0.101 L 3.0 150 29.8 5.90 O.955 :338 

43 00201 00403 L 3.0 150 29.8 ? 04-5 1.04 466 

44 00201 1.813 L 5.0 150 29.8 7ol5 1.02 438 

45 O.403 l.813 L 5.0 150 29.8 7.42 l oO8 481 

46 00604 1.813 L 15.0 150 29 . 8 7o45 1.03 460 

47H 0.210 O.42O L 305 500 14.75 8.11 o.91O 442 

48 00210 O.42O NH4Cl 3. 5 500 29.8 8.55 00955 490 

49 0.210 00420 NaCl 3o5 500 29.8 4.62 O. 893 247 

50 0. 210 O.42O L 3.5 500 2908 5.69 1.05 339 Intermittent 
II l.bo2 ## Q,uinhydrone * To Oo75 volt cut-off0 

Discharge 

,• 
"' • "'- •• .. .. • .... ~I. t.,,.. • •• 

I:{ ~fl. ~ ·" ·:_ .. ~;,--_.: I._,: :.n.~;..;- ,_rli-<:...,t·.-.::.-t, •.~_.--:r--..... .,,_~~~;?_:i, ... ~- ~~ ~~•--:~ '"--~ • ... • --
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These calculations show that although the benzoquinone 
Cells 

can maintain a discharge voltage of between 0.90 and 
l.o5 volt 

• , Which is abnost as high as that of the manganese 
d· 10Xide control cells under 

second output 1·s lower than 

the same conditions, the watt-

the control cells mainly because 
Of inf 

e ficient use of the depolarizer. Benzoguinone has a 
high 

er theoretical coulombic capacity than Mno
2

, though, 
and, in 

Principle at least, could exceed the performance of 
Mno 

2· 
9. 

~lusions From Runs Using Benzoguinone. 

Benzoquinone, which has the highest coulombic 

Of all quinones, and also has a high standard potential, 
can i 

' n theory, deliver 50% of its theoretical coulombic 

capacity 

capacity at essentially constant voltage under certain 

conditions. Th j tif f th i ese facts seemed to us y ur er exam na-
tion of the 

discharge behavior of cells having benzoquinone 
cathodes. 

Within the limits imposed by the cell size and construc­
tion 

' and by the nature of the cell materials, variations in 

PH, rat it t ~ e of discharge, cathode current dens y, amoun o~ 
act1v 

e material, and type of discharge all seemed to have 

relatively little effect on coulombic capacity; the obs erved 
lim·t 1 

s being from about 19 to about 29% of the theoretical total 

capacity, to a 0.75 volt cut-off . The effect of pH variation 

on discharge voltage appears to follow closely from the effect 

on the reversible potential of the quinone. The effect of 

discharge rate and current density is much more noticeable 
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on dischar 
ge voltage than on capacity. Intermittent dis­

chal"g 
e, Which 1 pro ongs the period of activation of the cell, 

leads to 1 
ess efficient utilization than does continuous 

dischal"ge. 
When the depolarizer is present initially in the 

f O l":rn O f' 
guinhydrone, 55% of the theoretical capacity is 

l"ea11 Zed 
' in contrast to an average of about 27% for quinone. 

When th 
e lower theoretical capacity of quinhydrone is taken 

into acco 
unt, however, the output per unit weight of active 

l'llatel"ial sis approximately the same in the two forms . 

It i b s elieved that a partial explanation of the 
disc!' 

epancy b t e ween observed and theoretical capacities can 
be f'ound 

in the relative instability of the activated benzo­
quin 

one ce11. This cannot account for all the observations, 
howevel" 

' as discussed below. 

It is logical to i asswne that cells containing var ous 
amounts o 

f' excess quinone over that required for saturation 
Would 

all suffer deterioration at the same rate, to the 
e.x:tent that 

it takes place, in the activated condition. If 
this i 

s so, it follows that those cells containing the greater 
tllnount 

of active material should be affected relatively less. 
On the 

Other hand, it was observed that an increase of 50% 
in the 

amount of quinone present in a cell of a given con­
stl"Uction 

gave no improvement whatever in fractional utili-
zation 6 

Of' the cathode material . (Compare cells 45 and 4, 
F1igU!'e 19.) 

Another explanation, more in accordance with observation, 
is 

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



d:r-;y-
cells) that discharge tends to increase the pH in the 

V-ic1 i 
n ty Of the cathode, while the opposite effect occurs 

at the anode• 
This results from the relative slowness of 

the d 
iffusional processe s compared to the rate of formation 

anct disap 
pearance of products and reactants. As previously 

rnent1onect 
, benzoquinone suffers auto- oxidation in alkaline 

rnect1a. 
The effect of the carbon electrode surface and the 

a1:r, t 
a mosphere in which the cells ~re discharged could 

eas11 b 
Y e to accelerate this process . If conditions in the 

cathode mi· x 
of these cells were as postulated the net effect 

~ould be 
to destroy part of the depolarizing material before 

it could be used . 
higher PH 

Also, when an electrolyte of initially 

Were used, less coulombic capacity should result 
becaus 

e of accentuation of the effect . This is what was 
Obse 

l"V-ed (note Figure 20) and is less easily explained on 
the basis 

of self- discharge of the complete cell. Further-
l?loJ:>e 

' the same explanation can account for the apparent 
lirn1t 

to fractional utilization demonstrated by the set of 
:t>Uns shown . in Figure 19 in which the quantity of active 
rnate1>1a1 -w-as varied, whereas the other explanation cannot 

account for 
it at all. 
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CHAPTER IX 

CELLS USING ANTHRAQUINONE AND REIATED COMPOUNDS 

1. 
ln.iroctuction. 

While benzoguinone, as previously discussed, appeared 

originally to be the depolarizing material holding most 

P:r>omise. because , or its relatively high standard potential 

a
nd theoretical coulombic capacity, anthraguinone seemed to 

be the least promising material, for just the opposite 
:reasons 

, as an examination or Table IV and Figure 5 will 
Show . Certain derivative s of anthraquinone show slightly 
higher t 3 andard potentials than the unsubstituted compound, 
at 

some sacrifice of theoretical coulombic capacity, however. 

The preliminary results of Chapter VII nevertheless 
seem d 

e to indicate that the Nitroanthraquinone Sulronic Acids 

Inight be good depolarizers. It appeared that it would be 

Wo:r thwhile to examine the behavior or the various available 
anth_r 

agulnones more closely than in the preliminary studies. 

This examination yielded some interesting results, 

Showing that d certain anthraquinone derivatives possess goo 
depo1 

arizing ability as measured by their sustained terminal 

" 0 lta ges through high coulombic capacities. The results of 
and th e conclusions from the various sets of experiments on 
these 

compounds are discussed below. 
2. tJ 

-l!Qubstituted Anthraguinone. 

A comparison of two cells, otherwise identioal, except 
that 

one (cell 53) contains 0.2 grams of anthraquinone and 
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0
•
4 

grams of carbon in the cathode while the other (cell 42) 
contain 

sonly the 0.4 grams of carbon, is shown in Figure 23. 
It i 

s clear that unsubstituted anthraquinone, at least under 
the co ct· 

n ltions of cell 53, has essentially no depolarizing 
ability. 

The behavior of the cell containing only carbon is worth 
some 

consideration, in view of these and later results. 

Al
th

ough the type of carbon used (a 5o/5o mixture of fine 

graphite and battery-grade carbon black) has no depolarizing 

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

Occluded ox ygen present in a freshly prepared cell which 

~ill e~e~t an 1 th i 'ti 1 i ~ 4 effect. This exp ains e ni a open c r-
0
Uit Voltages b i d ith t of 1 . 1 to 1.2 volts o ta ne even w ou 

depolarizer. Such cells drop quickly to fairly low (0.5 

to 
0

-
6 Volt) terminal voltages with a 500 ohm load . After­

~a
rd

s there is a less rapid drop. The voltage of these 

u
nd0

P0 1arized cells seems to decay approximately as a 

logaritmnic function of the time. The low, but not zero, 

Volta im 1 ges sustained by such cells must be due to the s Pe 
cor 

rosion reaction of zinc: 

Zn = zn++ 

Probably initially depolarized to a slight extent by the 

Presence in the cell of a small amount of air . It is shown 

lat 1 
er that the atmosphere in which certain experimental eels 

are di i h scharged can have a significant effect on the d sc arge 

behavior. 
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3. 
~hraguinone Mono-Sulfonates . 

Discharge curves for Potassium Anthraquinone alpha­
Su1ronate ands 

odium Anthraquinone beta- Sulfonate (cells 
39 and 4-0) 

are shown in Figure 24. The results are very 
Similar 

to those obtained with unsubstituted anthraquinone, 
although the 

potassium compound might be interpreted as 
Sho}Ji 

ng some slight depolarizing ability. 
4. 

lil...t!:::oanthraguinone Sulfonic Acids . 

Figure 25 illustrates the results obtained with the 
l--1H t 

ro - 8-Sulfonic Acid and the 5-Ni tro-1- Sulfonic Acid 
Anthr 

aquinones. The curves are very nearly indentical. In 
both 

cases there is a large initial drop in voltage which 
is p 

ractically complete after a sufficient number of coulombs 
have Passed to reduce five to ten percent of the guinone . 
The rem . . 

a1.n1.ng fracti on of the coulombic capacity is obtained 
at an 

al.most constant voltage of o . 85 t o 0 . 90 volt . This 
i'a1r1 h· 

Y igh terminal voltage in comparison with cells 39 and 
4o :ma b 

Y e due partly t o the influence of the free acidity of 
thes 

e compounds on cathode potential. In the case of both 
cells 

• ' more useful coulombic capacity is obtained than can 
be 

acco unted f or by the reduction of the quinone . It appears, 
as 1 }J th cell 38, f or example , shown in Figure 25, that the 
Useru1 ~ % capacity exceeds the theoret i cal by more than /Oo . 

Figur 6 0 2 c ompares cell 55 ( like 37 in construction and 
co:mpo i 

s tion) with an undepolar ized cell containing an 
1d

ent1c a1 d b Her e , as well , the amo unt of catho e car on . 
data i 1 ndicates depolarizing ability far beyond that possib Y 
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due to 

t he quinone. 
t-vhat 

These results raised the question as to 
1:>eactions 

were actually taking place at the cathode o.f 
these ce11 s . 
5

• ~~ion o.f Cell Reactions . •--.;;.._.:;..:=--=.:::.:::--.!.:~::...:::..:::..==.::~~ 

I.f the results o.f cells 37, 38, 39, 40 and 55 are 
:t>e.Plo ttect in 

the .form o.f V vs . log X it would be expected 
that ce:r,tain 

in.formation could be obtained as to the cathode 
:t>eacti 

ons Which would not be apparent .from the simple V - X 
:Plot. 

The reasons .for this and a discussion o.f the limita­
tions 

inherent in this method o.f analysis are put forth below. 

The equation for the reversible potential, E, of a 
qUinone 

electrode is usually expressed as follows: 

E :::: E 
O 

- ( 2. 3 RT/ ~ ) ( I ) I v pH - 2 . 3 RT 2 S' log aQ,H
2 

aQ • 

For a 
given quinone, assuming constant pH, the plot of E: 

against 1 
og a"u /a should therefore be a straight line 

ha~in "'GJ.L2 Q 
g a slope of - 2 . 3(RT/2 .? ), or - 0 . 03 at 30°C. 

Also, i.f the electrode is saturated with the guinone 
( alv.ay-s the 

case with the cells under consideration) and 
Since t 

he quantity xis directly proportional to the amount 
Of 

l'educect material (the corresponding hydroguinone) present, 
the Slope 

o.f a plot o.f E vs . log X should in this case also 
be 

._ 0 . 03 . 

In general , altho ugh the plot o.f E against the log o.f 
the 

Prope:r, .function of the activities of the reactants and 
:PJ:>o d 

Ucts Will always yield a straight line of characteristic 
Slop e, the E - l og X 
ll.b.der 

Circumstances such that log Xis directly proportional 
t o the log . f 

of this function . Deviations from linearity o 

plot will only yield a straight line 



th· 
is Plot Will indicate, therefore, deviations from these 

co
nd

itions. The quantity X may be regarded as simply 

egu1va1 t 
en to a certain number of Faradays, and if the 

abscissae 
of these plots were in terms of Faradays or 

coulombs 
, rather than X, the theoretical slope would be 

exactly the same. It can happen, therefore, that other 
st

raight lines will result from the plot, due to reactions 
0th

er than the one discussed, if it is possible for such 

reactions to occ·ur. h t· i h t i db it Eac reac ion s c arac er ze y s 

own Potential so that a shift from one reaction to anotmr 

may result i·n a t • ht li L• t shift from ones raig ne poruion o 

another, wlth a new, or possibly the same, slope, iI'. con­

ditions are such that a linear plot results. Often, several 

P0 ssibl e reactions have the same slope and for this reason 
the 1 

s ope alone does not completely identify a reaction. 

The above comments apply strictly only to the reve~sible 

Potential, E. The reversible cathode potential could not be 

measured , 

discharge 

of course, without influencing the character of the 

under study. It was hoped that some information 

as to the cathode reactions could be obtained from the V -

log X Plot, however, where Vis the terminal voltage of the 

ce11. 

Vis a function of E, but it is impossible to specify 
an 

exact mathematical relationship. V depends on not only 

the cathode potential, but on internal cell resistance, the 

external 1 d oa, and polarization of the anode and cathode, 

as w 11 9 as anode potential. The contribution of all these 
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factors must be known, or else all but the cathode potential 

must r i 
ema n constant in order that it be possible for the 

V - log X plot to b b' t t e su Jee to exactly he same interpre-

ta.tion as the E - log X plot . 

As previously discussed under cell design, the zinc was 

made large enough so that little anode polarization would be 

expected to occur. Anode polarization is usually of smaller 

magnitude than that of the cathode, in any case, for these 

Cells. N o change in anode reaction during the course of 

discharge would reasonably be expected and the composition 

a
nd 

quantity of the Leclanche electrolyte is such that little 

Change in zinc concentration or electrolyte resistance should 

Occu.r. Th e largest unJmown factor by far is cathode polari-
zat· 

ion, Which may increase, or perhaps even decrease (due 

to lower current densities) during the course o f cell dis­

charge. 

In spite of all the above-mentioned limitations it is 

believed that the v - log X plots can be interpreted to 

indicate tl certain changes in the cathode reaction of 2e 

Various cells. For example, although the slopes themselves, 

because of the irreversible effects just described, will 

Probably not correspond to any theoretical values very 

clos01 . 
~ Y, it would appear justifiable to consider the con-

tinuati'on f th 1 t of any reasonably linear portion o e po 

actually obtained as corresponding to some single reaction. 

L ' k 
i 8 -Wise, a marked shift in voltage between two more or less 

li 
near portions of the plot could reasonably be interpreted 

as indicating a shift from one reaction to another, as could 
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a sudden shift from one constant slope to anotl:er. 

Figure 27 shows this type of plot for cells 39 and 40, 
tvhich b th 0 showed rather poor depolarizing ability. The 
initi 1 1 a s opes for both curves are greater than can be 

accounted for on the basis of any known reaction of the 

depolarizer and very likely are due more to increasing 

ca.thod 1 
e po arization than to any changes in cathodic poten-

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

dioxide, both showed a progressive drop in terminal voltage 

tvi th increasing fractional reduction, although the theo ­
ret· 

lcal expectation would be for constant cathode potential .) 

As the calculated fractional reduction of these ·cells 

approaches 100% both curves seem to be approaching, if not 

reaching, slopes o f. the order of the theoretical - 0.03. 

At or near 100% reduction, both slopes are seen to increase 

Sharply to a new and substantially higher value, as would 
be 

expected on termination of the depolarizing reaction. 

Cells 37 and 38 when plotted in this manner show a 

sometvhat different behavior. As shown in Figure 28 . there is 

an initial steep slope which gradually decreases up to a 

Value of X between o. o5 and 0 . 10. There is then a sudden 

d:t>op • h in voltage until about 0.90 volt is reached, after whic 
th

e experimental data appear to fall more or less on a 
st

:t>aight line having a slope of about - 0.05 or - 0 . 06 volt 

Per Unit of log x. This approximately linear portion of the 

data continues well past the expected limit where X equals 

1• 0 , in contrast to cells 39 and 40. A portion of this graph 
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is !>e-plotted in 
more detail in Figure 29. There is also 

shown i . 
n Figure 29 the results of cell 55, which was a 

duplicate of' cell 37. Th it f 11 J8 hi h e pons or ce , w c contained 
the isomeric compound, may be taken, apparently, as repli-

cating the results of cells 37 and 55. If this reasonably 
linear 

portion of the resulting composite graph be considered 
as corr 

esponding to some single cathode reaction it is 

difficult to identify this reaction with the reduction of 

the qi 
u none because more coulombic capacit) is obtained than 

th
eory allows . In the case of cell 55 , for example, 160 

O!> 
1

70% of the capacity of the quinone reduction is indicated. 

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

rnal'"'ked 
, though definite excess capacity. 

Figure JO shows the V - log X plot and Figure 31 shows 

t he V - X 6 plot for cells 55 and 5. These two cells are 

identical in const1,uction 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 

10% 
reduction which characterized cells 37, 38, and 55. 

The slope of the v - log x plot for cell 56 between 10 and 
loo% 0 

!'eduction is higher than with the other three cells, 
hoi,, 

ever, showing that polarization effects cannot be neg-

lected When the absolute value of this slope is considered. 
The!> 

e is also a less abrupt 

end of ct· ischarge, where the 

shift to a steeper slope near the 

depolarizing reaction apparently 
tel'"'™' •ulna tes • Figure 31 shows that fairly good discharge 
cha!' t 

ac eristics are obtained with this cell combination 
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even With a 

take Place. 
severe load , regardless of what reactions actually 

6. 
~lts inc t aus ic Electrolyte . 

The 
results obtained using 20% NaOH as electrolyte 

cont:r,ast strikingly with those using the Leclanche electro-
lyte . F· 

igure 33 compares cells 55 (acid) and 59 (alkaline) 
0 n a 

semi-logarithmic plot . 

Cell 59, which is initially about 0 . 1 volt lower than 
ce11 55 at 

a corresponding state of discharge, does not show 
the s d 

u den drop-off to 0. 9 volt starting at about 5% re-

due tion Which l seems to be characteristic of eels using this 
depolaT>· 

izer in the Leclanche electrolyte. (Note cells 37, 
38 5 

' 5 , and 56). There is a slow linear voltage drop which 
continues to 

about 1 . 0 on the X - scale, after which the 
Slope . 

increases sharply. There is no indication of a con-
tinuat1 

on of the initial reaction beyond the theoretical 

limit in the 5 11 55 case of cell 9, in contrast to ce • 

From a practical standpoint, however, the coulombic 
o·utput of 

this alkaline cell is several times greater than 
the th 00retical, and is greater than that obtained with the 

acid ce11. Figure 34 shows the voltage - discharge time 
curve f' • i d or cell 59 compared with that of an undepolar · ze 
ce11 

containing the same electrolyte and the same quantity 

Of cathode carbon . 

It Will be recalled that in the case of benzoquinone, 
i:nve t 

s igated in several acid electrolytes, the effect of 

electT>olyte pH on cell voltage followed very closely from the 
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theor t 
e ical effect on the potential of benzoquinone. This 

Was as would 
be expected since in acid electrolytes the 

Potential of 
zinc is very nearly independent of pH. In 

V-e-r-y alk 1 
a ine electrolytes, however, zinc potential depends 

st-r-ongly on the pH. The following table summarizes the 
behavior f 0 zinc. 

TABLE VII 

ELECTRODE REACTIONS OF ZINC 

131 

~on Standard 
2H dE/d:eH Potential 

Zn++ 
+ 2e === Zn Low 0 -0.76 v. 

Zno + H20 + 2e ::: Zn + 20H- Intermediate - 0.06 
Zno::::: 

2 +2H2 0+2e ::: Zn+40H- High -0.12 -2.15 v. 

As a consequence of this property of the anode material, 
ov-e-r-a11 

cell voltage does not suffer a net decrease on account 
Of' 1 

owered cathode potential if the pH is raised to a high 

enough level. This is also what the results obtained with 

cells 55 and 59 show. 

This alkaline electrolyte initially contained no zinc 

and 
it would therefore be anticipated that the increasing 

Zinc at ) e concentration (also proportional to X would in 

Pa-rt determine 1 f li t' of the the absolutes ope o near por ions 
V - 1 og X plot. It can be shown that where a slope of - 0.03 

Would be obtained with the Leclanche electrolyte, the same 

ca th0de reaction would, with this alkaline electrolyte, be 
Cha 

racterized by a slope of - 0.06, because of the combined 

Gf'f'e t 1 c of zinc and depolarizer. A large shift in pH cou d 



conceivably lead to a dii'i'erent cathode reaction, as well 
as a di 

i't'erent anode reaction however . 

The constant slope obtained over the whole discharge 

range With the alkali'ne electrolyte leads to the belief' 
that a single cathode reaction takes place over this range. 
In co t 

n rast to this, there is, in the acid electrolyte, a 
rnark d 

e change in voltage and slope at a characteristic 

fraction op th id 1 
~ e capacity. This change in the ac e ectro-

lyte rnight b e interpreted as either a shift i'rom one cathode 
reaction 

to another, or as a sudden shii't in polarization. 
It 

seems unlikely that this shii't would occur repeatedly 

(note cells 56 37, 38, 55 and ) at a characteristic i'rac -
t· ion or the capacity unless it were due to some chemical 
Property or the depolarizer, rather than to, t'or example, 

Physical condition oi' the cathode surface. 
the 

It is postulated that an explanation oi' the experimental 
results may be as i'ollows. In acid electrolytes the anthra-
quinone derivative is only able to sustain the original 

cath
octe reaction i'or a small fraction oi' the theoretical 

guinone capacity, ai'ter which increased polarization and 
deer 

eased cathode potential have allowed the intervention 
Of' 

a second reaction. In the strongly alkaline electrolyte, 
the cathode t • d reaction is less polarizable and is main aine 
th

rough the theoretical capacity, after which tm voltage 

drops until the second reaction can again occur, thus 

accou t· t th lt n ing i'or the greater practical capacity o e vo age 

cut~orr obtained with the alkaline than with the acid 

1J2 



electrolyte . 

is not known . 

The exact nature of this "second reaction " 

7. 
~i'ect of Atmosphere on Performance . 

It was i'elt that the possible influence of air on cell 
irol tage and 

capacity should be checked in connection with 
the results 

Ceptible to 
just discussed . Alkaline cells are more sus­

the effects of air depolarization than acid 

cells, and, i·n fact 11 , commercial air- depolarized ce s use 
the s 

ame electrolyte (20% NaOH) used in this investigation . 

Accordingly, alkaline cells like cell 59 were constructed 
and d. 

ischarged in atmospheres of pure nitrogen and pure 
0 .X:Y-gen . The results are shown in Figure 35. The cell which 
tva.s run 

in pure oxygen, although corked, unfortunately 
Uncterw 

ent considerable corrosion at the zinc where it was 

e.x:posect to the atmosphere and was also wet with electrolyte . 
A.s a. 

consequence of this , contact was l ost before the cell 
ha.ct b 

een discharged as l ong as desired. The run did last 

surriciently l ong, however, to show any effect of oxygen on 
disch 

arge characteristics which might be observed up t o t:te 

the oretical capacity of the cathode . 

Within the limits of probable experimental error the 

Points for the cells exposed t o air , oxygen, and nitrogen 
a.11 r 

all on the same straight l i ne . This linear porti on of 
the 

Plo t, Which has a slope of - 0 . 03, continues t o nearly 
loo% 

or the theoretical quinone capacity (log X = O). After 

t}lis Poin t there is evidently a significant difference 

between t he effects of the nitrogen and the air atmosphere . 
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Because of the well established reaction of zinc in this 

electrolyte, it is difficult to account for the low V - log 

X slope in terms of the formation of anthrahydroquinone . 

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 . 
No t 

s eady discharge voltage which could be attributed to 

regenerated material is ever reached. 

The conclusion from this set of experiments is that 

air has 1 ittle, if any, effect on the initial cathode reac -

tion of this alkaline cell . The difference shown to exist 

between the behavior of the depolarizer in acid and alkaline 

Cells cannot be attributed to air, but is most likely due 

to the chemical properties of the depolarizer itself. The 

behavior of the alkaline cells in the region of excess 

capacity is more complex and the complete explanation f or 
th · 

ls is not immediately clear. 
8. 

Q.atalyzed Anthraguinone Disodium Sulfonates. 

As mentioned in Chapter IV, certain anthraquinone 

derivatives have been used as absorption reagents for 

hydrogen in gas analysis, including the nitroanthraquinone 
3
Ulfon1c acids. Anthraquinone disulfonic acids and other 

Soluble anthraquinone derivatives have also been found to be 

effective. These reagents generally contain a finely divided 

catalytic metal, such as palladium, in addition to the 

reducible substance . 

As it happened, a quantity of one of these reagents, 

based on Sodium anthraquinone 2,7 disulfonate, was available 
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to the Writer f th· 0 is dissertation . It was thought that 
th · 13 

material might have depolarizing ability in primary 
Cells . 

Thls absorption reagent material was known to contain, 

in addition to the quinone, sodium protalbinate which was 

the Prote ·t-:ve 
~ colloid for the palladium, as well as sub-

sta t 
n lal amounts of sodium carbonate . The exact analysis 

tvus not 1 
mown, and therefore the actual coulombic capacity 

could 
not be calculated. The ratio of quinone to palladium 

tvas 
approximately 15 to 1, and the actual quinone content 

may have been as high as Bo%. 

In Figure 37 the indicated fractional reductions are, 
ho ivev 

er, calculated on the arbitrary assumption that the 

depolari z.1.· ng t i 1 th • S • tl ma er a was e pure quinone . ince 10 same 

material was used for all cells, they are c ompared on an 

identical basis . 

Cell 65 likely was not purged sufficiently t o rornove 
a11 

oxygen , as indicated by the initial slightly higher, 

but 6 more rapidly decreasing, terminal vo ltage than cell J. 

Certain facts seem t o stand out in the results of this 

set Of experiments . First , this cell shows a substantially 

higher operating vo ltage when it is discharged in air than 

'W'hen • t 1 1 is discharged in nitrogen . Sec ondly, the initia 

Slop e o f the v - l og x plot is lower in air than in nitrogen . 

'.I'hi rd , this slope in air is als o less than - 0 . 03 , (actually 

._ o. o13) which is the l owest po ssible f or any conceivable 

guinone reaction (that when the electrolyte is n onvariant 
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Wi th respect to zinc). The effect of polarization on this 

slope could only reasonably be asswned to be to increase 

it rather th an 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 

able to utilize ai'r originally contained and also any 
diffu • . sine into the cell to regenerate the guinone nearly 

as fast as it is reduced by discharge. Because of this, 

operating voltage is not only increased but is maintained 
th

rough a higher capacity than is the case under nitrogen. 

This behavior is quite different from that obtained with 

the uncatalyzed nitro-derivative . It is postulated that 
the Presence of the palladium colloid accounts for the 

sensitivity of cell 64 to oxygen . 

Even though the results indicate effective utilization 

Of air in this case, these cells were not designed to take 

full advantage of air diffusion. It is probable that th:l 

arr initially present in the cell acc ounts for most of the 

effect. It would appear that if a cell were used which had 

a type of porous air-depolarizing carbon, continuous regenera­

tion might take place. This type of carbon was not available 

to the writer, and in any event, it was not the obj ective 

here to develop an air-depolarized cell, but merely to 

determine the influence, if any, of air on the experimental 

Cells. 
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9. 
~ergy Output of Experimental Cells and Conclusions. 

The energy output (net electrical work) of the various 

experimental cells i·s probably a better criterion of the 

overall effectiveness o~ the 
~ various depolarizers than either 

Voltage 0 r ca pacity alone. 

Table VID compares the performance of the various anthra­

guinones With the Mn02 control cells . In general the average 
disch arge voltages are slightly lower than those of benzo-
guinon 

e and control cells discharged under comparable con-
ditions. 

The effective coulombic capacities of the better 

Cells are very high, however ; not only higher than the 

control cells, but several times as high as calculated for 
the 

reduction of the quinone . The energy output (product 
Of 

Voltage and capacity) per gram of cathodic active material 
is th 

erefore greater in some cases than that of Mn02 • 

The catalyzed anthraquinone disodium sulfonate cell, 
~hen d 

ischarged in air, maintained a voltage as high as 
that 

of the MnO cell through a coulombic capacity 1. JB 
t · 2 

lmes that of Mno
2

• This capacity could very probably be 
incre 

ased considerably, perhaps indefinitely, if the 

Optimum cell design utilizing an air - depolarizing carbon 
~ere Used . 

In the case of the nitroanthraquinone sulfonic acids 

it must t be concluded that the results do not point o a 
Singl 1 t e reaction of these compounds either in both electro Yes 

or over the 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 Coulombio Capaoitr" Average Net Electrical Remarks 
2:1 Carbon:active mat'l. ( amp-min per gram Discharge Wor~ 

depolarizer) Voltage* (watt-sec per 
Depolarizer grams a.mo Comp. mlo Ohms Theo. Observed gram depolarizer) 

4, vn.02 o.458 L &oO 100 1806 10.6 1.03 655 Control 

~ lftn.02 0.458 L 6.0 600 . 18.5 l8o5 lol2 1240 Control 

~ lQ. 0.200 L '305 600 15.45 - Oo58 

~9 AQ.-ot -SC,§. 0.202 L '3.0 000 9088 0052 o.910 28.4 
4rO AQ,-~ -S~e. 0.202 L '3.0 500 10.35 0014 0.845 7.1 
38 5-N02-AQ-l-SC:3H 00202 L 3.0 600 9.65 21.3 o.s2a 1055 
37 l-N02-AQ-8-SO:ri 00202 L 3.0 500 9.65 1508 0.857 813 
55 ditto 0oOO0 L 3.6 500 9065 20.e 0.8?2 1085 
56 ditto 00200 L 3.5 150 9o o5 5.10 00854 261 
59 ditto 00200 NaOH 3.5 500 9.65 25.1 0.9?5 1465 Air Atm. 
61 ditto 00200 NaOH 305 500 9.65 16.3 0.980 960 N2 At.m. 
62 di tto 00200 NaOH 305 500 9. 65 - - o2 Atm. 
63 2 , 7 AQ-d1-S%Na 00200/I NaOH 3.5 500 7005## 5.25 0.975 307 N2 Atmo 
64 dit t o 00200 NaOH 3. 5 500 7.05 25o5 1.11 1695 Air Atm. 
65 ditto 00200 NaOH 3.5 500 7.05 4o65 00968 2?0 N2 Atm. 

fl Weight of reagent ## For pure 4uinone * To 0.75 volt cut-otfo 



have taken part in the cathode reactions. It cannot be 

asserted definitely that a reduction of this group took 

Place, however, basing the conclusion on the available 

data. 

A consideration of the theoretical characteristics 

(E - log X slope and capacity) of the possible reactions 

of this group, and comparison with observation, is not possible 

Since the literature does not specifically treat the reduction 

of nitroqulnones. For nitrobenzene there is indicated a 

complex stepwise reduction in which certain steps exhibit 

~eversible 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 

or the cathode surface. What the mutual effect of the 

guinone and nitro groupings might be, each undergoing 

~eduction, is difficult to assess, having regard for the 

P~obable irreversible nature of the whole process. 

It is clearly only possible to say that the results are 

not entirely consistent with the simple formation of the 

anthrahydroquinone in all cases, either from the viewpoint 

of the capacity obtained, or t h~ s lopes of the voltage-log 

capacity plots . Neither are they inconsistent with what is 

known of the reactions of substituent nitro groups . 

Whatever the actual reactions, though, there is no 

doubt that high coulombic capacities are obtained with this 

depolarizer, the most favorable voltages (and also the 

h · ighest effective capacities) being obtained with the 

alkaline cells. 



CHAPTER X 

SUMMARY AND CONCLUSIONS 

1
• ~neral Behavior of Quinone Depolarizers . 

The initial terminal voltages encountered with various 

Zinc-unsubstituted guinone cells, when using an aqueous 

electrolyte, appear to follow from the order of standard 

Potentials of the various guinones . Unsubstituted anthra­

quino h ne as essentially no depolarizing ability under the 

conct · itions investigated . The effect of ring substitution 

of the quinone is 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 

by small amounts, the effects on cell terminal voltage were 

much greater . When electrolytes containing substantial 

amounts of methanol were used less correspondence was no ted 

between the standard potentials and cell voltage, certain 

compounds being affected much more than others . The effects 

due to ring substitution and electrolyte variations are 

attributed mainly to the corresponding changes in solubility, 

diffusivity, and reaction rates of the depolarizers, as it 

is shown that the observed effects canno t be due entirely to 

changes in the factors which influence the cathode potential, 

0
~ t o electrolyte resistivity. 
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2. Qischarge Characteristics. 

Certain of the cell combinations which appeared to 

ju
st

ify further investigation, either for theoretical reasons 

or because the preliminary work indicated promising charac­

teristics, were studied as to actual coulombic output to 

an arbitrary voltage cut-off . The data for the experimental 

cells was plotted in the form of cell terminal voltage vs. 
th

e calculated fractional reduction of the depolarizer, so 
th

at all compounds were compared on the basis of the utili­

zation of their theoretical coulombic capacity. Cells 

containing different depolarizers, or different quantities 

of the same depolarizer are therefore compared on the same 
theoretical 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 be maintained through 50% of the theoretical total 

capacity of the cathode. The highest utilization of benzo­

quinone actually obtained to the 0.75 volt cut-off was 28 . 9%. 

The effect of variations in electrolyte composition, cell 

construction, and discharge conditions was studied and it 

~as concluded that side reactions of the quinone were very 

likely responsible f or the low capacities obtained relative 

to the theoretical . It was postulated that auto -oxidation 

Of the benzoquinone due t o alkaline conditions at the cathode 

resulting from discharge itself might be a major factor . 

Although unsubstituted and monosulfonated anthraquinone 

, 
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showed little , if any, depolarizing ability, the nitroanthra­

guinone sulfonic acids showed good characteristics. In the 

Leclanche electrolyte-containing cells terminal voltages of 

O.B5 to 0 . 90 volt were maintained, after a quick initial 

drop of about 0.4 volt, through coulombic capacities greater 
th

an could be accounted for on the basis of the reduction 

of the guinone. In alkaline electrolytes, on the other hand, 
th

ere was obtained a slightly lower initial voltage (about 
1

•
2 

Volt) which was maintained with only a slight drop up t o 

approximately 100% of the expected capacity for the reduc­

tion or the quinone, ai'ter which a somewhat mor-e rapid 

Voltage drop set in. (From a practical standpoint, however, 

several times the theoretical capacity of the quinone is 

Obtained to the 0.75 volt cut-oft' with the alkaline cells). 

It Was shown experimentally that the results obtained with 
th

e nitre-compounds using alkaline electrolytes do not 

depend on the presence or absence of air, at least until 
th

e theoretical capacity is exceeded. The results just 

discussed were analyzed further, by replotting the data in 
th

e form v _ log x from which it was hoped that any changes 
i 
n the cathode reactions could be observed. This method of 

analysis indicated that the reactions of tbe nitroanthra~ 

quinonc dii'fer in some fundamental way in acid and alkaline 

electrolytes. In neither electrolyte were all results 

consistent with the hypothesis that the cathode reaction 

consists simply of the formation of the anthrahydroquinone. 

The possibility of a reduction of the nitre- group of 



th
is depo larizer was considered, but it was not possible to 

st
ate def i n ite l y t h at such a r e action took pla ce . 

The depolarizer giving the highest output was an 

anth.raquinone disulfona te c a talyzed with a palladium colloid 

When dischar r ed in air . It was shown that the good per­

formance of this cell depended on the presence of air and 

it Was postulated that continuous or , at least, semi-
cont· 

i n uous regene r at ion of t he active material might be 

Poss i ble i f an air-depol arizing carbon wer e used a s t he 

cathode metal. 

3. .!i£.t Electrical Work. 

The net electrical work (which must strictly be attribu­

ted to t he cell as a whole) was calculated for each cell and 

reduced to watt - seconds per gram of depolar:Lzer . On this 

basis the ener gy output is equivalent t o the product of 

ca thode capacity per gram of depolarizer and the average 

Cell discharge voltage obtained using a zinc anode under 
th

e stated conditi ons . This quantity will not be a constant 

f'o -.-. d 11 ~- an individual depolarizer, but depen son ce compo-

Sition, construction and discharge conditions . The better 

Ce l l combinations are, nevertheless, identified by their 

higher energy o utputs . 

·The highest energy output of a benzoquinone cell was 

less than half that of an Mno2 cell discharged under the 

same conditions . With the better anthraquinone cells the 

Performance of MnO was exceeded . 
2 
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CELL 4 
MANGANESE ,DIOXIDE 

Depolarizer: 0 . 458 gms .; Carbon: 0 . 916 gms . 
Electrolyte : L, 6. o ml . 
Load: 100 ohms . 
Initial o.c.v.: 1. 43 

w 
V Q 

Volts Min. 
Watt - Sec. 

0 - 0 
l.37 1 

1.14 

l. 36 2 
2. 25 

1. 35 3 
3. 36 

1. 35 4 
4 . 45 

l . 34 g 5. 53 

l . 33 
6. 60 

1 . 33 7 
7. 68 

1. 32 8 
8. 70 

1. 31 12 
12 . 8 

1 . 28 19 
19. 9 

1. 26 24 
24 . 9 

1. 25 27 
27 . 6 

1. 2L~ 32 
32 . 2 

l.23 38 
37 . 8 

1. 21 43 
48 . 0 

1. 21 l~ 
51. 0 

1 . 20 
58.7 

l.20 70 
66 . o 

1 . 18 80 
74 . 5 

1. 16 90 
82.S 

1. 14 100 
90.5 

1. 12 113 
100 

1. 11 121 
106 

1. 09 132 
114 

1 . 08 145 
123 

1. 06 1.5i 
130 

o . 97 22 
17L~ 

o. 94 260 
192 

0 . 90 301 
213 

0. 88 ~ii 
234 

0. 88 
243 

~ .. o . 75 -:~ 300 

o. 35 1105 
410 

~:• Calculated. 

X 
Fractional 
Reduction 

0 
0. 0016 
0 . 0032 
o . oot9 
o . oo 5 
0. 0081 
0. 0096 
0. 0112 
0. 013 
0. 019 
0. 029 
0. 037 
O. 0L~2 
0. 049 
0. 058 
0. 065 
0 . 079 
0 . 092 
o. 10~-
0. 11 
0. 132 
O. lt5 
0. 1 3 
0. 173 
0. 188 
0.205 
0. 216 
0 . 302 
0. 341 
o . 373 
0. 422 
o. 442 

-:~ o . 574 
0. 980 



CELL 5 
MANGANESE DIOXIDE 

Depo larizer: 0 . 458 gms .; Carbon : 0. 916 gms . 
Electrolyte : L, 6. o ml . 
Load: 500 ohms . 
Initial o. c. v.: 143 

V g w 
Volts Min . 

Watt - Sec . 

1.42 0 
0 

l . ~.2 1 o. 2i2 

1.42 2 
o. 4 5 

l . ~.2 4 
o. 970 

1.41 9 
2 . 52 

1 . L~o 13 
3. 46 

1. 38 26 
6. 48 

l . ~6 37 
9 . 00 

..., 

1. 35 50 
11. 8 

l . 34 58 
13. 5 

1. 33 67 
1, . .5 

1 . 30 107 
23 . 7 

1 . 29 132 
28 . 7 

1. ;:is 143 
30 . 9 

1 . 28 156 
33 . .5 

1 . 28 166 35.5 
1. 2L~ 300 

. 61.0 

1. 23 427 
8L~ . 3 

1. 23 472 
92 . 5 

1 . 18 1300 
237 

1. 11 164.0 
290 

1. 02 2640 
426 

l.oo 2900 458 
~~ 0 7~ ~~ 570 . .., 

% Cale ulated . 
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X 
Fractional 
Reduction 

0 
0. 000336 
0 . 000673 
0. 00135 
0. 00350 
0 . 00473 
0. 00912 
0 . 0127 
0. 0168 
0. 0194 
0. 0223 
0. 0347 
0. 0423 
0 . 0457 
0 . 0497 
0 . 0527 
0 . 0930 
0. 130 
o. lli 3 
0. 3 0 
o. 473 
0. 125 
0 . 787 

-::- 1.00 



CELL 9 

ANTHRAQUINONE 

Depolarizer : 0. 46 grns .; carbon : 0. 92 gms . 
Electrolyte : B, 6. o ml . 
Load: 500 ohms. 
Initial o. c . v.: o. 70 

V 
g 

Volts Min . 

0 -
o. 48 o.5 
o. 49 1 
o. 49 2 

o. ~-s 3 
o.44 7 
0. 42 9 
0. 40 11 
0. 37 15 
0. 36 17 
0. 36 18 
o. 35 20 
0. 33 ~i 0. 32 
0. 30 33 
0. 28 37 
o. 27 43 
0. 25 48 
0. 24 52 
0. 24 55 
o. 23 

68 
0. 19 79 
0. 17 93 
0. 16 102 
o. 15 115 
0. 13 130 
0. 13 132 
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CELL 10 

l - NITR0ANTHRAQUIN0NE- 8- SULF0NIC ACID 

Depolarizer: 0 . 4 6 gms .; Carbon: 0 . 92 gms . 
Electrolyte : B, 6. o ml . 
Load : 500 ohms . 
Initial o. c. v.: 1. 32 

V 
Volts 

1. 02 
1.00 
0. 99 
0. 99 
0. 98 
0. 97 
0. 97 
0 . 95 
o. 88 

g 
Min . 

0 
1.5 

3 
11 
17 
29 
43 
52 
66 

159 

151 



CELL 11 

BENZOQUINONE 

Depolarizer : 0. 46 gms .; Carbon : 0. 92 gms . 
Electrolyte : B, 6. o ml . 
Load : 500 ohms . 
Initial o. c . v.: o. 77 

V 
g 

Volts Min . 

0 
0. 60 1 

0. 60 4 
o.56 11.i-

o.53 21 
o.5o 30 
o. 48 33 
o. 47 38 

0. 46 tl o. 42 
o.l.JD 86 
0. 40 93 
o. 32 197 
0. 22 335 
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CELL 15 

MANGANESE DIOXIDE 

Depolarizer : 0. 46 gms .; Carbon : 0 . 92 gms . 
Electrolyte : B, 6. o ml . 
Load : 500 ohms . 
Initial o. c. v.: 1. 18 

V g 

Volts Min. 

o. 8~- 0 
0. 7 5 
0. 70 JO 
o. 66 

1t2 0. 61 
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CELL 16 

l-NITROANTHRAQUINONE-8-SULFONIC ACID 

Depolarizer : 0 . 46 gms .; Carbon : 0 . 92 gms . 
Electrolyte: A, 6. o ml . 
Load : 500 ohms 
Initial o. c. v.: · 1 . 60 

V 
Volts 

1 . .So 
1 . 50 
1.50 
1.44 
l . 4.2 
1 . 15 
0 . 60 

g 
Min . 

0 
2 

15 

tl 
280 
720 

154 



CELL 17 

ANTHRAQUINONE 

Depolarizer : O. L~6 gms . ; Carbon: o. 92 gms . 
Electrolyte : A, 6. o ml . 
Load : 500 ohms . 
Initial o.c. v.: o . 85 

V g 

Volts Min . 

o. 83 0 
0. 70 4 
0 . 61 10 
o . 5~ 17 
0. 4 30 
0. 42 bo 
0. 41 24c:; 
O. ~.O 320 
0 . 37 1422 
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CELL 18 

POTASSIUM ANTHRAQUINONE-ALPHA- SULFONATE 

Depolarizer: 0 . 46 gms .; Carbon : 0 . 92 gms . 
Electrolyte: A, 6. o ml . 
Load: 500 ohms. 
Initial o. c. v.: 0 . 94. 

V g 
Volts Min . 

0 . 87 0 
0 . 83 1 
0 . 78 t 0 . 74 
0 . 64 12 
o.52 21 
0 . 48 JO 
0. 48 37 
0 . 47 60 
0 . 46 104 
0 . 45 161 
o . ~.2 219 
0.36 1210 
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CELL 19 

POTASSIUM l - NITROANTHRAQUINONE- 8- SULFONATE 

Depolarizer : 0. 46 gms .; Carbon : 0. 92 gms . 
Electro lyte : A, 6. o ml . 
Load : 500 ohms . 
Initial o. c. v.: 0. 90 

V ~ 

Volts Min . 

o. 85 0 
o. Bo 2 
0. 74 4 
0. 70 8 
o. 68 17 
0. 67 24 
0. 64 63 
0. 63 107 
0. 62 150 
0. 61 347 
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CELL 20 

POTASSIUM ANTHRAQUINONE-ALPHA- SULFONATE 

Depolarizer : 0. 46 gms .; Carbon : 0. 92 gms. 
Electrolyte : L, 6. o ml . 
Load : 500 ohms . 
Initial o. c . v .: 1. 06 

V 
Vo lts 

1. 04 
0. 95 
o. 88 
0. 84 
0. 81 
0.76 
o. 68 
o. 65 
0. 62 
0. 62 
o.58 
o.56 
o. 51.r 
o. 54 
o. 54 

g 
Min. 

0 
1 
2 
3 

i 
15 
27 
41 
51 
73 

160 
360 
450 
570 

158 



CELL 21 

1,2 NAPHTHOQUINONE 

Depolarizer : 0. 46 grns .; Carbon : o. 92 gms . 
Electrolyte : L, 6. o ml . 
Load : 500 ohms . 
Initial o. c . v.: o. 99 

V ~ 

Volts Min. 

0. 97 0 
n.95 8 
o. 94 15 
o. 92 48 
o. 92 57 
0. 90 77 
o. 88 103 
o. 84 150 
0. 81 210 
o. 78 279 
o. 75 390 
o.57 14-l~O 
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CELL 22 

1,4 NAPHTHO~UINONE 

Depolarizer : 0. 46 gms .; carbon: 0. 92 gms . 
Electrolyte : L, 6. o ml . 
Load : 500 ohms . 
Initial o. c . V.: 0. 90 

V 
g 

Volts Min . 

o. 89 0 
o. 88 1 

o. 87 6 
o. 86 20 
o. 85 70 
o. 85 90 
o. 85 200 
o. BL~ 265 
0. 11 46 hrs . 

Put ort open circuit 

0. 11 0 
0. 22 30 
0. 40 200 
o.48 315 
o.5o 360 
o.so 54 hrs . 

o. 84 73 . 5 hrs . 

Redischarge o f Cell 

o.76 0 
o. 73 1 
o. 72 2 
0.70 

6 

o.55 34 
0. 38 71 
o. 19 130 



CELL 23 

l-NITROANTHRAQUINONE-8-SULFONIC ACID 

Depolarizer : 0 . 46 gnw . ~ Carbon: 0. 92 gms . 
Electrolyte : L, 6.o ml . 
Load: 500 ohms 
Initial o. c. v. :· 1. 45 

V g 

Volts Min. 

0 
1. 30 1 
1. 26 i 1.22 
o.88 38 
0 . 84 64 
0 . 73 1130 

Cell recharged at 4.0 milliamperes for 
three hours, then redischarged as follo ws : 

V g 

1.37 0 
1.31 1 
1. 25 3 
1. 20 5 
0.97 21 
0. 9~ 35 
o.B 48 
0. 78 109 
0. 77 
0 . 76 

127 
162 

0 . 70 1515 

Cell again recharged at 4 . 0 milliamperes, but 
for 42. 5 hours, and redischarged as follows : 

V g 

1. JL~ 0 
1.27 o.5 
1. 21 1 
1. 20 1. 5 
1. 16 2 
1.14 2.5 
1.12 3 
1. 10 J.5 



V 
Volts 

1.09 
1.08 
1.06 
1 . 0~-
1. 03 
1.02 
1.00 
o. 96 
o. 89 
0 . 80 
o. 76 
0 . 60 
o. L1.5 

CELL 23 CONTINUED 

g 
Min. 

t 
8 
9 

11 
15 
34 
71 

117 
156 
346 

1815 



CELL 24 

2,5 DIPHENYL PARABENZO~UINONE 

Depolarizer: 0. 46 grns .; Carbon: 0.92 gms. 
Electrolyte: L, 6. o ml . 
Load: 500 ohms. 
Initial o.c . v.: 1.14 

V g 

Volts Min. 

1.12 0 
1.03 4 
0.99 20 
0. 96 38 
0. 92 53 
0. 62 76 
o. 54 89 
o.51 113 



CELL 25 

2: 7 ANTHRAQUINONE DISULFONIC ACID 

Depolarizer : 0. 46 gms .; Carbon : 0. 92 gms . 
Electrolyte : L, 6. o ml . 
Load : 500 ohms . 
Initial o. c . v.: 0. 95 

V Q 

Volts Min . 

0. 90 0 
0. 78 i 0. 72 
o. 69 23 
o. 68 33 
0. 67 49 
o. 66 

l~i o. 65 
0. 62 320 



CELL 32 

BENZOQ,UINONE 

Depolarizer : 0 . 207 gms . ; Carbon: 0.414 gms . 
Electrolyte: L, 3. 0 ml. -
Load : 500 ohms . 
Initial o.c.V.: 1 . 26 

V Q w 

Volts Min . Watt - Sec . 

1.25 0 0 

1.24 1 0. 18 

1. 24 2 0. 37 

1. 23 4 
0 . 73 

1.22 12 2. 17 

1.22 16 2 . 89 

1.20 34 
6. os 

1.20 ti 
7 . 1+2 

1. 20 
10 . 7 

1. 20 _ 83 
l~_ . 5 

1. 20 101 
17 . 6 

1. 20 150 
26 . 2 

1.19 178 31. O 

1.18 18i 
32 . 0 

1 . 16 21 37 . 2 

1. 14 226 38 . 8 

1.12 235 40 . 2 

1. 10 242 
L~l . 2 

1 . 08 258 43 -i 

1.07 273 45 . 

1.06 298 49 . 0 

1. 06 315 
51.2 

1 . 04 348 55 .5 
1. 02 450 

68 . 5 

1.00 gg5 
80 . 8 

0 . 90 
93 . 0 

0 . 86 708 97 . 2 
1:-112 

~:- o. 75 
1423 140 

o . 54 

... :'" Calculated 

X 
Fractional 
Reduction 

0 
o. oooio5 
0. 000 08 
0. 00161 
o. ooi8o 
o . oo 36 
0. 0135 
O. Olb6 
0. 0240 
0. 0325 
0. 0395 
0 . 0588 
0 . 0697 
0. 0721 
0 . 0843 
0. 0880 
0 . 0910 
0 . 0937 
0.0999 
0. 105 
0. 113 
0. 119 
0 . 130 
0. 165 
0 . 198 
0. 232 
0 . 243 

~:- o. 289 
0. 406 



CELL 34 

BENZ0Q.UIN0NE 

Depolarizer : 0 . 202 gms .; Carbon: 0 . 404 gms . 
Electrolyte : L, 3. 0 ml . 
Load : 75 ohms . 
Initlal 0 . C. V.: 1. 34 

V g w 

Volts Min . Watt - Sec. 

1. 15 0 0 

1.10 1 1.01 

1 . 09 2 1.98 

1. 08 5 4. 81 

1. 05 16 15. 2 

1.04 22 20 . 0 

1 . 02 37 . 5 33 . 3 

0 . 96 50 43 . 9 

0. 94 58 t8. 8 

0 . 84 82 4 . 0 

0 . 82 102 75 . 2 

0 . 78 111 80 . 0 
,~--

% 0 . 75 
82 . 1 

128 87 . 2 
o . 68 
0 . 40 178 98 . 5 

~::- Calculated 

X 
Fractional 
Reduction 

0 
0. 00249 
0. 00491 
0. 0121 
0 . 0380 
0. 0519 
0. 0872 
0 . 115 
0 . 132 
0 . 179 
0. 216 
0. 234 

.;~ o . 239 
o. 2bl 
0 . 321 



CELL 35 

BENZOQ,UINONE 

Depolarizer: 0 . 202 gms .; Carbon : 0 . 101 gms . 
Electrolyte : L, 3 . 0 ml . 
Lo ad : 500 ohms . 
Initial o . c . v .: 1 . 25 

V g w 

Volts Min . Watt- Sec . 

1 . 23 0 
0 

1. 22 1 0 . 18 

1 . 20 i 
o . 53 

1 . 20 
1.05 

1 . 18 26 t .45 
1 . 18 35 

. 00 

1 . 18 51 
8. 65 

1 . 17 88 14. 8 

1 . 17 105 
17 . 6 

1. 16 139 
23 . 0 

1.09 253 
~.o . 3 

1.08 268 42 . 5 

1 . 06 280 44. 2 
1.06 289 45 . 4 

1.04 305 
47 . 5 

1.02 338 
51.7 

1 . 02 3~-8 
53 . 0 

1 . 02 3 6 
55 . 1 

0 . 99 500 
71.5 

0 . 92 605 
83 . 0 

{:• 96 . 6 
1:- o . 75 

1350 
123 

0 . 42 

-" ,,- Calculated 

X 
Fractional 
Reduction 

0 
0 . 000408 
0 . 00122 
0 . 00242 
0 . 0104 
0 . 0139 
0 . 0202 
0 . 0348 
o . 0411~. 
0 . 054 
0 . 0974 
0 . 103 
0 . 107 
0 . 110 
0 . 116 
0 . 127 
0 . 130 
0 . 137 
0 . 182 
0 . 215 

,:• o . 272 
0 . 382 



CELL 36 

BENZ OQ.UINONE 

Depolarizer : 0 . 202 gms . ; Carbon : 0. 101 gms . 
Electrolyte : L, 3. 0 ml . 
Load : 150 ohms . 
Initial o. c . V.: 1. 26 

V ~ 
w 

Volts :Min. 
Watt- Sec . 

1. 16 0 0 

1. 13 2 1 . 05 

1. 11 7 
3.55 

1. 09 lL~ 
6. 95 

1. 07 29 14. 0 

1. 04 45 
21. l 

1. 03 57 
26 . 2 

1. 01 61 27. 9 

0. 97 89 38 . 8 

0. 91 119 49 . 6 

0. 90 125 51 . 3 

0. 84 156 6o . 7 

0. 81 166 63 . 7 

% 0 . 75 
~( 68 . 3 

293 
86 . o 

0. 52 

.. ;:- Calculat ed 

X 
Fractional 
Reduction 

0 
0. 00253 
0. 00875 
0. 0173 
0. 0352 
0. 0539 
0. 0676 
0. 0721 
0 . 103 
0. 134 
0. 139 
0. 170 
o. 179 

-:~ 0. 198 
0. 272 



CELL 37 

l-NITROANTHRAQUINONE-8- SULFONIC ACID 

Depolarizer : 0 . 202 gms .; Carbon : 0 . 404 gms . 
Electrolyte : L, 3. 0 ml . 
Load : 500 ohms . 
Initial o.c. v.: 1. 44 

V 
Volts 

1. 41 
1. 38 
1. 30 
1.24 
1 . 22 
1 . 18 
1. 18 
1. 16 
1.14 
1 . 13 
0 . 92 
0 . 92 
0 . 90 
0 . 90 
0 . 90 
0 . 90 
0 . 89 
0 . 88 
0 . 88 
0. 88 
0. 88 
o. 88 
o. 88 
0. 88 
o. 88 
0. 88 
0 . 87 
0. 87 
0. 87 
0 . 87 
0. 86 
0. 86 
0 . 84 
0. 83 
0. 80 
0. 76 

,. 0 c' ,.. . 7~ 
o . 65 
0. 55 

-::- Calculated 

~ 
Min. 

0 
1 
2.5 
5 
7. 5 

15 
20 
30 
39 
i1;·5 

108 
121 
130 
l~.6 
152 
161 
175 
182 
191 
199 
210 
225 
245 
267 
301 
32L~ 
349 
379 
480 
569 
636 

1082 
1355 
1600 
1845 

2120 
3450 

w 
Watt- Sec . 

0 
0. 23 
o. 55 
1. 04 
1. 50 
2. 79 
3. 54 
5 . 19 
6 . 60 
7 -~-5 

14 
15. 2 
16 . 4 
17 . 3 
18 . 9 
19 . 5 
20 . 3 
21 . 6 
22 . 3 
23 . 1 
23 . 8 
24. 9 
26 . 2 
28 . l 
30 . 1 
33 . 3 
35. 4 
37 . 7 
40 . 4 
49 . 5 
57 . 3 
63 . 3 

102 
125 

i~ 
~~ 164 

178 
236 

X 
Fractiona l 
Reduction 

0 
0. 00144 
0. 00413 
0. 00680 
0 . 0100 
0. 0193 
0. 0254 
0 . 0375 
0 . 0482 
o. 051-1-7 
0. 109 
0. 121 
0. 133 
0. 141 
0.156 
0. 162 
0. 170 
0. 183 
0 . 189 
0 . 198 
0. 205 
0. 214 
0 . 228 
0. 246 
0. 266 
0. 297 
0. 318 
o. JL}l 
0 . 368 
o. ~-59 
o. 538 
o. 597 
1.01 
1 . 22 
1.43 
1. 62 

~~ 1. 64 
1. 83 
2. 65 
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CELL 38 

5-NI'rROANTHRAQUINONE- 1 - SULFONIC ACID 

Depolarizer : 0. 202 gms .; Carbon : 0 . 404 gms . 
Electrolyte : L, 3. 0 ml . 
Load : 500 ohms . 
Initial o. c. v. : 1. 42 

V g w 
Volts Min . Watt - Sec . 

1.41 0 0 

1.20 11 2.16 

1 . 16 24 !--1- . 1+2 

1.1i 31 5.55 

1.0 43 7 . 30 

1. 04 51 8. 37 

0.94 62 9 . i2 

0 . 92 85 11. 

0. 90 97 13 . 1 

0. 90 116 1i. 9 
0 . 90 132 1 . )--1-

0 . 90 160 19 . 2 

0. 88 263 28 . 9 

0 . 89 401_~ 42 . 2 

0 . 88 922 90 . 7 

0 . 88 1roo 
139 

0. 87 1 05 154 

·" 0 5 -~ . 7 
{~ 213 

o . 54 4320 315 

·" -~ Calculated 

X 
Fractional 
Reduction 

0 
0. 0149 
0 . 0307 
0 . 0390 
0. 0528 
0. 0615 
0. 0707 
0. 0928 
0. 104 
0. 122 
0 . 137 
0. 163 
0 . 258 
0. 387 
0. 861 
1. 3i 
1. 4 

{~ 2. 20 
3. J+6 
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CELL 39 

POTASSIUM ANTHRAQUINONE-ALPHA- SULFONATE 

Depolarizer: 0. 202 gms . ; Carbon: 0. 404 gms . 

Electrolyte: L, 3. 0 ml. 
Load: 500 ohms . 
Initial o.c.v. : 1.33 

V g w X 

Volts Min. 
Watt - Sec. Fractional 

Reduction 

1.31 0 
0 0 

1. 24 1 0. 195 0. 00129 

1. 21 2 0.376 0. 00252 

1.15 3 
o. 542 0. 00372 

1. 09 5 
o. 845 0. 00598 

1. 06 7 
1. 12 0. 00815 

l . oi 10 1. 52 0. 0113 

0. 9 22 
2. 96 o. 023i 

0. 89 32 
3. 98 0. 032 

0. 78 47 
5. 25 0. 0455 

~~ o. 75 - 11- 5. 93 -::- o. 0525 

o . 74 60 6. 15 0. 0555 

0. 70 86 7. 77 0. 0745 

o. 68 124 
9. 93 0. 101 

o.66 160 11. 9 0. 125 

0. 63 352 
21. 5 0. 250 

0. 61 640 
34. 8 0. 427 

0. 58 1220 59 . 4 
0. 780 

0. 56 1550 
72 . 3 o.970 

o.5t 1885 
84. 5 1. 16 

0. 3 2730 
105 1.54 

..;~ Cale ulated . 
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CELL 40 

SODIUM ANTHRAQUINONE- BETA- SULFONATE 

Depolarizer: 0. 202 gms .; Carbon : 0. 404 grns . 
Electrolyte : L, 3. 0 ml . 
Load: 500 ohms . 
Initial o. c . v. : 1. 10 

V g w 
Volts Min. Watt -Sec . 

1.09 0 0 

1.00 1. 5 0. 197 

0. 94 3 
0. 365 

0. 88 5 o.565 
;>• 0 ... . 75 1!- 1. 43 

0. 73 18 1.57 

o. 68 33 
2. 48 

o. 66 45 
3. 11 

0. 60 144 7. 85 

0. 58 307 14. 6 

o.57 899 38 . 2 

0. 57 11L1.0 47 . 5 

0. 54 1430 58 . 2 

o. 53 1780 70 . 2 

0. 38 2715 93 . 5 

;, ,,. Calculated. 

X 
Fractional 
Reduction 

0 
0. 00150 
0. 00290 
0. 00464 

1:• o. 0133 
0. 0147 
0. 0248 
0. 0325 
0. 0925 
0. 184 
o. 510 
0. 6~-3 
o.798 
o. 977 
1.385 



CELL ~_2 

UNDEPOLARIZED 

Depolarizer: 0. 0 gms .; Carbon: 0.404 gms . 
Electrolyte: L, 3. 0 ml. 
Load : 500 ohms. 
Initial o.c.v.: 1. 12 

V 
g 

Volts 
Min. 

1.11 0 

1. 06 1 

1.03 
2 

0. 98 4 
o. 96 5 
o . 92 7 
o . 86 11 
0.80 16 

0.75 
22 

0. 73 
26 

0. 70 31 
o . 68 40 
o.66 51 
o.63 70 
0. 62 85 
0. 60 212 

o.58 378 
o . 54 1145 
o.53 1235 

173 



CELL 4.3 

BENZOQUINONE 

Depolarizer: 0.201 gms . ; Carbon : 0. 403 gms . 
Electrolyte : L, 3. 0 ml . 
Load : 150 ohms. 
Initial o.c . v . : 1. 24 

V 
g w 

Volts Min . Watt - Sec. 

1. 22 0 0 

1.20 1 o. 588 

1.18 2 1. 16 

1.18 3 
1.72 

1.17 4. 5 2. 5L~ 

1. 16 8 4 . L~1-

1. 16 13 7. 12 

1.15 28 15.1 

1.15 35 18 . 8 

1.1i 
45 24 . 1 

1.0 73 37 . 9 

0 . 98 129 61. 6 

0. 96 156 72 . 0 

0. 95 17~-
78 . 4 

0. 90 18 82 . 5 

o. 86 192 84. 5 
-:~ 93 . 7 

-ll- 0. 75 -
283 104 . 5 

0 . 62 
0. 58 303 

107.2 

o . .54 330 110.4 

0 . 53 344 
112 

~} Calculat ed. 

X 
Fractional 
Reduction 

0 
o. 0013i 
0. 0026 
0. 00400 
0. 00595 
0. 0105 
0. 0169 
o. 0362· 
0. 0452 
0. 0580 
0. 0925 
o. 157 
0. 186 
0. 205 
0. 218 
0. 223 

~~ o. 250 
o. 297 
0. 311 
0. 328 
0. 335 



CELL 44 

BENZOQ,UINONE 

Depolarizer: 0. 201 gms .; Carbon: 1. 813 gms . 
Electrolyte: L, 5 . 0 ml . 
Load: 150 ohms . 
Ini t ial o.c .v.: 

V 
Volts 

1.24 
1.23 
1.22 
1.22 
1. 20 
1.18 
1.16 
1 . 14 
1.12 
1. 04 
1.02 
0 . 98 
0 . 96 
0. 92 
0. 88 

-::- o. 75· 
0. 67 
0. 58 
0 . 52 
0 . 25 

-:;. Calculated. 

1.26 

~ 
Min . 

0 
1 
2. 5 
5 

14 
20 
31 
36 
48 
93 

119 
138 
141-J-
152 
161 

255 
330 
420 

1166 

w 
Watt-Sec . 

0 
0.612 
1.51 
3.00 
8.28 

11.7 
17. 7 
20 . 3 
25 - i 
¼-7-
58 . 4 
66.o 
68 . 4 
71. 2 
1i.o 

-:.- 8 . 1 
96.8 

108. 3 
119 
164 

175 

X 
Fractional 
Reduction 

0 
o. 001L~2 
0. 00343 
0. 00679 
0.0137 
0. 0268 
0. 0416 
o. oi84 
o. o 32 
0. 117 
o. 1t6 
0.1 7 
0.17¼-
0.182 
0. 191 

~ .. o . 240 
0. 212 
0. 324 
0. 379 
0. 700 



CELL 45 

BENZ0~UIN0NE 

Depolarizer : 0.403 gms . ; Carbon : 1.813 grns . 
Electrolyte: L, 5 . 0 ml . 
Load: 1.50 ohms. 
Initial o . c . v. : 1 . 27 

V 
g w 

Volts Min . Watt - Sec . 

1.24 
0 

0 

1 . 23 1 
0 . 608 

1 . 23 2 
1.21 

1 . 22 ~ 
1. 82 

1.22 
3 . 60 

1.21 11 6. 57 

1.20 19 
11.2 

1.20 25 14. 7 

1 . 20 33 
19.3 

1 . 19 44 
25 . 6 

1 . 18 57 
32 . 8 

1 . 18 70 40 

1 . 18 Bo 45 . 6 

1.17 92 52 . t, 
1. 16 102 57 . ., 

1. 16 111 62 . 5 

1.14 
122 68 . 4 

1.10 146 
80 . 4 

1 . 08 158 
86 

1 . 06 172 
92 . 5 

1.05 
183 

97.5 

1 . 04 199 104.3 

1.03 213 
110. 3 

1 . 02 230 117.5 

1 . 02 241 
122 

1.01 255 127 . 5 

1 . 00 
280 138 

0 . 98 295 1~ 

0 . 98 310 149 . 5 

0 . 81 422 
186 

0 . 80 427 
187 

{:• 19~-
% 0 . 75 -

o . 68 502 203 

0 . 63 il5 
215 

0 . 56 
228 

1:-Calc ulated . 

X 
Fractional 
Reduction 

0 
0 . 000703 
0.00148 
0 . 00212 
0 . 00400 
0 . 00752 
0 . 0130 
0 . 0171 
0 . 0221 
0 . 0295 
0 . 0377 
0 . 0472 
0 . 0535 
0 . 0610 
o . o68i 
0 . 012 
0 . 0803 
0 . 0951 
0 . 103 
0 . 110 
0 . 117 
0 . 127 
0 . 135 
0 . 144 
0 . 1505 
0 . 158 
0 . 173 
0 . 181 
0 . 189 
0 . 244 
o . 247 

1:- o . 249 
0 . 218 
0 . 304 
o . 333 



CELL 46 

BENZOQUINONE 

Depolarizer: 0 . 604 gms .; Carbon : 1 . 813 gms . 
Electrolyte: L, 5 . 0 ml . 
Load: 150 ohms . 
Initial o.c. v.: 1 . 30 

V 
Volts 

1 . 26 
1 . 24 
1.22 
1.22 
1 . 21 
1.20 
1.20 
1.20 
1 . 20 
1.20 
1 . 20 
1 . 19 
1 . 19 
1.19 
1.18 
1.18 
1 . J 8 
1 . 18 
1 . 18 
1 .. 18 
1 . 18 
1 . 18 
1 . 16 
1.15 
1 . 14 
1 . 12 
1.12 
1.10 
1 . 08 
1.06 
1 . 03 
1.02 
1.00 
1.00 
1.00 
0 . 97 

e 
Min . 

0 
1 
3 
5 
8 

15 
22 
25 
31 
35 
40 
45 
50 
60 
69 
75 
80 
87 
96 

105 
110 
126 
162 
182 
188 
203 
210 
218 
231 
246 
330 
345 
387 
402 
415 
46~. 

w 
Watt - Sec . 

0 
0 . 62 
1. 83 
3 . 02 
4 . 76 
8. 85 

12. 9 
14. 2 
18 . 0 
20 . 3 
23 . 3 
26 . 1 
28 . 9 
34. 6 
39 . 6 
43 . 0 
45 . 8 
49 . 7 
54. 8 
59 . 7 
62 . 5 
71.4 
91.0 

102 
105 
112 . 5 
116 
120 
127 
134 
171 
177 
195 
200 
205 
224 

177 

X 
Fractional 
Reduction 

0 
0 . 000455 
o. ooll.~9 
0 . 00230 
0.00358 
0 . 00680 
0 . 00983 
0 . 0115 
0 . 0141 
0 . 0156 
0 . 0184 
0 . 0200 
0 . 0219 
0 . 0270 
0 . 0308 
0 . 0333 
0 . 0363 
0 . 0388 
O. OL~27 
o. o~.57 
0 . 0492 
0 . 0564 
0 . 0105 
0.0801 
0 . 0826 
0 . 0889 
0 . 0923 
0 . 0950 
0 . 101 
0 . 107 
0 . 138 
0 . 145 
0 . 161 
0 . 166 
0 . 111 
0 . 189 



V 
Volts 

0. 95 
0. 89 
0. 83 

"""0 . 75 
0 . 4.0 
0. 38 
0.37 

% Calculated . 

CELL 46 

g 
Min. 

479 
508 
559 

1399 
1430 
ll~5 

178 

(CONT'D) 

w X 
Watt-Sec . Fractional 

Reduction 

230 0.194 
240 0. 204 
255 0.221 

-;:- 278 -:i- o. 250 
381 o. l~l2 
38l~ 0. 416 
385 0.418 



Depolarizer : 0 . 210 ~ms . ; 
Electrolyt e: L, 3. 5 ml . 
Load : .500 ohms . 
Initial o.c.v.: 1. 10 

V 
Volts 

1 . 09 
1. 08 
1. 08 
1.08 
1. 07 
1. 06 
1. 06 
1 . 0.5 
1.04 
1 . 04 
1. 04 
1 . 04 
1. 03 
1.02 
1.02 
1. 02 
1. 02 
1 . 01 
1. 00 
1. 00 
1.00 
1 . 00 
1 . 00 
1.00 
1 . 00 
1 . 00 
1. 00 
1. 00 
0 . 99 
0 . 99 
0 . 98 
0 . 98 
0 . 98 
0 . 98 
0 . 98 
0 . 97 

g 
Min . 

0 
1 
3 
4 
9 

1.5 
23 
31 
38 
4.5 
52 
63 

ii 
96 

109 
121 
132 
144 
153 
163 
177 
185 
191 
200 
212 
221 
233 
246 
268 
286 
309 
337 
349 
L~57 
492 

CELL 47 

QUINHYDRONE 

Carbon : 0. 420 gms . 

w 
Watt-Sec . 

0 
0 . 142 
0. 421 
o. 562 
1. 25 
2. 08 
3. 15 
4 . 23 
5 . 14 
6. 05 
6 . 95 
8. 4 
9 . 8 

11. 6 
12 . 6 
lL~ . 2 
15.7 
17. 1 
18. 5 
19 . 6 
20 . 8 
22 . 5 
23 . 4 
24. 1 
25 . 2 
26 . 7 
27 . 8 
29 . 2 
30. 8 
33 . 4 
35 . 5 
38 . l 
41.3 
42 . G 
55. 1 
59 . 1 

179 

X 
Fractional 
Reduction 

0 
0. 000705 
0. 00210 
0. 00281 
0 . 00630 
O. 010~-
0. 0164 
0 . 0218 
0 . 0263 
0. 0318 
0. 036 
0 . 0433 
0.0502 
0. 0594 
0 . 0650 
0. 07~-1 
0. 0825 
0 . 0890 
0 . 0971 
0. 103 
0 . 109 
0 . 118 
0 . 123 
0 . 127 
0 . 133 
0 . 141 
0 . 147 
0. 155 
0. 163 
0 . 177 
0 . 189 
0. 204 
0 . 228 
0 . 236 
0. 304 
0 . 327 
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CELL L~7 (CONT ' D) 

Q.UINHYDRONE 

V ~ 
w X 

Volts Mi n . Wat t -Sec . Fractional 
Reduction 

0. 97 510 61.1 0. 337 

0. 96 532 63. 5 0. 351 

0. 96 5643 
64. 8 0. 358 

0. 94 00 71. 0 0. 393 

0. 93 613 72 . 3 0.402 

0. 92 625 73 . 7 0. 408 

o. 88 663 77 . 3 0. 430 

-i:- o. 75 
-;~ 9 3. O 1l- o. 55 

o. 55 1311 117 0.731 

0. 50 1415 121 0.768 

.,. 
, (' Calculated 



CELL 48 

BENZ0Q.UIN0NE 

Depolarizer : 0 . 210 gms .; Carbon : 0. 420 gms. 
Electrolyte : Sat •d. NH Cl, 3. 5 ml. 
Load : 500 ohms . 4 
Initial o.c . v. : 1. 22 

V 9 
w 

Volts Min . Watt - Sec . 

1.20 0 0 

1.18 1 0 . 171 

1 . 17 2 0 . 336 

1. 16 3 
o . 5oo 

1. 16 4 
0 . 661 

1. 16 7 
1. 15 

1 . 16 9 1. 47 

1.15 15 2. 43 

1. 14 22 3. 54 

1. u~ 27 4 . 32 

1. 14 it 
8. 69 

1.14 
9 . 62 

1.13 66 10. 6 

1.13 75 
11.9 

1 . 13 86 13 . 6 

1. 12 99 
15. 6 

1. 12 123 
19. 2 

1.11 139 
21 . 6 

1.11 147 
22 . 8 

1. 10 159 
24. 6 

1. 08 178 
27 . 2 

1. 06 200 30 . 2 

1. 04 222 33 . 2 

1 . 03 ~gg 3i. 6 

1.01 
3 . 8 

1. 00 303 
43 . 2 

0. 99 325 45 -9 

0 . 98 3t9 
48 . 6 

0 . 98 3 O 
50 . 0 

0 . 98 390 53 -i 

0 . 97 420 
56 . 

0. 96 467 
62 . 0 

0 . 95 506 66 . 5 
-:~103 

~:- o. 75 
1150 

117 
0 . 67 
0 . 64 1246 

122 I 

~:- Calculated 

181 

X 
Fractional 
Reduction 

0 
0. 000380 
0 . 000757 
0. 00133 
0. 00150 
0. 00261 
0. 00335 
0. 00557 
0 . 00812 
0. 00993 
0. 0201 
0 . 0223 
0 . 0241 
0. 0273 
0. 0313 
0 . 0354 
0. 0447 
0. 0504 
0. 0533 
0. 0574 
0 . 0641 
0 . 0715 
0. 0792 
0 . 0826 
0. 0935 
0. 105 
0 . 112 
0 . 120 
0. 123 
0 . 133 
0. l~.2 
0. 156 
0 . 168 

-l~ o. 287 
0. 335 
0 . 355 



CELL 49 

BENZ OQ, UIN ONE 

Depolarizer : 0 . 210 gms . ; Carbon : 0 . 420 gms . 
Electrolyte : Sat 1 d. NaCl, 3.5 ml . 
Load : 500 ohms . 
Initial o . c . v .: 1. 18 . 

V 9 w 
Volts Min . Watt - Sec . 

1.1i 0 0 

1.0 5 0. 696 
1. 06 10 1.38 
1. 06 12 1. 66 
1. o.5 16 2. 19 
1 . 04 24 3. 24 
1 . 04 29 3. 87 
1.02 37 4 . 90 
1.02 411. 5 . 80 

1.02 l~9 6. 40 

1.02 ~ 56 7. 30 

1.02 70 9.05 

1. 01 77 9 . 90 

1.01 100 12. 7 

1.00 118 1i. 9 
0.99 131 1 . 4 

147 18 . 4 
0 . 98 
0 . 98 153 19 . l 

170 21 . 0 
0 . 96 199 24. 1 
0 . 95 227 27 . 1 
0 . 93 300 34 . 2 
o. 87 35 . 8 
o.86 317 

386 41.7 
0 . 82 44. 5 
0.80 424 

~!- 51.9 
~~ o . 75 1140 83 . 2 

o . 54 

Calculated 

182 

X 
Fractional 
Reduction 

0 
0 . 00176 
0 . 00347 
0 . 00415 
0. 00549 
0 . 00806 
0. 00982 
0. 0124 
o. 01t7 
0 . 01 t 
0. 018 
0. 0232 
0 . 0254 
0. 0329 
0 . 0387 
0. 0428 
0. 0478 
0 . 0498 
0 . 0549 
0. 0638 
0. 0722 
0. 0932 
0. 0980 
0. 117 
0 . 126 

~:- o. 155 
0 . 279 



CELL 50 

BENZOQ,UINONE 

Depolarizer : 0 . 210 grns .; Carbon: 0. 420 grns . 
Electrolyte : L, 3.5 ml . 
Load : 500 ohms. 
Initial o. c . v. : 1. 27 

-V 
g w 

Volts Min . Watt-Sec . 

1 . 25 0 0 

1. 21 60 10 . 5 

1.19 120 20.7 

1. 18 180 30 . 8 

1 . 11 240 39 . 5 

1.03 300 47 . 2 

0 . 99 360 55.5 

0.97 420 
62 . 2 

o.85 480 67 . 4 

0. 80 540 
72 . 0 

-::• 75 . 3 
~~ o. 75 -

600 76 . 0 
0. 74 
o. 68 660 79 . 2 

o. 65 720 
82.4 

0 . 61 780 
85 . 0 

~· ,_. Calculated 
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X 
Fractional 
Reduction 

0 
0 . 0231 
o.ot6o 
o. o 86 
0. 0900 
0 . 110 
0. 129 
o. its 
0. 1 4 
0. 179 

~~ 0.191 
0 . 193 
0. 206 
0. 219 
0 . 231 



CELL 53 

ANTHRAQUINONE 

Depolarizer : 0 . 200 gms .; carbon : 0 . 400 gms . 
Electrolyte : L, 3.5 ml . 
Load : 500 ohms . 
Initial o . c . v .: 1 . 22 . 

V Q 

Volts Min. 

1.21 0 

1 . 14 1 

1.08 g 
1.00 
o . 96 8 

o . 89 12 

0 . 77 29 
0. 16 33 
0 . 72 40 
0 . 70 it o . 66 
o.65 75 
0 . 62 100 
0.60 133 
o . 58 1200 

o.55 2880 
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CELL 55 

l - NITROANTHRAQUINONE- 8- SULFONIC ACID 

Depo larizer : 0. 200 gms .; Carbon : 0. 400 gms . 

Electrolyte : L, 3. 5 ml. 
Load : 500 ohms . 
Initial o. c. v.: 1.50 

V g w 
Vo lts Min . Watt -Sec . 

1. 47 0 0 
1. 38 2 0.488 
1. 23 7 1 . 51 
1 . 20 11 2 . 22 
1 . 16 2~- t . L~O 

1. 14 35 . 13 

1. 12 it 7 . 68 

1 . ot 
9 . 77 

0 . 9 82 12 . 4 

0 . 94 97 1i. o 
0. 94 120 1 . 5 
0. 92 172 21. 9 

0 . 92 432 48 . 2 

0 . 90 510 56 . 0 

0. 90 555 6o . 5 

o. 89 695 74. 3 

o . 86 1380 137 

o. 85 1425 lL1.l 

o . 85 1479 146 

o . 85 1570 15i 
1621 15 

o . 85 1690 16i 
o . 85 16 
o . 85 17to 179 
o . 84 18 O 184 1920 
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X 
Fractional 
Reduction 

0 
0. 00297 
0. 00978 
0 . 0148 
0. 0308 
0. 0442 
0 . 0557 
0 . 0725 
0 . 0955 
0 . 110 
0. 133 
0. 182 
0. 432 
o. 506 
o. 5i9 
o. 6 4 
1. 31 
1. 35 
1.40 
1.47 
1.52 
1.58 
1. 62 
1.73 
1. 78 
1. 88 0 . 82 

0 . 80 2040 193 
-l!- 2. 15 

-:!- 217 
~~ o. 75 2375 250 2. 55 

0. 67 2912 267 2. 78 

o . 65 32to 311 3. 40 

0 . 54 42 0 

·" ,,. Calculated 
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CELL 56 

l-NITROANTHRAQ.UINONE- 8-SULFONIC ACID 

Depolarizer : 0 . 200 gms . ; Carbon : 0.400 gms . 
Electrolyte : L, 3. 5 ml . 
Load : 150 ohms . 
Initial o. c. v.: 1. 46 

V 
Volts 

1.36 
1. 17 
1. 06 
1. 00 
0.83 
0. 80 
0. 80 
0 . 78 
0.78 
0. 76 

~:- o. 75 
0 . 74 
0. 73 
0 . 72 
o.68 
o. 64 
0. 62 
o. ~.6 
0. 42 
0. 30 

-:i- Calculated 

g 
Min . 

0 
1 

17 
27 

ii 
90 

106 
127 
152 

208 
252 
295 
395 
550 
609 

1260 
1330 
1500 

w 
Watt - Sec. 

0 
o. 64 
8.85 

13 . 1 
20 . 4 
25 . 5 
31.2 
35. 2 
40 . 3 
46 . 5 

-:~ 52 . 3 
59 . 0 
69 . 0 
77. 7 
97 . 2 

124 
133 
209 
215 
224 

X 
Fractional 
Reduction 

0 
0.004 
0 . 068 
0. 104 
0. 174 
0. 227 
0. 289 
0. 332 
0. 390 
o. 456 

~:- o. 529 
0 . 602 
o. 71.5 
0 . 825 
1.065 
1.42 
1.55 
2. 77 
2. 87 
3.08 
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CELL 59 

l-NITROANTHRAQUINONE-8-SULFONIC ACID 

Depolarizer : 0. 200 gms .; Carbon: 0 . 400 gms . 
Electrolyte : 20% NaOH, 3.5 ml . 
Load : 500 ohms. 
Initial o.c. v.: 1. 40 
Atmosphere : Air . 

V Q w 
Volts Min . Watt-Sec. 

1.35 0 0 

1. 21 3 
o. 590 

1. 14 37 
6 .25 

1 . 13 180 28 .3 

1 . 11 407 62 . 5 

1 . 05 1055 153 

0 . 98 1320 186 

0.90 1500 205 

o . 86 1575 212 

0 . 83 181.t-5 235 

0. 78 2475 284 

.;:- o. 75 
~~ 293 

0 .72 2735 301 

0.70 2880 310 

0.63 3266 330 

0. 53 4060 §~i 
o.5o 4170 

X 
Fractional 
Reduction 

0 
0. 00396 
0. 0456 
o. 21i 
o. ~-7 
1.21 
l . t9 
1. 6 
1.73 
1.97 

" .. ,,-
2. -69 
2. 0 
2.70 
2. 80 
3. 07 
3. 55 
3. 61 



CELL 60 

UNDEPOLARIZED 

Depolarizer : o . o gms .; Carbon : 0 . 400 gms . 
Electrolyte : 20% NaOH, J.5 ml . 
Load : 500 ohms . 
Initial o . c . v.: 1. 36 

V Q 

Volts Min. 

1. 15 0 
1 . 12 1 
1.ot 3 
0. 9 14 
0 . 91 21 
o. 84 45 
0. 77 108 
0 . 70 196 
o. 65 270 
o.58 444 
0 . 49 1095 
0 . 47 1320 

188 



CELL 61 

l-NITROANTHRAQUINONE- 8- SULFONIC ACID 

Depolarizer : 0. 200 grns .; Carbon : 0 . 400 grns . 
Electrolyte : 20% NaOH, 3. 5 ml . 
Load : 500 ohms . 
Initial o. c . v.: 1. 26 

V 
g w 

Volts Min . Watt - Sec . 

1 . 23 0 0 

1 . 20 1 0. 178 

1.18 5 o. 859 

1 . 16 13 2. 17 

1 . 16 it 
5. 57 

1.14 
9. 89 

1.14 126 20 . 0 

1 . 14 198 31. 2 

1 . 12 365 57 . 0 

1.08 600 91. 0 

0 . 82 12i5 
161 
172 
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X 
Fractional 
Reduction 

0 
0. 00127 
0. 00622 
0. 0160 
0. 041.5 
0. 0737 
0. 151 
0. 236 
o . 433 
0. 702 
1.34 
1. 1i5 

0 . 80 13 0 
0. 76 1595 187 1. 3 

-lr 192 .;;. 1. 69 
-l:• o. 75 

o. 7L~ 17to 
197 1. 74 

0. 72 18 O 205 
1. 83 

0 . 60 2735 250 2. 43 

~~ Calculated 



~~·~} 
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CELL 62 

l-NITROANTHRAQUINONE-8-SULFONIC ACID 

Depolarizer : 0. 200 gms .; Carbon : 0 . 400 gms . 
Electrolyte : 20~ NaOH, 3. 5 ml . 
Load : 500 ohms . 
Initial o. c .v.: 1. 30 
Atmosphere : Oxygen . 

V g w 
Volts Min . Watt - Sec . 

1.28 0 0 
1. 16 6 1.07 
1.14 16 2. 66 
1.14 33 5 . 32 
1.12 52 8. 29 
1. 12 72 11. 3 
1. 12 117 16 . t; 
1. 06 760 108 
1.04 870 123 
1. 02 1020 142 
1. 01 1080 150 
o. 86 1130 155 
0 . 16 1355 162 

X 
Fractional 
Reduction 

0 
0. 00763 
0. 0196 
0. 0398 
0. 0625 
0. 0852 
0 . 126 
o. 855 
0. 975 
1 . 14 
1. 20 
1.25 
1.37 

~H~ Oxygen had corroded zinc contact thru. 



~· ,,. 
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CELL 63 

DISODIUM ANTHRAQUINONE DISULFONATE 
HYDROGEN REAGENT 

Depolarizer : 0.200 gms .; Carbon : 0 . 400 gms . 
Electrolyte : 20% NaOH, 3. 5 ml . 
Load : 500 ohms . 
Initial o. c.V.: 1 . 35 . 
Atmosphere : Nitrogen . 

V Q w 
Volts Min . Watt - Sec . 

1.32 0 0 
1 . 02 1 0 . 164 
1.00 2 0 . 287 
1.02 7 o . 899 
1.01 ii 1. 76 
1.00 2 . 26 
0 . 97 27 3 . 30 
0 . 98 40 4 . 79 
0 . 96 173 19 . 8 
0 . 92 219 23 . 6 
0 . 84 431 

1~ tr:§ 0 . 75 
o. 66 1147 79 . 6 

Calculated. 

X 
1',ractional 
Reduction 

0 
0 . 0015'0 
0 . 00279 
0 . 00927 
0 . 0183 
0 . 0236 
0 . 0348 
0 . 0511 
0 . 216 
0 . 260 
o.5oo 

~} 0 .79 
1.09 
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CELL 64 

DIS0DIUM ANTHRAQUIN0NE DISULF0NATE 
HYDROGEN REAGENT 

Depolarizer : 0.200 gms.; Carbon: 0 . 400 gms . 
Electrolyte: 20% Na0H, 3.5 ml . 
Load : 500 ohms . 
I~itial 0. C.V. : 1 . 36 . 
Atmosphere: Air . 

V Q w 
Volts Min . Watt - Sec . 

1 . 33 0 0 
1 . 26 3 0. 605 
1 . 26 10 1.93 
1.26 23 i. 42 
1.25 42 . 02 
1.25 50 9 . 52 
1.25 69 13 . 1 
1 . 24 106 20 . 0 
1 . 24. 126 23 . 6 
1 . 20 190 35. 2 
1.17 270 48 . 5 
1.12 t65 79 . 3 
1 . 10 87 112 
0 . 92 1501 212 
0.90 1540 215 
o . 88 1813 242 

X 
Fractional 
Reduction 

0 
o . 00~_98 
0 . 01 3 
0 . 0372 
0 . 0679 
0 . 0807 
0 . 111 
0 . 170 
0.202 
0 . 302 
0 . 424 
0 . 711 
1.03 
2 . 08 
2 . 13 

-:;. o. 75 ~'" 340 1} 
2. ti J. 1 

., 
"~ Calculated . 



~i" 
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CELL 65 

DISODIUM ANTHRAQUINONE DISULFONATE 
HYDROGEN REAGENT 

Depolarlzer: 0.200 gms . ; Carbon: 0.400 gms . 
Electrolyte : 20% NaOH, 3 . 5 ml . 
Load: 500 ohms . 
Initial o. c . V.: 1 . 28 
Atmosphere: Nitrogen. 

V ~ w 
Volts Mi];). . Watt-Sec . 

1.22 0 0 
1 . 13 2 0 . 331 
1.08 14 2 . 10 
1.01 ii 6 . 70 
0 . 98 10 . 8 
0 . 96 107 1i. L~ 
0.93 149 1 . 0 
0 . 90 210 24 . 1 
o . 86 287 31.2 
0.82 387 39 . 7 
0 . 78 470 46 . 1 
0 . 75 -;~ 54 . 0 
0.60 1298 93 . 2 
0 . 60 1388 97 . 0 
0 . 58 1688 110 

Calculated 

X 
Fractional 
Reduction 

0 
0 . 00301 
0 . 0201 
0 . 0670 
0 . 112 
0 . 140 
0 . 191 
0 . 262 
0 . 350 
0 . 4 57 

1} g:lt2 

1. 27 
1 . 34 
1.57 
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