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TITANIUM AND ZIRCONIUM AS ELECTRODES 

FOR PRIMARY CELLS 

I. INTRODUCTION 

Titanium and Zirconium were both discovered well 

over 100 years ago, but their usefulness and potential has 

only begun to be fully realized within the past 30 years. 

The discovery of titanium is credited to W. Gregor (19), 

a priest in Cornwall, England, who in 1791 found a black 

sand in a valley of his parish which he described as 

being much like gunpowder in appearance. He concluded 

from his examination that the sand was composed of oxides 

of iron and a new metal. The discovery went almost 

unnoticed until 1797 when L. H. Klaproth (24) identified 

the oxide of this unknown metal with that which he had 

extracted from rutile of Boinik, Hungary. Klaproth 

applied the name "titanic earth" with reference to the 

Titans, the fabled giants of ancient mythology, and hence 

the name titanium. 

Klaproth (25) also played a role in the discovery 

of zirconium. In 1795 he reported that in analyzing the 

zircon of Ceylon he found that it contained 66% of a 

mineral differing from any known to him. He called this 

zirkonerde. In 1797, Guyton (20) published his analyses 

of zircons from various localities, confirming the work 
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of K].aproth. 

Titanium, although relatively unfamiliar until re- 

cently, is actually one of the more abundant elements, 

comprising approximately O.63 of the earth's crust. It 

Is the ninth most plentirul element and. the fourth most 

plentiful metal, alunilnum, Iron, and magnesium being more 

com'non (10, p. 20). Although 0.63% may seem Insignificant, 

when compared with percentages of other common metals such 

as copper - 0.01%, nickel - 0.02%, zinc - 0.004%, and lead 

- 0.002%, it is seen that it is Indeed plentiful. Titan- 

lun occurs niainly as ilmenite (Tb2. FeO) and rutile 

(Tb2) in either sand or rock deposits. Large deposits 

are found in India and Canada, but it has an extremely 

widespread distribution, being found in varying amounts 

In such places as deep sea dredgings, coals, volcanic 

dust, meteorites, the atmosphere of the sun and some stars, 

the water from the Danube River, in organic matter such 

as oak wood, cotton seeds, and the bones und flesh of 

nien and lower animals. 

Zirconium is somewhat less abundant than titanium, 

but is still more plentiful than copper, lead, nickel, and 

zinc. The zirconium content of the earth's crust is 

estimated to be 0.026% (lO, p. 20) which places it eleventh 

among the elements an seventh among the metals. The most 

common mineral containing zirconium is the silicate, 
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known as zircon (ZrSiO4). The main zircon deposits, 

which are usually found as or with black sands, are found 

in the United States and íustralia. Zirconium also 

occurs as the oxide (Zr02), known as baddelayite. The 

main deposits of this mineral are found in Brazil. Zir- 

conium, as titanium, has been found in certain waters, 

meteorites, and the solar spectrum. 

Both titanium and zirconium metals are produced by 

chlorinating the oxide ore, and then reducing the 

tetrachioride with sodium or magnesium. Somewhat purer 

metal can be produced by introducing crude titanium or 

zirconium and iodine into an evacuated bulb and heating to 

form a volatile titanium tetraiodide, which is decomposed 

to titanium and free iodine by a hot filament. The metal 

deposits on the filament and the free iodine reacts with 

more crude titanium. The main impurities occurring in 

titanium are iron, carbon, oxygen and nitrogen (1, p.1-12) 

while those in zirconium are aluminum, titanium, iron, 

nitrogen, oxygen and hafnium (3L, p. 15-85). Titanium, 

zirconium and their compounds find many and varied uses, 

particularly as structural materials and in high 

temperature alloy systenis. Properties which make them 

useful in these fields are their densities which are 

4.5g/cc and 6.5g/oc, respectively, as compared with that 

of iron, 7.8g/cc and their melting points of 18000 and 
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1845° as compared with that of iron, 15300. Both metals 

are quite strong and corrosion resistant. Titanium corn- 

pounds ere used for paint pigments, dyes, refrQctory 

materials, smoke screens, incandescent filanients, abra- 

sives, gern stones, additives for quick drying cement, 

catalysts, and nitrogen fixation. Zirconiwa compounds 

find application in incandescent filaments, gas mantles, 

reduction of metals, electric furnace electrodes, 
refractory materials, glass, ebrasives, dyes, and gern 

stones. 

It has been suggested that titanium or zirconium 

might find additional application as an electrode in a 

battery (28). The purpose of this research was to explore 

this possibility. In order to make the research somewhat 

better defined, it was agreed that the primary goal should 

be to explore the possibility of using either of these 

metals as the anode in a primary battery; however, other 

possibilities were not ignored if they appeared to hold 

seine promise. In this discussion, "anode" will refer to 

the electrode where oxidation occurs, and "cathode" to 

the electrode where reduction occurs. The project is an 

exploratory one and. is the first investigation of this 

type to be conducted in this laboratory. 

A literature search revealed that very little work 

of this type has been conducted on these metals, and only 
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a limited amount oI related work has been done. Schlain 

(37), in connection with corrosion studies, determined 

steady state values of single electrode potentials for 

titanium in sodium chloride, hydrochloric acid, sulfur 

dioxide, and sulfuric acid electrolytes. He also deter- 

mined the potential of various galvanic couples in 3% 

sodium chloride, arid the effect of dissolved metal on 

the titanium potential in i N hydrochloric acid. He 

found that it required from 25 to 309 hours to reach a 

steady state potential and that, of the electrolytes 
studied, 7.5 N hydrochloric acid gave the best anodic 

potential, -0.37 V, as compared with a standard hydrogen 

electrode. The best alvanic couple was obtained with 

magnesiana in which about eleven iniliaxnps were obtained 

and the titanium was cathodic. He also found that 2 mg 

per liter of cuprous ion will passivate titanium in 

hydrochloric acid up to a concentration of 5 N, and that 

more noble nietal ions in i N hydrochloric acid cause 

larger increases in titanium electrode potentials. 
Straumanis and Chen (40) found that the potential of 

titanium in hydrofluoric acid is approximately -0.77 V 

and in the presence of anixuoniurn fluoride, it is about 

0.95 V. A United 3tates patent (31) has been issued for 

a highly porous titanium, coated with manganese dioxide 

or some other depolarizing or conducting substance, for 



use as an electrode in a primary cell. The electromotive 

force measured against zinc in the usual LeGlanche' 

electrolyte is 2.1 V. By coating the titanium mass with 

silver, it can be made the cathode in a cell with a 70% 

potassium hydroxide electrolyte and an amalgamated zinc 

anode. The potential of this cell is 1.95 V, and heavy 

currents can be drawn without depolarization. 

Strautnanis and Chen (4.1), In connection with their 

Investigation on the rate and mechanism at which titanium 

dissolves in hydrofluoric acid solutions, have also re- 

ported that the open circuit potential of titanium in 

hydrofluoric acid became more anodic (negative) as the 

concentration of the acid increased from 0.0125 N to 

0.2 N. Above 0.2 N the potential became nearly constant 

at -0.768 V as compared with a standard hydrogen 

electrode. 

Several attempts have been made to determine the 

standaru oxidation potential of titanlu.in. The first was 

by Botts and Krauskopf (6) who measured potentials of 

titanium in 0.25 M titanous sulfate and 0.25 M titanous 

chloride solutions. They obtained values of '0.13 V and 

'0.23 V, respectively. Since activity coefficients of 

the solutions are not known, the standard potentials of 

titanium in both solutions were calculated by means of' 

change in concentration. The results they obtained were 
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+0.168 V and 40.218 V, respectively. These values are 

considerably smaller than expected. Satoh and Yaniane 

(36) repeated the experiment in 0.0215 M titanous sulfate 
and obtained a value for the standard electrode potential 

of sO.355 V. This is larger than the earlier value but 

still smaller than expected. These authors have also 

calculated a value for the titaniwn-titanous couple using 

thermodynanile data for titanous chloride and have obtained 

a value of l.3O V. Using this value, they then obtain a 

value of sO.99 V for the titaniuni-titanlo couple. Js a 

result they place titanium between aluminum and manganese 

in the electrode potential series. 

Latinier (29, p. 269) has made sorno calculations of 

standard oxidation potentials of titanium and zirconium 

in various solutions based on the thermodynamic data, much 

of which has been estimated, of Bichowsky and Rossini 

(3, p. 101-102). A summary of some of the more pertinent 

values is given below: 

TiF s-1.19 Ti i.63 Ti2 .0.37 Ti3 Tb 

I t 

The large discrepancy between the theoretical and actual 

values of the titanium couples is attributed to the 

irreversible nature of titanium. Latimer has also 

calculated values for various zirconium couples with the 
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following results: 

H2OiZr:Zr02 ,4H''4e E0-1.43 

H20 . Zr : Zr044 + 2H+ , 4e E° 1.53 

40H.. Zr : H2ZrO3. H20 4e E° : 2,32 

Of considerable interest in the investigation of 

electrode phenomena is polarization. This is defined as 

the difference between the reversible potential of an 

electrode and the potential actually measured. Polariza- 

tion Is generally divided into two main types, concentra- 

tion polarization and overvoltage. Concentration polariza- 

tion is caused by a concentration change of the electro- 

lyte at the two electrodes. As current is drawn, the cell 

will essentially produce a concentration cell and. the 

direction of the potential will be opposite to the 

electromotive force nornially produced; and, therefore, 

the working voltage of the cell will be reduced. This 

effect can be eliminated by stirring the electrolyte to 

maintain a uniform concentration at both electrodes. 

Overvoltage, sometimes simply called polarization, is a 

resistance or back electromotive force set up at the 

electrode due to the formation of some insoluble product 

when current is drawn. 

Several workers have investigated the polarization 



of titanium and zirconium in various solutions. Hall and 

Hackerraan (22) investigated the charging process on anodic 

polarization of titanium in 0.05 A sodium chloride. They 

reported that the increase in polarization is proportion- 

al to the quantity of electricity passed and, therefore, 

to the amount of oxygen deposited on the surface; but 

that the decay and repolarization are not simply a 

function or the amount ot oLygen deposited. They conclude 

that two processes are involved: (1) the anodic deposi- 

tion of oxygen on the titaniwn surface, and (2) the 

charging ot an electrical double layer. The original 

polarization requires a charge 360 tImes the charge for 

repolarization. This is attributed to a change produced 

on the surface which is not reversed by standing on opon 

circuit. This irreversible change can best be explained 

as a layer of chemisorbed oxygen. It is calculated that 

there are three oxygen atoms for each titanium atom, 

corresponding to a monolayer of oxygen the sam3 size as 

covalently bonded oxygen. At higher cui rent densities, 

more Tb2 is formed. when oxygen evolution stops, all 

current is available to make Ti02. Titanium migrates to 

the surface and. the Tb2 layer thickens. The anodic 

potential versus current density of titanium in the cell 

Ti/HF, Nll4F/kt has been measured for high concentrations 

of the acid (39). For solutions of 4 N acid with 



various amounts of NH4F added, it was Lou 

pineal equation: -(a s. b log i), first 
Tafel (42), was followed where " is the 

"a" and t'b" are constants, and "i is the 

The increase in overvoltage is attributed 
in the na?t term. The same author reports 

10 

ad that the em- 

proposed by 

overvoltage, 

current density. 

to an increase 

that titanium 
becomes less positive with time in hydrochloric acid, 

sulfuric acid, and hydrofluoric acid solutions with 

ammonium fluoride added. This is different from many 

other metals. Strauraanis and Chen (41) also reported 

that the potential of tibaniwn. in hydrofluoric acid be- 

came less positive with time. 

Less work has been done on the polarization of 

zirconium although at least two investigations have been 

made. Maragluni (32) studied the anodic polarization of 

zirconium and zirconium alloys over a range of current 

densities between 0. and 2000 pa/cm2 in hydrochloric 

acid, pota2ium chloride, sodium carbonate, and sodium 

sulfate. otential-tinie measurements were made in the 

absence of an external current. He observed two type of 

curves depending on whether or not chloride ion was 

present. Hackermnan and Cecil (21) studied the cathodic 

polarization of zirconium in neutral salt soluti.ons over 

a range of current densities from .0035 to 3500/a/orn2. 

In plotting the polarization versus the log of the 
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current density, two waves were found. The lower one ws 

attributed to oxygen going to a hydroxide ion and the 

upper one, which was above 200 j-a/cm2, was attributed to 

hydrogen ions f orriing hydrogen gas. 

t considerable amount of work has been done on the 

general measurement and. interpretation of polarization 

(4, 5, 7, 3, 9, 11, 15, 17, 27, 30, 38, 42, 43). To 

summarize briefly, there are two separate methods by which 

polarization can be measured (li, p. 481-484). In both a 

direct current is passed through the electrode in such a 

way thut the titanium is oxidized or reduced depending on 

whether anodic or cathodic polarization is being investi- 

gated. In this study anodic polarization was of interest, 

so the current was passed in such a way that the titanium 

or zirconium was oxidized. In the direct method of' 

Investigating polarization, the potential of the electrode 

is measured with respect to a calomel half-cell while the 

direct current is flowing. In the comnutator method, the 

potential of the electrode is measured with respect to a 

calomel half-cell a short time after the direct current 

has stopped. It has been shown that both methods give 

the same result if careful nieasurerarits are made. 

Folarization is caused by two or possibly three separate 

resistances: an IR rop through the solution, the 

resistance caused by the formation of some polarization 



12 

product on the electrode; and it has also been suggested 

that there nilght be a resistance at the electrode- 
electrolyte interface In tha nature of a 'transfer 
resistance." This "transfer rasistance" was supposedly of 

en TR nature, and the conunutator method was developed to 

investigate this cause of polarization. Since the current 

Is not flowing when the potential is measured, t1ire can 

be no IR included in the raeaured value. However, it has 

been shown that the true polarization drops very rapidly 
when the current stops. Those that support the direct 
method xnaint&in that a portion of the true polarization 

has disappeared. before the measuring intrunìents u$ed 

in the coiïuiiutator method can detect it. A continuing 

controversy has taken place over the existanee and nature 

of tuis "transfer resistance", and the major effort for 

the last 50 years has been to develop and perfect equip- 

ment and methods that would decide which of the two 

methods gives the true value ror polarization. Oscillo- 

graphic methods were developed which would trace the 

polarization decay curve after the carrent was stopped. 

If part of the po1arizaton were a "transfer resistance" 

or Ifl drop there should be a vertical drop in the 

polarization curve thniediately when the cLirrent is 

stopped. No such drop was found. Furtner, instruments 

were developed which would separately measure the IR drop 
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across the solution, the decay potential of the electrode, 
and both simultaneously. It was found that the only 

vertical drop in the decay curve corresponded to the IR 

drop across the solution and that there was no IR drop 

oorresponding to a "transfer resistance." It has also 
been shown that the overvoltage apparently consists of 

two parts; when the circuit is first opened there is a 

part that drops very rapidly and th rexaainder then drops 

more slowly. This second part, i.e. the part which drops 

slowly, is independent of the current density for any 

nieta). (13). The following points can be established con- 

cerning overvoltage measurements: (1) The commutator 

method, usine brushes, contains inherent errors; (2) the 

commutator method gives identical values with the direct 
method if sufficient time is allowed for the charging 

potential to reach a maxiinwn stable value; (3) the over- 

voltage decay curves are different for different metals; 

( 4) there is no "transfer resistance" polarization in 

oxygen or hydrogen overvoltage on any ordinary metals up 

to 30 ma/cm2, and (5) decay curves depend only upon 

current density and not on the cuantity of electricity 
passed after the maximum potential has been reached. 

Two different mechanisms have been proposed to 

explain the observed cathodic overvoltage curves. The 

first suggests that a double layer is built up at the 
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electrode-electrolyte interface, Investigators differ as 

to the exact mechanism for the double layer, but it is 

supposed to be in the nature of a condenser. This theory 

is based on the assumption that cathode potential-time 

curves are linear. The second niecìianism, proposed to 

explain non-linear curves, suggests that hydrogen ions 

are discharged and the hydrogen atoms formed reionize 

immediately building up a back potential that eventually 

becomes equal to the applied potential and passivation 

occurs. The theories agree in postulating a slow step 

in the electrode reaction, which requires the surmounting 

of a considerable potential energy barrier. For a 

charged particle the applied electromotive force serves 

to lower the energy barrier. 

A considerable amount of work is presently being 

carried out to explain the exact nature of polarization. 

The problem is complicated by such side effects as a 

corroding electrode, local action currents, concentration 

polarization, and by possible changes in the predominant 

electrode reaction. 

Other factors that effect overvoltage and which 

are at least partially controllable include electrode 

material, purity of electrode, the electrolyte, condition 

of electrode surface, and the current density. An 

Increase in temperature may raise, lower, or not effect 
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the overvoltage. Jtn Increase In acid strength usually 

decreases the overvoltage because ot a breakdown in the 

polarization product. In general, overvoltage Increases 

with time while the current is Í'lowing. Depolarizers, 

which are materiale that will reniove the polarization 

product, have a niarked effect on the overvoltage. Small 

amounts of poisons and colloidal material may markedly 

increase the overvoltage. A superimposed alternating 

current and ultra violet light will decrease the over- 

voltage. 

In the investigation of electrode-electrolyte rela- 

tions, corrosion plays an extremely useful and important 

role. Corrosion is, Itself, an electrochemical phenom- 

enozi and furnishes a great deal of Information on possible 

electrode-electrolyte combinations. Because of their 

importance as structural materials, many investigations 

have been conducted on the corrosive properties or 

titanium and zirconium (1, lB, 34, 37, 39, /4). Both 

metals are 6A ' tremely corrosion resistant. Titanium, for 

instance, is resistant to nitric acid, sulfurous acid, 

and solutions of inorganic chlorides. It is corroded by 

sulfuric acid above 5%, mixtures of sulfuric acid and 

nitric acid (although the addition of the nitric acid 

slows the corrosion rate), hydrochloric acid above 5%, 
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phosphoric acid above 30%, all concentrations of hydro- 

fluoric acid, hot concentrated aaxrionium chloride, and 

certain organic acids. 

Titaniva is similar to stainless steel in that when 

other metals are in contact with titanium, the other iaetal 

will corrode; or, in other words, the titaniwn becomes 

cathodic. A notable exception is a titaniuni-alwninum 
couple in sulfuric acid. In this case, the titanium is 

anodic and corrodes. Various additives will effect the 

rate or corrosion of titanium in various solutions. 
Cupric ions will passivate titanium in hydrochloric acid. 

The following metal ions will increase the i:ate of 

corrosion of titanium in hydrofluoric acid and the rate 

of increase becomes larger in the order listed; ferrous, 

nickel, silver, cupric, gold, and platinum. Magnesium 

has no effect on the rate, and lead and ammonium 

fluoride slow the rate of dissolving. Ammonium fluoride, 

on the other hand, increases the rate of dissolution in 

hydrochloric and sulfuric acid probably because of the 

formation of hydrofluoric acid. After a large amount of 

ammonium fluoride has been added to sulfuric acid, the 

rate suddenly decreases very rapidly indicating 

passivation 01' the titanium. The passivation Is reported- 

ly due first to the formation of a yellow film of 

LThFJ and then at constant potential to a colorless 
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¿flF67 film. Various stresses placed on the metal will 

cause an increase in corrosion. 

The corrosion properties o zirconium are quite 

sintilar to those of titanium. Like titanium, it is 

resistant to nitric acid, sulfurous acid, and most morgan- 

le chlorides. In addition, it is resistant to phosphoric 

acid, hydrochloric acid, organic acids and strong bases. 

It is attacked by sulfuric acid above 80%, hydrofluoric 

acid, slowly by aqua regia, chlorine in water, ferne 
chloride, and cupric chloride. No report was found on 

corrosion inhibitors for zirconium. 

Based on the previous information, a project was 

undertaken to determine the suitability of titanium and 

zirconium as anodes in a priiiary battery. The properties 

of a good electrode are based, to a large extent, on the 

electrolyte in which it is used. Therefore, various 

electrolytes ware investigated to determine their suit- 
ability (1) to give a satisfactory voltage with the 

titanium or zirconium, (2) to cause corrosion of the 

electrodes only when current is drawn, (3) to cause the 

electrode to follow Faraday's Law when current is drawn, 

(4) to cause the voltage to remain high when current is 

drawn, and (5) not to cause an appreciable change in the 

voltage characteristics when the electrode is inoperative 

for some time. 



Various possible iinprovenients over existing systems 

were sought daring the investigation. These Included any 

improvements in the characteristics of the electrode In 

the electrolyte just mentioned as well as possible im- 

provements in hIgh or low temperature coefficient of the 

voltage or in the size limitations of the system. It is 

realized that the economics or a battery are quite 

iirportant in the acceptance of a system for general use 

and that the system must either be less expensive or in- 

elude some desirable characteristic that would justify an 

additional cost over existing systems. The present cost 

of titanium and zirconium is about 2O to ';25 a pound and 

not competitive with zinc at about ;l.5O a pound, even if 

consideration Is taken of the fact that ior an equivalent 

amount or electricity, the weight o1 zinc required is 

about one and a half that of zirconium and. nearly two and 

a half times the weight or titanium. However, as 

titaniuni and zirconium come into more general use, and as 

production methods are improved, the cost will certainly 

be reduced. Ir the titanium. or zirconium system has 

certain improved characteristics over the zinc system, 

there Is certainly a good possibility that it can become 

a competitive system in the future. 

The method by which this problem was approached is 

as follows: Commercially available sheets of titanium 
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were obtained from Titaniwn Metals Corporation, and of 

zirconium froiri the Carborunduzn Company. Using small 

pieces of these as the electrodes, an investigation was 

made of various possible electrolytes in which the metals 

might behave ideally as anodes with a good voltage. Based 

on corrosion data from the literature and some additional 

data from the laboratory, the potentials of the metals in 

various electrolytes opposite several cathodes were obtain- 

ed on open circuit and with various loads. 

Investigations were made to determine if the metals 

followed Faraday's Law in the electrolytes which showed 

some promise. Information was then obtained on the 

polarization of the metals in the various electrolytes 

by measuring the single electrode potentials at various 

current densities of the metals using a 1 N calomel half- 

cell as a reference electrode. 

Information was also obtained as to the nature of 

the polarization by making X-ray diffraction measurements 

of the polarization products obtained ïn the Faraday Law 

measurements and also the products obtained by drawing 

current from a cell using the metals as an anode. 

Investigations were also conducted on possible cathodes 

that would be satisfactory opposite the metals and in the 

electrolyte which appeared most satisfactory. Finally, 

actual cells were made using titanium tubing as the anode, 
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and the characteristics of these cells were examined. 

The order In which these investigations are 

discussed is not necessarily the order in which they were 

conducted because as new inforration was obtained many 

experiments were repeated with slight modifications. The 

investigations of the two metals were conducted on a 

roughly parallel basis, although titanium has shown moro 

promise and more emphasis was placed on it near the 

conclusion of the study. 
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II. EOEERIMENTAL RESULTS 

The investigations of the two metals were conduct- 

ed using identical methods; however, the results are 

essentially independent and thus will be reported 

independently. 

Titani uni 

A. Corrosion 

The corrosion properties of titaniwn as found in 

the literature have been discussed in the introduction. 

Based on this information, the following were given con- 

siderable attention as possible electrolytes; phosphoric 

acid, hydrofluoric acid, oxalic acid, arrunonium fluoride, 

trichioracetic acid, and sodiwn hydroxide. An electro- 

lyte was wanted which would corrode the metal when 

current is drawn, but would not corrode it when the 

metal was simply standing in the electrolyte. For the 

ones that do not corrode the metal, it was thought that 

corrosion might be induced by making a galvanic couple 

and drawing current. For those substances that do cause 

corrosion, it was thought that they might make a satis- 

factory electrolyte if they wore used at concentrations 

slightly lower than that which would cause corrosion. 

It was thought that in the case of electrolytes, such as 
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hydrofluoric acid, that will corrode titanium at all con- 

centrations, the addition of certain additives might 

eliminate corrosion when no current was drawn. 

The most significant fact noted was that ainíaoniwu 

fluoride appreciably slows the corrosion rate of titan- 

juni in hydrofluoric acid. This has been noted in the 

literature and was reconfirined in the laboratory. 

Two pieces of titanium of approximately equal 

weight and surface area were placed in solutions of 0.2 N 

hydrorluoric acid, and 0.2 N hydrofluoric acid with 4% 

ammonium fluoride added. The titanium lost 10.3% of its 

weight in the hydrofluoric acid, but only 0.55% in the 

acid with the ammonium fluoride added in an equal time. 

In both cases a black coating was formed on the surface 

of the titanium; but in the solution containing the 

ammonium fluoride, the coating appeared to be more dense. 

In both cases a gas was given off when the metal was 

placed in the acid, but it appeared to stop after a short 

while in the solution containing ammonium fluoride. 

When titanium was placed in 0.2 N hydrofluoric 

acid and allowed to completely dissolve, an oily yellow 

material was formed. Titanium. tetrafluoride has been 

reported as both an oily yellow (33, p. 66) and as a 

white powder (23, p. 538). There was some doubt as to 

the actual identification of the oily yellow material 
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reported, but it is probably a hydrated titaniwu tetra- 

fluoride. 

In studying rates at which titanium will dissolve 

in hydrofluoric acid, it was found that titanium went to 

the trifluoride (4j.). This was determined by titration 

of the product with potassium permanganate and by measur- 

ing the volume of hydrogen evolved. Titanium trifluoride 

is a water soluble violet or red conpound. There is 

apparently a contradiction as to what occurs when 

titanium dissolves in hydrofluoric acid. Additional in- 

formation concerning the corrosive properties of 

titanium was obtained in connection with Faraday's Law 

measurements and will be reported in that section. 

B. Galvanic Coil otentials 

In order to obtain considerable information rapid- 

ly on the behavior of titanium-metal couples in various 

electrolytes, a series of galvanic cells were set up in 

open beakers and their characteristics noted. The 

electrolytes used were those indicated above. The 

measurements were made at room temperature, approximately 

25e, using a student potentiometer. Both titanium and 

the other electrode were rubbed with emery paper to re- 

move possible surface contamination before inhiuersing in 

the electrolytes. The electrolytes were stirred to 
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prevent any concentration polarization. 

The size of both the titaniwn and the other eleo- 

trode was approximately i ein, by 3 cm. and about 100 ml. 

of electrolyte were used. Resistances of one and 12 ohms 

were placed across the electrodes and the circuit was 

closed. The voltage changes were noted. The 12 ohm re- 

sistanc. was subsequently replaced by a lo ohm resistance. 

In all casos, the cells were allowed to stand for 

at least several hours or until the open circuit voltage 

becaras constant. In some cases, various substances were 

added to the electrolyte; and their effects on the cell 

potential were noted. The results are shown in Table I. 

The additives indicate materials added in an attempt to 

improve the voltage characteristics. V is the initial 

open circuit voltage, V0 is the constant open circuit 
voltage which was attained in time T. V1 and V12 are 

the initial voltages with a one ohm. and 12 ohm load 

across the cell, respectively. In all cases the titanium 

assumed a negative polarity except with aluminum in 

H3PO4, copper in 85% H3PO4 when the load was across the 

cell and initially with lead in 75% H3PO4. 



TABLE I 
GALVANIC CELL k0TENTIALS FOR TITANIUM AND 0THER 

ELECTRODE IN VARI 0U3 ELECTROLYTES 

V0, V, T, V1, V12, 

Electrolyte Additives Electrode Volts Volts Hours Volts Volts 

85% H3PO4 A]. 0,4526 0.0530 25 0.005 

Cr03 Al 0.010 

n n 0.001 

ft Pb 0.00 

Cu 0.00 

Zn. 0.395 

75% H3PO4 Stainless 0.5175 0,3770 1/3 0.001 0.003 
Steel 

Cu 0.2465 0.6120 4. 0,0008 0.005 

C 0.4825 0,8475 36 0.0002 0.002 

A]. 0.3595 0.1075 6 0.0002 0.011 

Pb 0.2210 0.0979 3 1/2 0.0005 0.003 

'J, 



TABLE I - Continued 

V0, V, T, V1, 

Electrolyte Additives Electrode Volts Volts Hours Volts 

8% NH4F C:Mn02 0.7900 0.8200 

Cro3 " 0.7800 

3.5% HC1 " 0.97 1.01 

5% 11Cl 
9 0e74 1.06 

(Sat) Oxalic 
Acid 0.65 0.60 

10% Trichior- 
acetic Acid 0.59 0.40 

20% NAOH 1.28 0.93 

3% N401 0.79 0.65 

0.2 N 1Th' 0.59 1.05 

9 * 1% NII4F " 1.14 1.06 

* 
1.43 1.43 

0.1 N HF* 0.86 1.43 

1/4 

1/6 

1/6 

1/6 

1/6 

1/6 

1/6 

1/4 

1/6 

1/12 

0.003 

0.010 

0.010 

O . 005 

0.005 

0.005 

o 003 

o 003 

0.013 

O 045 

0,010 

0.002 

V12, 

Volts 

10 ohms 

0.020 

0.100 

0.110 

0.025 

0.025 

0.035 

0.003 

0.120 

0,310 

0,490 

0.030 
o' 



Electrolyte Additives Electrode 

0.1 N FF 1% NH4F C:Mn02 

n ** t, 

ÌNItF 

'J., 

0.1 N HF 

0.05 N 11F 

0.01 N HF 

* From NaF + HC1 

t, 

t, 

't 

't 

t, 

TABLE I - Continued 

Vo, 
Volts 

1 43 

1.19 

1.37 

1.15 

1 05 

1 02 

O 47 

** This and subsequent HP from KF 11Cl 

VC' 

Volts 

1 45 

1.13 

1,04 

T, 

Hours 

1/12 

1/12 

1/4 

V1, 

Volts 

0.037 

0.12 

0.065 

o 035 

0.020 

0,003 

V12, 

Volts 

0.025 

0.280 

0.600 

0.400 

0.250 

0.200 

0.015 

-J 



C. Faraday's Law Measurements 

when an electric current passes through a solu- 

ti.on, certain chemical processes take place at the elec- 

trodos, such as the liberation of a gas, the deposition 

or an element, the formation of a product such as an 

oxide or a salt, or the dissolution of the electrode. 

The same Is true for a cell from which current is drawn. 

Faraday was the first to measure these chemical effects 

of the electric current quantitatively and, in so doing, 

discovered the laws which govern these processes (12, 

p. 156). These laws now bear his name and can be given 

in the single statement that the number of equivalents of 

any substance liberated or deposited at an electrode is 

exactly proportional to the quantity of electricity which 

passes across the metal - solution junction. This law was 

found to be true, irrespective of the shape of the 

electrode, the temperature, the rate at which the elec- 

tricity is passed, or the electrolyte. 

The quantity of electricity found necessary to 

deposit or liberate one equivalent is 96,494 coulombs. 

Usually, more than one reaction is possible at a single 

electrode; and, occasionally, more than one process will 

occur. In this case, one of the reactions usually takes 

place to a lesser extent. If this secondary reaction is 
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unknown or unoonipensated for In the measured reaction, it 
will appear that Faraday's Law is not exactly followed. 

In a galvanic cell, the nornial reaction of the 

anode Is to oxidize and form a salt which is soluble in 
the electrolytee Other possible anode reactions might 

be the formation of a gas such as oxygen, or the formation 
of an insoluble salt or oxide. If an insoluble salt or 

oxide is foriaed, it may coat the electrode causing a 

change in the electrode process that originally occurred. 
This insoluble coating Is likely to causo a high resist- 
anee at the electrodo surface or, perhaps, set up a back 

electromotive force, either of which would appreciably 
reduce the voltage of the cell. The electrode is then 
said to be "polarized." If the anode forms a single 
product upon oxidation, and if the measured effect 
follows araday's Law, it is said to be ideal. By the use 

of Faraday's Law, the actual anode process may be deter- 
mined, or at least the oxidation state to which the metal 

goes. The actual oxidation process is dependent upon the 

current density, which is defined as the current per 
unit area of electrode surface, rather than the total 
current, and the process may be different at high and low 

current densities. Therefore Faraday's Law measurements 

wore made at various current densities in order to 

determine something of the electrode process throughout a 
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range or current densities. Various solutions were used 

to determine something of the behavior of titanium in 

different electrolytes. 

Experimentally, the measurements can be conducted 

in two ways. An electrolysis cell can be set up and 
measured current passed through the electrode in such a way 

that the desired electrode reaction is induced. That is, 

since titanium is being considered as an anode, the current 

is passed in such a direction as to cause oxidation to 

occur at that electrode. The second way these measure- 

muents can be made is to set up a galvanic cell and draw 

current from it by placing a resistance across the else- 

trodes. By knowing the cell voltage and the load re- 

sistance, the current can be determined from Ohm's Law. 

The difficulty with the second method is that as current 

is drawn, the cell voltage usually drops due to polariza- 

tion; and, consequently, for a constant resistance, the 

current also decreases. This is particularly a problem 

when small electrodes are used. 

The measurements made by passing current through 

the cell seem to offer more advantages than the other 
method. The experimental arrangement is quite simple, 

and the data can be taken quickly and accurately. The 

experimental apparatus consists of two electrolysis 

cells in series with a variable resistance and a 
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milliammeter. A direct current source, which in this case 
was a 6 V battery charger, was included with the current 
flowing in such a direction as to cause oxidation of the 

titanium. One cell contained the titanium anode and the 

other was a copper coulometer. Both consisted of 250 ini. 

beakers. 

The titanium was rubbed with emery paper to remove 

any surface contamination and placed in the cell connected 

to the positive side of the battery charger. In early ex- 

periinents, the titanium was simply placed in the cell; but 

In later experiments, it was coated with paraffin except 

for a definite area on one side. This allowed the current 
to pass through only a known area of the electrode and 
thus the current density could be more closely known and 

controlled. The cathoth vas lead or carbon. About 100 ml. 

of the electrolyte being studied was placed In the cell. 
The copper coulometer was used to measure the 

quantity of electricity passed and consisted of two 

0OPL er electrodes in a copper sulfate - sulfuric acid 

solution. As the current is passed, one electrode dis- 
solves; and copper Is plated on the other electrode. By 

weighing the electrode on which the copper deposits be- 

fore the current is on and after completion of the experi- 

ment, and by applying Iaraday's Law to the gain in weight, 

the quantity of electricity passed can be determined. 
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The rnllliammeter is placed in series to determine 

the current or current density which is passing. The our- 

rent was regulated by a variable resistance. it low 

current densities less than 3 ma/cm2, the copper coulo- 
meter was not satisfactory as the copper ions will not 

deposit on the copper cathode in accordance with Faraday's 
law. This is possibly because at lower current densities, 
larger crystals are formed and the deposit becomes soft. 
If the current density becomes too low, the large co} per 

crystals will not adhere to the cathode. Therefore, at 
low current densities, the quantity of current was deter- 
mined from the reading on the milliamnieter and the time 

the current was allowed to flow. As the experiment 

progressed, the current usually dropped slightly; so a 

range or current densities and an average number of 

coulombs is indicated. This decreased current effect is 
very small at low current densities, but increases with 

increasing current density. Between 300 and 600 coulombs 

were passed in most experiments. The experiments were 

conducted at room temperature, about 250, and neither 
the cell electrolyte nor the coulometer solution was 

stirred. More elaborate experimental apparatus is 
described in the literature (11, p. 32). The results 
from this series of experiments are tabulated in Table II. 



TABLE II 

FARADi3Y'S LAW MEASUREMENTS ON TITANIUM 
IN VARIOUS ELECTROLYTES 

Size I, i, 
1.4. 

TI, 
¿44.$ 

Ti, 
Weight 
Loss, 

Electrolyte cni2 ma maJcrn2 C gramz graine grams TI 

0.1 N HF 
4% NH4F - loo - 34.8 0.0575 0.0432 0.521 3.31 
0.1 N KC1 

- 50 - 300 0.497 0.0372 0.1265 1.17 

ft - 100 - 417 0.0690 0.0518 0.0882 2.34 

0.075 N HF 
4% NIi4F - loo - 374. 0.0463 0.0464 4.00 

0.1 N KG). 

- 100 - 333 0.0550 0,413 0.0422 3.96 

- 75 - 344.5 0.0427 0.0426 4.00 

0.075 N HF 
5% NH4F - 100 - 318 0.0396 0.0398 3.96 

0.1 N KCJ.. 

t? - 100 - 303 0.0363 0.0359 4.18 

- 130 - 236 0.0293 0.0285 4.11 



Size I, 
Blectrolyte 2 ma 

0.075 N H.P 
6% NH4P - 100 

0.1 N KC1 

0.075 N HF 
6% NH4F - 130 

0.1 N KC1 

- loo 

- 2.5-3 

- 6-10 

6.6 6-8 

6 11-15 

2.76 5 

2.25 7-10 

3.04 15-20 

" 2.75 20-30 

2.42 5-15 

TABLE II - Continued 

i, 
+4+ 

Ti, 
+444 

Ti, 
Weight 
Loss, 

in/cm2 grams grains grame Ti 

- 323 0.0400 0.0401 4.00 

- 374 0.0464 0.0465 4.00 

- 266 0.0331 0.0318 4.15 

- 302 0.0500 0.0528 2.83 

- 336 0.0555 0.0417 0.0424 3.93 

0.9-1.2 493 0.8150 0.1000 2.45 

3.7-5 1009 0.1660 0.1245 0.0933 5.47 

1.8 1045 0.1725 0.1290 0.1514 3.42 

3.1-4.4 955 0.1580 0.1185 0.1344 3.52 

4.9-6.6 1110 0.1832 0.1375 0.1588 3,47 

8.9-13.3 705 0.1165 0.0875 0.0883 3.96 

2.1-6.2 620 0.1025 0.0770 0.0714 4.31 



Size 
Electrolyte cm2 

0.075 N HF 
6% NH4F 2.41 8-15 

0.1 N KC1 

t' 3.19 8-15 

0.075 N HF 
6% NH4F 2.88 6-10 

0.]. H KC1 

2.31 10 

2.2 5 

2.2 3 

2.2 2 

0.075 N HF 
8% NH4F - 100 

0.1 N KC1 

n - 100 

- 100 

TABLE II - Continued 

Ti44 
Weight 
Loss, 

ì/cm2 o grams grams grams 

3.3-6.2 495 0.0820 0.0615 0.0842 2.91 

2.5-4.7 702 0.1160 0,0870 0.0818 4,26 

2.1-3.5 832 0.1375 0.1032 0.0894 4.62 

4.3 800 0.1320 0.0990 0.0971 4.08 

2,3 563 0.0931 0.0700 0.0844 3.31 

1.4 503 0.0833 0.0624 0.0627 3.98 

1.]. 551 0.0912 0.0684 0.0597 4.58 

- 260 0.0322 0.0320 4.00 

- 286 0.0355 0.0354 4.00 

- 311 0.0514 0.0386 0.0457 3,37 



Size i 2 Electrolyte 

0.05 N HF 
4% NH4F - 100 

0.1 N KC1 

't - loo 

0.5 N HF 
6%NHF 

if 

- 100 

0.1 N KC1 

- 120 

- 50 

- 70 

TABLE II - Continued 

Weight 

G 
Ti 
grams 

T144 
grams 

Loss, 
grams Tix _____ 

- 297 0.0368 0.0368 4.00 

- 195 0.0242 0.0234 4.14 

- 348 0.0577 0.0432 0.0426 4.06 

- 318 0.0526 0.0395 0.0473 3.34 

- 312 0.0387 0.0375 4.13 

- 108 0.0134 0.0116 4.62 

C' 
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4444 
The columns titled Ti and Ti are the weights 

of titanium that would have been lost if the electrode 

were ideal and the electrode reaction were 

Ti Ti + 3e or Ti Ti + 4e. The actual weight 

of titanium. used as determined by weighing th titanium 

electrode before and after the current was passed and is 

given in the column titled "Weight Loss." 

is the average number of electrons Involved 

In the oxidation process of the titanium, If it Is assumed 

that no chemical corrosion is occurring at the saine time. 

This assumption is apprwdmately correct for the electro- 

lytes having hydrofluoric acid concentration of 0.10 N or 

less, as corrosion studies have shown that with the acid 

conoentratioii this low, and with the addition of aniionium 

fluoride, titanium corrodes very slowly or not at all. 
In the cases where chenical corrosion is occurring, it is 

taking, place slowly enough so that it is negligible In the 

times required to conduct the experiment. Since the aver- 

age number of electrons is not a whole number, it is likely 

that more than one reaction was occurring. This possibil- 

Ity will be discussed further when additional evidence is 

presented. ?ITIX?? is determined by using the actual weight 

loss and applying Faraday's Law. The calculation is 

illustrated below. 



Number of couloiubs passed . . . . . . . 348 

Actual weight of Titanium used. . . . . 0.0521 gin. 

348 0.00361 equivalents of titanium 96,494 dissolved 

(0.003 61) Atomic weight 
Valence state 0.0521 

47'9 -o.l (0.00361) - 
X 

X : 3.31 

In the first series of experiments, the current was 

maintained at a high value of around 100 milliamps. At 

these values of the current, the electrodes were of euch a 

size that the current density vas 20 ma/cm2 or greater. 

At and above this value of the current density, the 

electrode reactions are apparently the saine. The electrode 

size and current densities are, therefore, not noted; but 

it should be remembered that the current densities are high. 

In the first few experiments at lower current densities, 

the electrodes were not paraffin-coated; and the electrode 

size was deteriiined from the area of one side of the 

electrode. 
It can be seen from the table that the major 

emphasis has been placed on certain electrolytes. This is 

because these particular electrolytes were sho;n to be the 

most satisfactory with titanium. in voltage and polariza- 

tion characteristics. 



D. Polarization 

Polarization is probably the most important and 

least understood oÍ all electrode phenomena. It is particu- 

larly important in the construction of current-producing 

cells as any polarization will cause a decrease In the 

efficiency and capacity ol' the battery. It is the cause or 

decreased voltage when current is drawn from a cell. The 

most satisfactory cell is one in which there is a rnininium 

voltage change under operating conditions. It is, there- 

tore, important that the polarization process be under- 

stood, and then, if possible, eliminated. The possible 

causes have previously been discussed and will not be re- 

peated here. The polarization effects of titanium in 

various electrolytes were studied by making a series of 

current density - voltage measurements and by trying to 

identify the polarization products. The current 

density - voltage measurements were made by the direct 

method as the commutator method has little or no advantage 

and requires much more cumbersome experimental apparatus. 

The purposes of polarization measurements are two- 

fold. First, iniormation can be obtained concerning the 

chemical reaction that occurs at the electrode; and, 

second, the behavior o1 the electrode in the electrolyte 

during the passage of current can be established without 
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having actually to construct a cell and draw current from 

it. 

The apparatus for making polarization nieasurements 

consisted of the following: A cell containing the titan- 

iuni 8nd a second electrode was set up in a 250 ml. beaker. 

Electrical connections were made to a 6 V battery charger 

in such a way that the direct current causes oxidation at 

the titan1umi electrode. The second electrode was used 

simply to pass the current, and was made from a lead sheet 

or a carbon rod. A variable resistor and a niilhiazaeter 

were placed in series with the source and cell. The 

resistor was used to reilate the current. The back and 

part of the front of the titanium electrode were coated 

with paraffin so that a known area was exposed to the 

electrolyte. A 3. N potassium chloride salt bridge with a 

capillary opening at one end was placed so that the 

capillary end was very close to the exposed titanium sur- 

face nd the other end. was in a beaker containing a i N 

potassium chloride solution. A i N calomel half-cell was 

connected to the beaker containing the potassium chloride. 
The potential was then read between the titanium electrode 

and the calomel half-cell on a Leeds and Northrup type 

"K" potentiometer. A series of readings were taken of 

the voltage as a function of the current. This was then 

converted to the single electrode potential of the 



titanium as a function 

of the 3. N calomel hai: 

25 (35, p. 464). The 

placed in a water bath 

ed at this value 0.5 

Several current 

4.1 

of the current density. The value 

-cel1 was taken as #0.2825 V at 

cell containing the titanium was 

at 25 and the temperature maintain- 

degrees. 

density - voltage measurements 

were made by setting up a oeil and drawing current from it 

through an external resistance while measuring the single 

electrode potential of the titanium. The results agreed, 

within the experimental error, with those obtained by the 

other method. 

Passivation is a phenomenon associated with polar- 

ization that occurs when a very large resistance or back 

electromotive force is formed across the electrode, the 

current falls nearly to zero, and the single electrode 

potential changes radically from its normal value. This 

is not an unusual occurrence. However, it is important 

that it does not occur until the current density is higher 

than the normally useful range. For a flashlight type 

dry cell to draw one ampere, a current density of about 

20 m.a/cm2 is required. one ampere for this size battery 

is considered to be a much heavier load than it jS 

normally required to deliver. Therefore, any electrolyte 

in which passivation of the titanium occurred below 

20 ma/cm2 was not considered further. 
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On the rollowing electrolytes current density- 

voltage measureraents were made, but in each case the 

titaniujn became passive below a current density of 

5 nia/cnx2: S and 9% NH4F, O.1N hydrofluoric acid, 9% 

aniinoniuni fluoride - 1.0 N potassium chloride, 7% amnion- 

ium fluoride - 1.0 N potassium chloride, 7% ammonium 

fluoride - 1.0 N potassium fluoride, 8 ammonium fluoride 

- 0.1 N hydrofluoric acid and 7 ammonium fluoride - 0.1 N 

hydrofluoric acid. These electrolytes were therefore 

eliminated as possibilities. 
Typical current density -voltae curves are shown 

in Figuxe I. Curve 2 is for titanium in a 0.2 N hydro- 

I'luorio acid, 0.05 N potassium chloride, 4Ç. ammonium 

fluoride electrolyte. Curve 3 is for titanium in a 0.075 N 

hydrofluoric acid, 0.1 N potassium chloride, 6% ammonium 

fluoride electrolyte. The curves are plotted using the 

voltage or the titanium. electrode rather than the true 

polarization, because it gives a better picture of what 

would actually occur ot the titanium electrode it it were 

in a cell and current was being drawn at the indicated 

current density. lor comparison with the behQvior of the 

zinc anoe in a dry cell electrolyte, the current density- 

voltage curve for it is included as curve 1. It is seen 

that there is a possibility 01' developing a titanium 

anode with an, open circuit voltage of about 0.2 V better 



FIGURE I 

CURRENT DENSITY VS. SiNGLE ELECTRODE POTENTIAL 
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than the present zinc anode. The usual procedure is to 

plot the log of the current density versus the voltage, 

but there is no particular significance to this. 

summary of current density-voltage measurements 

is tabulated in Table III. The column marked "Maximum 

Current Density" is an approximate value at which the 

electrode becomes passive. This point Is dependent not 

only on tìe current density, but also upon the rate at 

which the current density is increased. This value can 

therefore vary by a considerable amount, particularly with 

the electrolytes that cause passivation at 40 ma/cm2 

or less. The values indicated are, therefore, an average 

of the velues found. The most satisfactory electrolytes 
with regard to passivation are those havin the highest 

values. 

The values of the single electrode potentials are 

an average or two and in most cases three determinations 

for the particular electrolyte. At low current densities, 

that is below 1.0 ma/cm2, the separate deteriainations 
agreed in most cases to 1% or less. The agreement became 

less at higher current densities and in some cases was as 

high as although, for the most part, it did not exceed 

3%. It should be noted that the values have been 

multiplied by -1, and that the electrolytes that maintaned 

the greatest negative value throughout the rang,e 01' current 
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TABLE III 
SINGLE ELECTRODE POThNTIALS 

OF TITANIUM AT VARIOUS CIJRRENP DENSITIES 

(Volts) 

2 
Maximum 

Current Density fha/en]. Current 
Dens i ty 

0.2 1.0 10 ma/cm2 

Electrolyte (Electrode potentials are all negative) 

0.2 N HF 
4% NH4F .951 .945 .941 .927 .909 70 

0.2 N KC1 

0.2 N HF 
4% NH4F .949 .943 .938 .910 .877 o5 

0.1 N KCI 

0.2 HF 
4 NH4F .958 .948 .941 .916 .888 ao 

0.05 N KC1 

0.15 N HF 
4% NH4F .969 .956 .953 .915 .b88 55 

0.1 N KCI 

0.15 N HF 
4' NH4F .964 .955 .947 .917 .885 55 

0.05 N KC1 

0.1 N HF 
4o NH4F .883 .970 .957 .903 .753 20 

0.5 N KC1 

O.1N HF 
4% NH4F .979 .967 .956 .904 .867 40 

0,2 N KC1 

0.1 N HF 
4% NH4F .975 .962 .953 .905 .866 40 

0.1 N KC1 



TABL III - Continued 

(Volts) 

2 Maximum 
Current Density ma/cm Current 

Densiy 
22 Q!1 L.9. i. rna/cm 

Electrolyte (Electrode potentials are all negative) 

O.1NHF 
43/ NH4F .974- .965 .954 .849 45 

0.05 N KC]. 

0.075 N HF 
2% NH4F .974 .957 .94.3 .871 .785 30 
0.1 N KC1 

0.075 N HF 
3% NH4F .991 .971 .957 .905 .S47 35 
0.1 N KC1 

0.075 N HF 
4% NH4F .989 .969 .954. .919 .883 4.5 

0.1 N KC1 

0.075 N HF 
5 NH4F 1.005 .973 .967 .931 .885 4.0 

0.1 N KC1 

0.075 N HF 
6% NH4.F 1.009 .988 .971 .933 .875 40 

0.1 N KOl 

0.075 HF 
8% NH4F 1.025 1.015 1.001 .925 .815 25 

0.1 N KC1 

0.075 N HF 
10% NH4F 1.023 1.005 .983 .935 .875 25 

0.1 N KC1 
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TABL1 III - Continued 

(Volts) 

2 Maximum 
Current Density ma/cm Current 

Dens iy 
2. 

ma/cia 

Electrolyte (Electrode potentials are all negative) 
0.05 N HF 
4% NH4F 1.001 0.986 .974. .915 .835 30 

0.]. N KC1 

0.05 N HF 
6% NH4F 1.025 1.004 .989 .923 .799 20 
0.1 N KO]. 



densities are the most satisfactory. 

The electrolytes are those that were considered as 

having good possibilities of being satisfactory for 

titanium anodes. The first few investigated were essen- 

tially trial and error, but certain patterns were estab- 

lished as the investigation progressed. 

The electrolytes which appear to be the most satis- 

factory from the standpoint of a good negative open circuit 

voltage, a fairly linear current density-voltage curve with 

not too large a slope, and a high value of the current 

density before passivation occurs, and the least corrosive 

effects are 0.075 N hydrofluoric acid, J.l N potassium 

chloride, and 6 ammonium. fluoride; and 0.1 ammonium 

fluoride, 4% ammonium fluorIde, 0.1 N potassium chloride. 

Major emphasis has been placed on developing and improving 

these electrolytes. 

Additinal current density-voltage curves were run 

to determine the effect of small amounts of additives on 

the polarization curves. The materials added were zinc 

chloride, ammonium chloride, nercuric chloride, and 

manganese dioxide which are all found In a LeClanche type 

dry cell. It was thought that a carbon-manganese dioxide 

type anode might be used with the titanium cathode and If 

any of these substances had an adverse effect on the 

single electrode potential of the titanium, it would be well 
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to consider eliminating them from the system. Results 

indicated that small amounts, less than 1%, of any of these 

materials caused no greater variation in the single elec- 

trode potential than is expected from the normal experi- 

mental variation. However, when 1% zinc chloride was 

added to the electrolyte, the titanium potential became 

about 0.35 V more positive than is normally found. Further, 

the current dropped to nearly zero at a current density of 

about 20 ma/cm2, but the potential of the titanium re- 

mained negative at the value it had at around 15 ma/cm2. 

Various other factors relating to polurization have 

been considered, It is known that polarization generally 

increases with tiras as the current is drawn. Several in- 

vestigations were madeting both a 0.1 N hydrofluorie acid, 

4% ammonium fluoride, 0.1 N potassium. chloride and a 0.075 

N hydroflouric acid, 6% axnnionium fluoride, 0.1 N potassium 

chloride electrolyte. In general, for fairly low current 

densities the single electrode potential becomes slightly 
more positive when the current is passed and then recovers 

sozaewhat, where it remains fairly constant for some time. 

It then becomes more positive at an increasing rate until 

it becomes passive arid has s very positive value. The 

lower the current density, the longer the time reauired 

for the electrode to become passive. The results are 

indicated in Table IV. 



TJBLE IV 

Electrolyte: 0,1 hydrofluoric acid, 
4,% amîxionium fluoride, 
0.1 N potassium chloride 

Current Density 

1.325 1.665 96 

Time Single Electrode kotential 
(hours) (volts) 

o -0.719 -0.917 -0.924 

-O.347 -0.940 -0.737 

i -0.910 -0.938 -0.937 

2 -0.914 -0.935 -0.931 

5 -0.905 -0.902 -0.899 

10 -0.857 -0.730 .1.862 
20 -0.783 -0.617 

Electrolyte: 0.075 N hydrofluoric acid, 
6% arnm.onium fluoride, 
0.1 N potassium chloride 

Current Density ma/cm2 

2.07 0.957 0.685 
Time Single Electrode Potential 

(hours) (volts) 

0 -.968 -.970 -.967 

-.655 -.587 -.714 
1 -.664 -.580 -.627 
2 -.618 -.652 -.610 

5 -.550 -.858 -.661 

10 -.560 -.435 
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The pattern by which the single electrode potential 

changes with time at a given current density is actually 

quite erratic. The tables indicated the general trend, but 

there is considerable unpredictable variation in the be- 

havior. This illustrates the type of behavior that could 

be expected from a titaniwD anode in a cell from which 

current is continuously being drawn at the indicated 

current density. 

The final way in which polarization was studied was 

to investigate the po1ariation products. When current is 

drawn from a cell containing a titanium anode and a hydro- 

fluorie acid, ammonium fluoride, potassium chloride elec- 

trolyte, or when current is passed through a titanium 

electrode in this electrolyte in such a way as to cause 

oxidation, a blue or black insoluble polarization product 

is formed. If it were possible to identify this coipound, 

it might then be possible to alter the electrolyte in some 

way to either prevent its formation or to dissolve it as 

it is formed. Two methods were used to investigate these 

products. X-ray diffraction measurements were taken in an 

attempt to identify it from its characteristic i-ray 

pattern. In addition, stoichiometric amounts of component 

parts of the suspected compound were added together in an 

attempt to make and isolate the compound, and compare it 

with the one obtained by oxidizing the titanium. 
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X-ray patterns were made on a General Electric XRD 

unit usine the powder method. The sample to be studied 

was ground to a fine powder, glued to a small glass rod 

and mounted in the camera. The X-rays were produced usin 

a copper target, and the film was exposed for one hour. 

X-ray diffraction patterns were obtained for coinpou.nds 

obtained as follows: (1) The polarization product obtain- 
ed when current is drawn from a cell using titanium anode, 

carbon-manganese dioxide cathode, and 0.075 N hydro- 

fluoric acid, ammonium fluoride, 0.1 N potassium 

chloride electrolyte; (2) the polarization product 

obtained b drawin., current froni u cell using a titanium 

anode in a 0.075 N hydrofluoric acid, 6 amrnoniuni fluoride, 

0.1 N potassium chloride electrolyte and. a lead oxide 

cathode in a sulfuric acid electrolyte of density 1.1 glee; 

(3) the blue polarization products obtained from Faraday's 

Law measurements at a current density of 2.1..6 ma/cm2, 

2.06 ma/em2, and 2.27 rna/cm2; (4) a black chemical 

corrosion product formed on the surface or a piece of' 

titanium which sat in a solution of' 0.075 N hydrofluorie 

acid, 6% ammonium fluoride, and 0.1 N potassium chloride 

for about two weeks; (5) a white polarization product found 

adhering to the titanium anode at the completion of' 

Faraday's Law measurements at i.33 ma/cm2; (6) a white 
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material formed on the carbon cathode during Faraday's Law 

measurements at 2.06 ma/cm2. 

The distance between planes of atoni in a crystal 

which give rise to a given llffraction line is determined 

by Bragg's equation 

A 2d sin0 

where \is the X-ray wave length being diffracted expressed 

in angstrom units, G is the angle of diffraction, und "d" 

15 the interplanar spacing in angstrom units. The wave 

length of the X-ray is mown from the target metal of the 

X-ray tube. Knowing this, it is only necessary to 

evaluate the diffraction angle to be able to calculate the 

interplanar spacing. This is accomplished as follows: 

Os 1 radlr 

or o deg : X 57.297 

S distance between corresponding arcs of the 

same cone of diffracted rays 

or S = 2 i distance of the arc from the center 

R radius of the camera 7 cm. 

o deg : 2.043 3 (16, p. 31) 

The distance from the center of the arcs and the 

interplanar spacing (d) ere given below for the various 

compounds investigated. The lines are given in order of 
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decreasing intensity as nearly as could be determined. 

1.) The polarization product obtained by drawing current 
from a cell using a titanium anode and carbon- 

xaanga.nese dioxide cathode. 

Distance from d 
center (cm) (angstrorris) 

4.310 2.594 
3.250 3.417 
5.885 1.926 
5.765 1.963 
6.795 1.683 
7.075 1.621 

2.) The polarization product obtained by drawing current 
from a cell using a titanium anode and a lead 

dioxide cathode. 

Distance from d 
center (cm) (angstroms) 

4.57 2.450 
2.90 3.823 
5.90 1.920 
6.78 1.686 

3.) The blue polarization product obtained from Faraday's 
Law measurements. 

Distance from d 
center (orn) (angstroins) 

3.42 3.250 
1.81 6.099 
4.71 2.380 
5.71 1.980 
6.8 1.734 
3.74 2.978 

10.23 1.173 (?) 
30.50 2.742 (?) 
30.67 2.858 (?) 
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The question marks following the lines indicate that 

the lines were extremely faint, and lt is not certain 

whether they were actually lines or some imperfection in 

the film. 

4.) Black chemical corrosion product formed on the 

titanium surface by the electrolyte. 

Distance from d 
center (cm) (angstroms) 

1.83 6.033 
5.90 1.920 
4.67 2.400 
3.43 3.241 
3.64 3.958 
3.80 2.932 
4.11 2.716 
7.46 1.545 

It can be seen that samples numbered 3" and "4" 

give nearly identical lines although the order of intens- 

ity is not the same. This might be expected as the lines 

were quite faint, and lt was difficult to determine just 

which line was the darkest. It Is therefore shown that 

the polarization product obtained by inducing oxidation 
with an electric current contains some of the same 

material as the chemical corrosion product in the same 

solution of 0.075 N hydrofluoric acid, 6% ammonium 

fluoride, and 0.1 N potassium chloride. The colors of the 

two materials were not the same. The product from 

Faraday's Law measurements was deep blue while the chemical 

corrosion product was black. fter the materials were 
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ground to a powder for X-ray studies, they both appeared 

to be black. 

It is also seen that samples "1" and t?Vt have some 

nearly identical lines and others that are very close. In 

this case, both naterials appeared to be the same when 

formed; however, when the samples were ground to a powder, 

sample "1" was much darker than sample "2". This may 

Indicate that these two substances consisted of more than 

one compound, but that they both contained some of the 

same constituents. 

Additional evidence that the polarization product 

contains more than one compound is found by examining 

the patterns from samples "3" and "5". Sample "3", the 

blue material, was found either loosely adhering to the 

titanium electrode or at the bottom of the cell directly 

under the titanium. Sample "5" was found adhering rather 

tightly to the titanium electrode and beneath a layer of 

the blue material at the completion of a Faraday's Law 

measurement which was run at J+.33 ma/cm2. An X-ray 

pattern of the blue material from this measurement was not 

made because of Its similar appearance to the blue material 

from Faraday Law measurements. It is evident that these 

two materials are not the saine as they do not have any 

$inhilar lines. 

Attempts to identify these compounds were made by 
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matching the diffraction lines with those found in the 

ÁSTM Handbook (2). In no case was a compound found with 

matching lines. 

Further information was obtained on the blue 

polarization product by conducting a series of solubility 

testa. It was found that it is insoluble in 0.2 N hydro- 

fluoric acid, acetone, ether, acetic acid, 1 N potassiuni 

chloride, benzene, alcohol, and amnionium fluoride. It 
slowly dissolved in concentrated hydrochloric acid after 

first changing, to a white or pink color. It dissolved 

fairly rapidly in 6 N sulfuric acid with tne evolution of 

a gas. Before cocipletely dissolving, it had changed to a 

brown color. It dissolved in hot water, giving a pale 

yellow milky solution. Upon evaporation, a white powder 

resulted. In boric acid, it appeared to partially dis- 

solve; however, a small amount of pink residue remained. 

This would give further evidence that there is more than 

one compound present. 

Based on those observations, the titanium compounds 

most likely to be present in the blue polarization product 

are T1305, TIF3, (N114)2T1F6, or TI(OH)3. An attempt was 

made to make and Isolate (NH4)2TiF6 by addin{ stoichlo- 

metric amounts oÍ titanium to hydrouluoric acid to produce 

TIF4 and then ammonium fluoride to produce the complex 

salt. The compounds were added to a water solution and 
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allowed to evaporate in air. The resulting compound was 

white and did not resemble any of the polarization 

products. It was insoluble in water, ararnonium fluoride, 

concentrated hydrochloric acid, and 6 N sulfuric acid, 

and slowly dissolved in 0.2 N hydrorluoric acid. 

The results seera to strongly indicate that the 

polarization product is more than a sinie compound. It 

is further possible that it is hydrated. 

E. Investigation of Cathodes 

In order to obtain a satisfactory dry cell, it is 

important that a usable cathode be found that will have the 

properties of a good electrode as noted in the introduc- 

tion. It is also desirable to find a cathode that can be 

used in the same electrolyte as the titanium anode; how- 

ever, it might be possible to develop a cell having two 

electrolytes and a diaphram separating them. Various 

cathodes were considered when the original galvanic cells 

were made and the voltages measured as a function of load. 

In addition, lead dioxide was given considerable attention 

as a possible cathode and showed the most promise. 

The lead. dioxide electrodes were made according to 

the instructions by Vinal (45, p. 27-46). A mixture was 

made consisting of 20% Pb304, 80% Pb02, a small amount of 

graphite, and enough sulfuric acid of specific gravity 
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1.1 to ma1e a paste-like consistency. The paste was smear- 

ed on lead grids from a lead storage battery and electro- 

lyzed in sulfuric acid of the same specific gravity at a 

current density of 0.2 to 0.5 amps/din2. The electrode was 

made the positive side in the electrolysis cell so that 

the lead oxides would be oxidized to lead dioxide. The 

electrolysis was continued for approximately 4-O to 48 hours 

or until the electrode appeared completely black. The 

electrodes were made as flat plates, approximately five ein. 

by eight cm., and also as cylinders approximately 1.5 em.. 

In diameter and 8 em.hlgh. The cylinders would be useful 

as the center cathode in a dry cell. 

Current density-voltage riieasurements were made on a 

lead dioxide electrode in sulfuric acid of specific gravity 

1.1 in order to become familiar with its beh3vior in its 

normal electrolyte. The experimental method used was 

Identical to that used on the titanium except that the 

lead dioxide was reduced at various current densities 

Instead of oxidized as in the case of titanium. The 

measurement was made several times on different electrodes, 

and the figures represent a typical result. The measure- 

mente were made using the cylindrical electrodes which 

were quite rough. The current density Is, therefore, an 

approximation based on the estimated total surface area 

immersed In the electrolyte. The figures represent an 



indication of the behavior of the electrode in the electro- 

lyte rathe than absolute values. Curve i of Figure II 

shows this behavior. 

±olarization studies of the lead dioxide cathode 

were also made in various other electrolytes. The dee- 

trolyte of composition 0.075 N hydrofluoric acid, 6 

amnoniujn fluoride, and 0.1 N potassium chloride, which 

will henceforth be called electrolyte A, showed the most 

pronise as an electrolyte for the titanium, so the single 

electrode potential of the lead dioxide was determined in 

this electrolyte. The potential of the lead dioxide at 

zero time was 4l.53i V, but after 6 hours in the electro- 

iyte with no current passing, the voltage had dropped to 

l.O6 V. When current was passed through a lead dioxide 

electrode in such a direction to cause reduction in this 

electrolyte, the single electrode potential dropped quite 

rapidly. The results are shown as curve 2 of Figure II. 

It is apparent that the lead dioxide is not as satisfac- 

tory in this electrolyte as in sulfuric acid. 

It was thought that some combination of the 

electrolyte A and sulfuric acid might make a satisfactory 

electrolyte for both the titanium and the lead dioxide 

electrodes. In order to study such a possibility, 

current density-voltage measurements were made with lead 

dioxide in sulfuric acid with increasinf amounts of 
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sulfuric acid added and with titanium in the hydrofluoric 
acid electrolyte with varying amounts of sulfuric acid 
added. Curve 3 of Figure II represents the results of 

the lead dioxide in a mixture of 75% electrolyte A and 

25% sulfuric acid. The results are suiuniarized in Table V 

and Table VI. The values in the tables were obtained 

from only a single determination, so may not represent 
the best values; however, they do indicate the approximate 

values and the general trend of the voltage at various 

current densities. In no case did either electrode become 

passive below a current density of 30 ma/cm2. 

It can be seen that by using any of the combination 

electrolytes studied, an appreciable voltage should be ob- 

tamable even at current densities of 20 ma/cm2. The lead 

dioxide electrode voltage was more stable when just stand- 

Ing in the combination electrolytes than in electrolyte A 

alone. A lead dioxide electrode which had been used for 
current density-voltage measurements, and, therefore 

partially reduced in electrolyte A, maintained an 

essentially constant voltage of '1.36 V while standing in 
the combination electrolyte for 24 hours. 

The difficulty encountered in using the mixed 

electrolyte is that the addition of even a small amount 

of sulfuric acid to electrolyte A increases the chemical 

corrosion appreciably. Titanium in the l0 sulfuric acid 



TABLE V 

Single Electrode Potentials for Pb02 In H2SO 

(Sp.G. 1.1) with Increasing Amounts of 

0.075 N HF, 6% NH4F, 0.1 N KOl Electrolyte Added 

(Volts) 

Current Density ma/cm2 

LtQ 

Electrolyte 
% by volume (Electrode potentials are all positive) 

100% HSO4 
(Sp.G. : 1.1) 1.595 1.592 1.584 1.540 1.512 1.1i35 

99% H2SO4 
1% m 1.595 1.592 1.590 1.575 1.565 1.543 

90% H2SO4 
10% HF* 1.595 1.592 1.590 1.575 1.565 1.535 

75% H2SO4 

25. HF* 1.587 1.574 1.572 1.504 1.545 1.521 

50% H2SO4 
50% HF* 1.566 1.506 1.503 1.518 1.1+92 1.405 

25% H2SO4 

75% * 1.413 1.407 1.405 1.362 1.331 1.268 

*J represents the whole electrolyte indicated above. 
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TABLE VI 

Single Electrode Potentials for Titanium 

in 0.075 N HF, 6% NH4F, 0.1 N KC1 Electrolyte 
With Increasing Amounts of H2SO4(Sp.G. : 1.1) Added 

(Volts) 

Current Density ma/cm2 

2 i2 
Electrolyte 
% by volume (Electrode potentials are all negative) 

100% F-J 1.010 .987 .971 .923 .881 .3l9 

99% HF* 
1% H2SO4 .975 .973 .967 .934 .875 .770 

95 
p3* 

5% H2304 .961 .960 .955 .920 .846 .725 

90% i 

10% 112304 .945 .941 .937 .923 .895 .843 

75% * 

25% H2504 .886 .887 .887 .883 .866 .846 

50% 
50% H2SO4 .773 .773 .773 .773 .767 .750 

25% 
75% HSO4 .728 .728 .728 .726 .720 .705 

* HF represents the whole electrolyte indicated above. 



and 90% electrolyte A corroded quite visibly with the 

evolution of a gas. It is thought that this Increase in 

corrosion is caused by an increase in the hydroí'luoric 

acid concentration when the sulfuric acid is added to a 

solution containin ammonium fluoride. It was noted that 

when additional ammonium fluoride was added to the corn- 

binad electrolyte, the corrosion appreciably slowed and in 

sorne cases apparently stopped. Approximately a 10% addi- 

tion of ammonium. fluoride to the 75 electrolyte A - 25 

sulfuric acid combination slowed the titanium corrosion 

appreciably, but did not stop it entirely. Approximately 

a ¿f addition to the 9o%lo% combined electrolyte stopped 

any visible corrosion. The effects of the combined 

electrolytes and in particular the combined electrolytes 

with additional ammonium fluoride on the voltage-time re- 

lation of the single electrode potentials has not been 

thoroughly 1nvestiated. By adding the proper amount of' 

additional amraonium fluoride to the combined electrolytes, 

a single electrolyte can be f'ound for both the titanium 

and the lead dioxide electrodes which has satisfactory 

voltage-current density and voltage-time characteristics 

and will not cause excessive corrosion. 



F. Construction of Cells 

Based on the Information obtained in the first five 

sections, several priíriary cells were set up to determine 

their characteristics under actual operating conditions. 

The cells were first made in open beakers using the two 

electrodes and a liquid electrolyte. If the system ap- 

peared satisfactory and it was believed that it could be 

used with a paste electrolyte, an actual dry cell was con- 

structed. 

The results of the initial studies made in open 

beakers are summarized in Table VII. R is the load across 

the cell; V is the total cell voltage; VA is the single 

anode potential, VB is the single cathode potential; I is 

the current drawn from the cell, and ia is the current 

density at the anode. 

For all the studies involving the carbon-manganese 

dioxide, the electrode was made by placing the bobbin 

obtained from the Union Carbide Corporation in an alundum 

thimble, and then placing this in the electrolyte. This 

was done to prevent the electrode from becoming excessively 

wet and falling apart. In all cases, the titanium dee- 

trode was froiïi 2 cm.2 to 3 cm.2 The cathode was the larger 

electrode. Therefore, the current density was higher on 

the anode than the cathode. 



TABLE VII 

GALVANIC CELLS USING A TITANIUM ANODE 

R, V0 VA I, ja, 

Cathode Electrolyte Ohrfl5 Volts Volts ma ma/cm2 

#1 0.1 N HP 0 1.740 -0.972 0 0 
4% NH4F 

C:Mn02 0.1 KC1 5000 1.734 -0.962 0.348 0.126 

2000 1.731 -0.962 0.865 0.314 

1000 1.726 -0.955 1.726 0.627 

500 1.721 -0.951 3.45 1.25 

200 1.709 -0.958 8.55 3.10 

loo 1.660 -0.918 16.6 6.05 

75 1.577 -0.906 21.0 7.65 

50 1.507 -0.890 30.0 10.9 

25 1.332 -0.840 53.4. 19.4 

20 1.260 -0.829 62.9 22.8 

lo 1.057 -0.759 106 38.4 

5 1.065 -0.738 213 77.5 



TABLE VII - Continued 

R, V0 VA I, ja, 
Cathode Electrolyte Ohms Volts Volts ma 2 ma/cm 

#2 0.075 N hF 0 >1.6 -0.998 0 0 

4.% NHF 
C:Mn02 0.1 N KC1 

5000 -0.988 

2000 -0.981 

1000 -0975 

500 -0.967 

250 -0.958 

100 -0.940 

90 1.604 -0.928 17.8 6.54. 

75 1.578 -0,924. 21.0 7.70 

50 1.509 -0.902 30.2 11.0 

35 1.433 -0.881 4.1.0 15.0 

25 1.335 -0.858 53.5 19.5 

15 1.155 -0.811 77.1 26,7 

10 0.993 -0.759 99.3 36.4. 



TABLE VII - Continued 

R, VC VA I, ja, 
Cathode Electrolyte Ohms Volts Volts ma ma/cm2 

#3 0.075 N HF O 'l.6 -0.977 0 0 
6%NH F 

C:Mn02 0.1 N KC1 5000 -0.961 

2000 -0.955 

1000 " -0.94.6 

750 -0.944 

500 -0.931 

250 -0.903 

200 n -0.886 

100 1.556 -0.857 15.5 5.4 

75 1.497 -0.818 19.9 6.9 

50 1.422 -0.785 28.4 9.87 

25 1.237 -0.737 52.1 20.8 

10 0.9035 -0.547 90.3 31.3 

i.I 



TABLb' VII - Continued 

R, V VA I, la, 
Cathode Electrolyte Ohms Volts Volts 2 

ma ma/cm 

#4. 0.075 N HF 0 1.097 -1.009 
6% NH4F 

Cu 0.1 N KC1 5000 0.9636 -0.997 

2500 0.84.31 -0.982 

1500 0.64.00 -0.979 

500 0.3731 -0.972 

200 0.2s23 -0.967 

50 0.2066 -0.965 

#5 0.075 N HF 
N14F volts 

Pb02 0.1 N KCI 0 2.56 1.483 0 

5000 2,48 1.4.70 0.497 

2000 2.46 1.395 1.23 

1000 2.40 1.385 2.40 

500 2.37 1.286 4.75 

300 2.30 1.267 7.66 

o 



TABLE VII - Continued 

R, V V I ja, 
2 ma Cathode Electrolyte Ohms Volts vohs Vots m.a/em 

200 2.28 1.229 11.4 

loo 2.21 1.216 22.1 

50 2.13 1.176 42.5 

25 1.90 1.152 76.2 

10 1.48 1.058 14.8 

#6 Anode in 0 2.60 -1.020 0 
0.075 N HF 
6% NH4? 1000 2.60 -1.009 2.60 

0.1 N KC1 750 2.60 -1.018 3.4.6 

Pb02 Cathode in 
2.60 -1.007 5.20 

H2604 

(Sp.G. 1.1) 300 2.58 0.993 8.60 

wIth 250 2.52 -0.935 10.1 

iN KCÌ 
salt bridge 200 2.31 -0.635 11.5 



TABLE VII - Continued 

R, VC VA I, ja, 
Cathode Electrolyte OhmB Volts Volts ma maJcm2 

loo 2.30 -0.420 23.0 

75 2.30 -0.608 30.7 

50 2.31 -0.421 46.1 

25 2.32 -0.422 92.8 

#7 Anode in 0 2.45 0 
0.075 N HF 
6% N1LLF 1000 2,58 2.58 
0.1 N 1CC1 

750 2.26 3.02 
Pb02 Cathode in 

H2304 500 2.22 4.43 

(Sp.G 1.1) 250 2,16 8.6 

with 200 2.11 10.5 
Al und uni 
dlaphrain 150 2.03 13.5 

100 1.95 19.5 

75 2.20 27.2 



TABLE VII - Continued 

R, VC VA VB I, la, 
Cathode Electrolyte Ohms Vo1s Vols Vo1s ma ma/cm2 

50 1.12 22.4 

25 0.790 31.5 

#8 10% H2SO4 0 2.26 0 

(Sp.G. 1.1) 1000 2.24 2.24 

90% 750 2.24 2,98 
0.075 N HF 

.Pb02 6% NH4F 500 2.23 4.4.6 

0.1 N KCÌ 250 2.21 8.83 

150 2.18 14.5 

100 2.14. 21.4 

75 2.10 

25 1.84 73.7 

10 1.45 145 
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Cell number "6" was made up usine two separate elec- 

trolytes and a 1 N potaasium chloride salt bridge. This 

type of cell has a large internal resistance which possibly 

could be eliminated. Theretore, the cell voltage for a 

given load was read immediately after the load was removed. 

It is assumed that the recovery time of the electrodes is 

sufficiently slow that the voltage read immediately upon 

removing the external resistance will be the sanie as the 

voltage of the polarized cell without the internal 

resistance. Studies have shown that the polarization 

decreases very rapidly when the current is stopped; so 

this is actually not a true value. However, it is a 

closer approximation to the true value than when the in- 

ternal resistance of the cell Is included. 

Cell number "7" is the same as cell "6", only a 

different mechanical arrangement is used In an attempt to 

reduce the internal resistance. The sulfuric acid with 

the lead dioxide electrode was put In an alunduni thimble, 

and this was placed in a beaker containing the hydro- 

fluoric acid electrolyte and titanium anode. In this 

way, the alundum thimble served as a diaphrani to separate 

the two electrolytes. This greatly reduced the internal 

resistance anu the data obtained were probably more 

accurate indication of the true behavior of the cell than 

that for number "6". 
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In all oases only the single electrode potential of 

one electrode was determined. The other was then deter- 

mined from this value and the total cell potential. The 

current and current densities were determined from the 

total cell potential and the external resistance using 

Ohm's Law, assuming zero internal resistance. 

Some additional information was obtained on these 

cells by determining the stabiity of the voltage with 

time while a constant resistance is applied across the 

oeil. For titanium and lead dioxide electrodes in elec- 

trolyte , the initial open voltage was 2.10 V. When 250 

ohms were applied across the cell, the voltage dropped 

to 2.02 V and then decreased to 1.08 V in 7 hours. Assum- 

Ing zero internai resistance, this represents an amodie 

current density decrease from 2.24 to 1.19 ma/em2. The 

voltage fluctuated somewhat over the given time period. 

Occasionally it would increase by as much as 0.1 V but 

the generai trend was a very definite decrease in voltage 

with time. 

On the basis of the information obtained from the 

galvanic cells set up In open beakers, an attempt was made 

to construct usable dry cells similar to commercial dry 

cells (44, p. 49-52). The electrolyte was made by adding 

about 2O of a mixture of 2 parts cornstarch to 1 part 

flour to the electrolyte and heating between 600 and 900 
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until the electrolyte had the consistency ot a thick 

paste. The titanium anodes were made from a piece of 

titaniwn pipe, 3 ein in dianieter and 7 cm to B cm long. A 

circular piece of titanium was attached to one end or the 

pipe with a high melting wax to serve as the bottom of the 

cell. The cells were roughly the size of a standard 

flashlight battery. The cathode to be used was placed in- 

side the titanium; and the starch, flour, electrolyte 

mixture was poured between the cathode and the titanium 

pipe. The cell was placed in a beaker of water at the re- 

quired temperature until the electrolyte solidified. The 

voltage characteristics were then measured. 

In order to determine if the technique for making 

the dry cells was satisfactory, a standard zinc and 

carbon-manganese dioxide dry cell was made, and its volt- 

age measured over a period of time. The zinc and cathode 

bobbin, for this and other experiments using a carbon- 

manganese dioxide cathode, was furnished by the Union 

Carbide Corporation, The electrolyte consisted of 26 

ammonium chloride, 8.8% zinc chloride, 65.2% water and a 

trace of mercuric chloride and was made into a paste in 

the manner described above. The initial open circuit 

voltage of the cell was greater than 1.6 V. After 5 

months, the open voltage had dropped to 1.56 V. Initially, 

the voltage with a 50 ohm load across the cell was also 
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greater than 1.6 V. ifter standing 5 months with no loud 

the voltage with a 50 ohm load was 1.52 V. The indica- 

tion is that the technique used to make the dry cells is 

satisfactory, at least for a normal LeClanohe cell. 

A cell was made using a titanium anode, a carbon- 

manganese dioxide cathode, and a 0.1 N hydrofluoric acid, 

4% ammonium fluoride, 0.1 N potassium chloride electro- 

lyte. The initial open circuit voltage was about 1.72 V, 

but slowly dropped to 1.1 V in 24. hours and 0.84 V in 4.8 

hours. When 12 ohms were placed across the cell the 

voltage quickly dropped to zero. When 50 ohms were placed 

across the cell, the voltage Initially dropped by only a 

small amount but continued to decrease at an excessive 

rate. 

The second attempt was made usine the same type of 

electrodes in electrolyte A. The Initial open voltage was 

again greater than 1.6 V; however, this dropped to 1.1 V 

in 24. hours and to 0.76 V after 5 days. When a 50 ohm 

load was applied across the cell when its voltage had 

dropped to 0.76 V, it further decreased to 0.23 V. The 

cell was sealed at both ends, so the drop in open voltage 

is not due to the evaporation of the electrolyte. 

As lon', as the electrolyte was kept quite wet the 

open voltage remained high. The rapid drop in voltage 

that occurs when a load Is placed across the cell might 



be due to a polarization product that could drop off of 

the electrode when the cell was in a beaker, but which was 

held against the electrode by the solid electrolyte of a 

dry cell. 
One further attempt was made to construct a dry 

cell using titanium and lead dioxide electrodes with the 

combination sulfuric acid, electrolyte A and a paper 

extraction thimble for a diaphram. The sulfuric acid in 

contact with the starch-flour mixture caused the evolution 

of a as and a frothing of the electrolyte; so thIs system 

has not successfully been made into a dry cell. 
A great deal of art as well as science is involved 

in the construction of dry cells, and further research 
upon the constructional details is warranted. 

From the measurements obtained in this investiga- 

tion it is concluded that titanium possesses the 

characteristics of a useful anode material for primary cell 
use in either wet or dry cells, although additional 

development o1 electrolytes and dry cell construction 

technique is required. 

Zirconium 

The investigation of zirconium as a possible anode 

in a primary cell was conducted along the same line as the 

titanium investipation. The entire study can be divided 
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into the same 6 main divisions. The experimental methods 

used with the zirconium were identical to those used for 

titanium and a detailed description of the methods will 

not be repeated. In the original experiments two types of 

zirconium were used; the type made by the Kroll process 

and the type made by the Iodide process. 

À. Corrosion 

The corrosive properties of zirconium have been 

discussed in the introduction. Based on this information, 

the following substances were considered likely electro- 

lytes for zirconium: H2304, H3FOj, FeCi3, CuC12, NaOH, 

NH4C1, and HF. It was thought that a satisfactory concen- 

tration of one of these might be found that would cause no 

chemical corrosion, but in which the electrode would 

corrode when current was drawn. If none of these electro- 

lytes would produce the desired effects, certain additives 

might improve the electrolyte enough to make it useful. 

It was determined that the addition of ammonium 

fluoride to hydrofluoric acid solutions at the same con- 

centrations as were used for titanium will not prevent 

corrosion, The addition of NH4' actually increases the 

corrosion in 11F. Two pieces of zirconium of nearly equal 

size and weight were placed in 0.001 N hydrofluoric acid, 

and in 0.001 N hydrofluoric acid with 8% ammonium fluoride 



added. The zirconium in the mr lost less than 1% of its 

weight while the second piece lost 50% of its original 

weight in an equal time. It was also found that 

corrosion in H continued to a concentration of 0.0005 N 

although it was extremely slow. Tetraethylanimonium 

bromide was considered as a possible electrolyte. A 0.1 M 

solution corroded the zirconium to the extent of about 

0.5% of its original weight in five and a half days. 

Additional corrosion data has been obtained in connection 

with the galvanic cell potentials. 

B. Galvanic Cell Potentials 

Galvanic couples ware made in a series of electro- 

lytes and their voltage noted on open circuit and with a 

12 ohm load across the electrodes. The cells were allowed 

to stand for some time, and it was noticed that the cell 

potential varied sometimes by as much as 0.1 V. The 

voltages indicated are the maximum noted in the time the 

cell was allowed to stand. In connection with this study, 

additional corrosion information was obtained in the 

various electrolytes by weighing, the zirconium before and 

after the cell was made. The electrodes from the Kroll 

process zirconium weighed about 0.2 gm. while those from 

the iodide process weighed 0.5 gm. Only the loss in 

weight will be indicated. A summary of these galvanic 



81 

couples is givn in Table VIII. The type indicates the 

method of production of the zirconium. "K" designates 

that made by the Kroll process, and "I" that made by the 

Iodide process. The polarity is that for the zirconium 

when coupled with the other electrode and in the electro- 

lyte indicated. "Ve" is the maximum open circuit voltage 

obtained within the designated time, "T". "V12" is the 

maximwa voltage found for the couple with the 12 ohm load 

across the oeil. 

On the basis 01 these galvanic couples, it appeared 

as if the carbon-manganese dioxide cathode was the most 

satisfactory cathode. Therefore, an additional number of 

galvanic couples were made using zirconium and carbon- 

manganese dioxide electrodes in various electrolytes. 

These couples are summarized in Table Villa. The symbols 

have the same meaning as previously. The zirconium 

electrodes weighed from 0.3 to 0.4 gm. The additives were 

in amounts of 1% or less. The carbon-manganese dioxide 

cathode was made in an alundwn thimble using commercial 

materials. The internal resistance of the electrode made 

in this manner is undoubtedly higher than one without the 

diaphrain and therefore the voltage with the 10 ohm load 

is somewhat reduced. 
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TABLE VIII - Continued 

Other Weight 
ko1ar- Elec- o, V12, Loss T, 

Tyje ity trode Electrolyte Volts Volts Grams Hours 

K - c;Mn02 1.1249 0 0 1 
H2SO4 

K - " 20% 0.7785 0.0970 0.002 2 
FeCi3 

K - " 12% 1.0281 0.1260 0 
C uC 12. 
2H2 O 

K - " 10% 1.60 0.0178 0 3 
NAOH 

I " 1.595 0.0425 0 5 

" Sat. 
NH4C1 .1.60 0.2790 0.039 21 

I i.60 0.2340 0.0004 21 

K " 10% 1.00 0.4762 0.053 26 
HC1 

I " 1.480 0.2332 0.001 26 

K " 0.1 N HF .1.60 0.885 0.011 6 

I 1.52 0.2055 0.235 8 
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TABLE Villa 

GALVANIC CELL POThNTIALS FOR ZIRCONIUM AND 
CARBON-MANGANESE DIOì.IDE IN VANIOU3 ELCTROLYPES 

Vo, V 10, 
Weight 
Loss, T, 

Electrolyte Additive Volts Volts Granis Hours 

10% N}F +1.60 0.704 0.006 1/3 

t, Cu4 .1.60 0.652 0.005 1/3 

't Ti2(SO4)3 .1.60 0.612 0.015 1/3 

't ZRC14 1.46 0.074 0.002 1/2 

5; NH4F .1.60 0.043 0.001 1/3 

't HgC12 1.55 0.079 0.001 1/4 

N 1.58 0.380 0.046 2/3 

't Cu" 1.26 0.360 0.005 1/2 

't ZRCÌ4 1.35 0.340 0.012 1/2 

O.]. N HF 1.39 0.300 0.009 2/3 

t' Cu44 135 0.230 0.006 1/2 

I, ZRC14 1.34 0.118 0.003 2/3 

0.05 N HF 1.40 0.220 0.004 3/4 

n Cu'' 1.34 0.150 0.002 1/2 

't ¿RC14 1.34 0.118 0.002 2/3 

8% HOi 1.11 0.130 0 1/2 

f, Cu 0.95 0.036 0.001 1/2 

t, ZRC14 0.94 0.120 0.001 1/2 

't HgC1 1.15 0.050 0.002 1/2 



TABLE Villa - Continued 

lo, 
Weight 
Loss, T, 

Electrolyte Additive Volts Volts Grams Hours 

8% HOi Sn 0.95 0.056 0.001 1/3 

0.1 N HF Pb' 1.57 0.110 0.006 1/2 

Cd' 1.58 0.350 0.006 1/2 

Pb 1.39 0.270 O.001 1/3 

7% NH4F 1.60 0.581 0.011 i 1/2 

Sn4 '1.60 0.394 0.007 1/2 

8% NH4F .1.60 0.581 0.011 1 

ZnC14 rl.60 0.400 0.004 1 1/3 

ft Hg012 i.60 0.360 0.008 1/3 

" 3x1012 1.57 0.310 0.003 1/3 

Pb" .1.60 0.360 0.009 1/2 

Cd" 1.60 0.390 0.003 1/3 



In most cases where corrosion occurs, lt takes 

place to a larger extent with the zirconium made by the 

Kroll process than with that from the Iodide process. The 

addition of 2 mg/i of Cu' will appreciably decrease the 

corrosion in 0.1 N hydrofluoric acid for both types of 

zirconium. In mosteases using the same electrolyte, the 

Kroll process zirconium gave the higher voltage on both 

open circuit and With the 12 ohm load. 

C. Faraday's Law Measurements 

The significance and utility as well as the experi- 

mental methods for Faraday's Law Measurements have been 

discussed in relation to titanium. This discussion 

applies equally well to zirconium. Based on the corrosion 

Information, a series of ieasurements were made using 

zirconium in an identical marìner to that used for 

titanium. Currents of the order of 0.1 to 0.2 amperes 

were used initially, but were decreased to a few milli- 

amps In later experiments. The areas or the zirconium 

electrodes were very close to the saine size which was 

about 2 cm2. Therefore, a current of 0.1 amperes gave a 

current density of 50 ma/ciri2 and a 5 ma current gave a 

current density of about 2.5 ma/cm2. The original weights 

of all the electrodes were approximately 0.4 gm. All of 

the zirconium used in this and subsequent experiments 



was made by the Iodide process. 

A swnniary of the results is given in Table IX; 

"I" is the current, "G" is the total coulombs, "Zr'"" 

is the theoretical weight that would be lost if the all 

zirconiuci went into solution in the 4.4 oxidatIon state, 

and "Zr'" indicates the average number of electrons in- 

volved in the electrode process assuming no chemical 

corrosion occurs. It is seen from the Faraday's Law 

measurements and corrosion studies that nearly all these 

electrolytes cause appreciable chemical corrosion; so 

the significance of the average number of electrons is 

questionable. 

D. Polarization 

Polarization measurements on zirconium were made in 

an identical manner to those for titanium. The polariza- 

tion curves appeared cjuite comparable to those in 

Figure I. A summary 01' the current density-voltage 

measurements is given in Table X. If the chemical corro- 

sion could be prevented, It should then be possible to 

form a zirconium anode in a hydrofluoric acid, amm.onium 

fluoride electrolyte whose voltage is approximately 0.2 V 

greater than the zinc anode In the normal dry cell electro- 

lyte. Corrosion, however, has proved a more difficult 

problem with zirconium than with titanium. 



TABLE IX 

FARADAY' S LAW ASUflEMNTS ON ZIRCONIUM 
IN VARIOU3 ELECTROLYTES 

Weight 
- 

I, Loss, ZR 
Electrolyte ma C Grains Grams ZR 

15) CuC12 200 720 0.2094 0.1700 3.25 

30% FeC13.6H20 100 321 0.O74 0.0758 3.86 

20% FeC13.6H20 200 480 0.1336 0.1135 3.39 

1% FeC].3.6H20 100 228 0.0548 0.0539 3.93 

20% NI4C1 100 474 0.1188 0.1118 3.77 

10% HOi 100 360 0.0765 0.0850 4./+4 
20% HOi 100 386 0.0948 0.910 3.85 
Sat.NHjC1 100 360 0.0792 0.0852 4.30 

5 NHF 200 432 0.0974 0.1018 4.20 

10% NH4F 280 581 0.1380 0.1369 3.98 

0.2 N IF 100 344 0.788 0.0810 4.13 

0.1 N HF 100 537 0.1246 0.1264 4.06 

0.05N HF 100 394. 0.0916 0.0927 4.07 

0.1 N 1ff 100 365 0.1518 0.0862 2.18 

0.075 N HF 100 385 0.1317 0.0910 2.76 
8% NH4F 

0.05 N HI? 100 327 0.0905 0.0774 3.42 
8% NH4F 



TABLE X 

SLGLE ELECTRODE POTENTIALS 
OF ZIRCONIUM AT VARIOUS CI.TRUENT DENSITIES 

(Volts) 

Maximwn 
Current Density ma/cm2 Current 

Density 
0.2 1.0 lo maj cm2 

Electrolyte (Electrode potentials are all negative) 

8% NH4F 1.047 1.023 1.003 0.960 0.925 2O 

8% N.H4F .967 .863 ..374 i 

1NKO1 

7.8% NH4F .951 ,603 i 

1.95% ZRC14 

0.1 N HF .695 .631 .582 8 

0.1 N HF .699 .621 .547 5 

1NKC1 

0.1 N HF 1.059 1.035 1.010 .931 .585 iO 
1% NH4F 

0.1 N HF 1.081 1.059 1.01+5 1.011 .955 rBO 
2% NH4? 

0.1 N HF i.1i5 1.073 1.075 1.055 1.035 .75 
4% NH4F 

0.1 N HF 1.087 1.077 1.071 1.055 1.035 .75 
6% NH4F 

0.1 N 11F 1.068 1.061 1.055 1.038 1.005 6O 

8% NH4F 

0.1NItF 
10% NH4? 1.079 1.071 1.059 .973 .863 6O 



TABLE X - Continued 

(Volts) 

Maximum 
Current Density ma/cm Current 

Densiy 
9ta 2 ma/cm 

Electrolyte (Electrode potentials are all negative) 
0.075 N 11F 1.092 1.083 1.059 1.030 s45 
4% NH4F 

0.075 N H.? 1.053 1.058 1.031 1.019 40 
6% NH4F 

0.075 N HF 1.095 l.07 1.059 1.039 l00 
8% NH4F 

0.05 N HF 1.069 1.059 1.010 .979 t80 
4% NH4F 

0.05 N HF 1.091 1.081 1.040 1.035 +100 
8% NH4F 



91 

Several ruiis were made for each electrolyte, and 

the values in the table represent typical values. The 

variation for a given electrolyte was rarely greater than 

3%. The column titled "Maximwn Current Density" is again 

an approximation of the current density at which the 

zirconium became passive. The ' j this colunni 

indicates "greater than". It was noticed that when the 

zirconium became passive, the value of its single 

electrode potential did not become as positive as in the 

case of titanium. Apparently the amount of polarization 

of zirconium Is not significantly different from that of 

titanium in the same electrolyte at current densities be- 

low 20 ma/cm. The mechanism of the polarization might be 

quite different, however; since chemical corrosion is more 

pronounced in the electrolytes studied for zirconium than 

those for titanium. 

E. Investigation of Cathodes 

The methods and results of the investigation of 

cathodes were covered under titanium. Some additional 

anodes were investigated during the construction of cells 

and will be considered in the next section. 
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F. Construction of Cells 

The construction of the actual cells was conducted 

In a slightly different manner with zirconium than with 

titaniuni. Zirconium pipe was not available for use as an 

anode for the dry cells; so series of cells was made up 

using a cardboard casing with the electrodes at each end 

and the electrolyte and. depolarizer between them. The 

cells were approximately one inch in diameter and inch 

high. The cells were paraffin coated. About 20% mixture 

of 2 parts cornstarch and i part flour was added to the 

electrolyte, and the combination was poured into the cell. 

The entire oeil was then placed in a water bath between 

400 and 90 and heated until the electrolyte attained a 

paste-like consistency. Most of the cells were made using 

a carbon-manganese dioxide cathode. The early cells were 

made before the commercial cathodes were available. It 

was found that the type of manganese dioxide made con- 

siderable difference in the voltage. Therefore, the 

characteristics of these cells are probably not as good 

as could be attained. The voltages are not the optimwn, 

also, because such variables as the degree of solidity 

of the electrolyte, the pressure used in packing the 

manganese dioxide, and other factors involved in the 

technique of constructing the cell determine to a large 



degree the inaxiinuni voltage that 

values do, however, give an indi 

niagnitude that can be expected. 

to expect fron the voltage over 

a load across the electrodes. 

A summary of these cells 
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can be obtained. The 

Lcation of the order of 

They also indicate what 

a period of time and with 

is given in Table '. 

"vo" is the initial open circuit voltage, "VT" d "V12" 

are the open circuit voltage and voltage with a 12 ohm 

load, respectively, at time, "T". Hydrofluoric acid and 

amzaoniuxn fluoride are the best electrolytes and depolariz- 

ed carbon is the best cathode investigated. Aluminuni 

appears to be a possibility for a cathode, but probably 

not in a ferne chloride electrolyte. Lead dioxide is 

another possible cathode but as yet no attempts have been 

made to construct a cell using it. The results obtained 

from the dry cell construction are not too conclusive, 

and additional work is required before an electrolyte for 

zirconium is found which is as satisfactory as that found 

for titanium. 
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TABLE XI 

FOTENTIALS (Th SMALL DRY CELLS USING 
A ZIRCONIUM ANODE 

V0, T, VT, V12, 

Cathode Electrolyte Volts Hours Volts Volts 

C:MrnO 25% FeCi3 0.40 24 0.53 0.20 

ft 10% HO). 0.17 44 0.68 0.01 

9 0.5% N H 0.10 136 1.01 0.16 
6% NH4C1 

28% FeCi3 0.43 16 0.83 0.05 

10% NH4C1 1.05 15 0.62 0.22 

n 10% NII4F e1.60 69 1.10 0.36 

Al 28% FeCi3 0.97 17 1.05 0.04 

Pb 10% 1101 0.28 16 0.26 0.0 

Cu 30% H2SO4 0.43 16 0.03 0.0 



9 

III. CO1ARISON OF TITANIUM CELLS 

WITH COMIERCIAL CELLS 

On the basis of this study, the possibility of 

developing a coxnznercially valuable priw.ary battery using 

titanium or zirconium as an anode appears to be very 

promising; but additional work will certainly be necessary 

to fully develop the battery to its greatest capacity. 

It is of interest to compare the best coli obtained 

using a titanium anode and a flashlight size LeClanche 

cell. The best titanium cell consisted of a 0.075 N hydro- 

fluoric acid, 6 ammonium fluoride, 0.1 N potassium 

chloride electrolyte for the titanium anode and sulfuric 

acid of specific gravity 1.1 for a lead dioxide cathode. 

The electrolytes were fluid, and were separated by an 

alundum dlaphrarn. The initial open circuit voltage of the 

cell was 2.46 V. Â 500 ohm load was placed across the 

cell, and the voltage change with time was noted. In 21 

hours the voltage had dropped to 1.48 V, or slightly less 

than two-thirds or Its original value. The titanium anode 

was relatively small an this represented a current density 

change from an original 2.24 nia/cm2 to a final 1.34 ma/cm2, 

assuming zero internal resistance. 

By comparison, the voltage of a flashlight battery 

with a 500 ohm load will drop froni its rated 1.5 V to i V 

in something over 2000 hours; however, this represents 



current densities on the zinc anode of an original 0.05 

/cm2 to a rinal 0.033 ma/cm2. A better comparison can 

be made by Indicating the time Loi' a comparable voltage 

drop at approximately the sanie current densities. In 

order to obtain an initial 2 na/ein2 fron the LeClanche' 

cell, a 12.5 ohm load should be placed across the cell. 

With this load the cell voltage will drop to about two- 

thirds of its rated 1.5 V in only 15 hours. This is then 

compared with the 21 hours required by the best cell 

using a titanium anode to drop to two-thirds of its 

original voltage. At an anodic current density of 

approximately 30 ma/cm2, which is extremely high for a 

small battery, the titanium cell maintained a voltage 

greater than two-thirds of its original value for more 

than 2 hours. A LeClanch flashlight battery would 

maintain a voltage two-thirds or greater of its original 

value for only a few minutes at this current density. 

It is realized that he comparison of these two 

types of cells is not completely valid as the LeClanche' 

cell was aotually a dry cell while the titanium cell was 

made using liquid electrolytes. The comparison does 

serve, however, to illustrate the possibility that 

titanium and, by anology, zirconium have as anodes in 

primary batteries. 

When a cell was made using a mixture of various 
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proportions or the two electrolytes, without a diaphragru, 

a good volta!d was still obtained; however, the corrosion 

of titanium increased appreciably. Additional ammonium 

fluoride added to the combined electrolyte will reduce the 

corrosion and still maintaina high voltage. The results 

are not as impressive, however, usine the combined elec- 

trolyte. 1Nith a 25% sulfuric acid, 75% electrolyte A and 

an additional lO ammonium fluoride the voltage dropped 

from an original 2.2 V to nearly two-thirds of this valuo 

in three hours with a 100 ohm load. This represented an 

original current density of about 0.9 rna/cm2 at the 

titanium anode. Corrosion was still taking place at the 

titanium; however, it was appreciably slowed by the addi- 

tional ammonium. fluoride. A flaz3hllght size LeClanche 

cell will drop to two-thirds of its rated voltage at this 

current density in about 50 hours. 

A second factor is the decrease in the single 

electrode potential of the lead dioxide in fluoride solu- 

tions. It was noted that the electrode potential of a 

lead dioxide electrode which was partially reduced in a 

fluoride solution will not decrease when placed in the 

mixed electrolyte. Therefore, by making this partial 
reduction, a satisfactory lead dioxide cathode might 



be made for the single mixed electrolyte. A f urther addi- 

tion of aramonitim fluoride to the mixed electrolyte should 

essentially stop the chemical corrosion of the titanium. 

IV. CONCLUSIONS 

It has been shown that a useful voltage can be ob- 

tamed from a primary cell usine a titanium anode. How- 

ever, polarization of the titanium is still an iiportant 

factor in the maximum performance of the cell, particular- 

ly when it is in the forni of a dry cell. Polarization 

studies have indicated that at low current densities, 

more than one polarization product is formed. A white 

substance is formeu in a layer next to the anode and a 

blue material forms as a second layer. ihite titanium 

compounds indicate that the titanium is in the .4 

oxidation state while a blue compound indicates a 43 

state. Faraday's Law studies have indicated that at low 

current densities the avexace number of electrons in- 

volved in the electrode reaction is between 3 and 4. 

Based on this evidence, possible electrode re- 

actions are: 

1. Ti : Ti'"' + 3e 

2. Ti" : Ti'' , le 



The electrode reactions are undoubtedly more coiip1ex 

than this and certin1y change with increasing cui'rent 

density. This has been shown by iaraday's Law measure- 

ments and by polarization studies. Faraday's Law measure- 

irients indicate that at higher current densities, that is, 

usually above 10 iiia/ce2 but dependent on the electrolyte, 

the nwiber of electrons involved in the electrode process 

Is fairly consistently four, indicatinf'-. that the titaniu.rri 

is probably in the 4. oxidation state. The electrode 

process is visibly different at different current 

densities in iolarlzation studies. At low current dens- 

ities, the electrode forms a black film on the surface, but 

as the current density is increased, the film becomes 

lLhter and finally turns white or silver usually when 

the current density is about 20 

passivation. There is no sharp 

changes; so it is possible that 

simultane ously. 

This interpretation 01' p 

fha/cm2, or at least at 

point at hich the process 

two processes are occurring 

Diarization is based entire- 

)y on the findings from Faraday's Law and polarization 

studies. It is realized that the polarization products 

might be different in passing current through a cell and 

drawing current from a cell. This has been shown by the 

X-ray patterns of the polarization products obtained by 

the two different methods. However, it is felt that 
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because of the similarity of the polarization curves 

(single electrode potential versus log of the current 

density), there is an equal amount of polarization at the 

same current densities in the two methods, and triat al- 

though the products might be different, the basic 

oxidation changes are the same. 

Polarization of titanium in fluoride solutions is 

certainly not completely understood. Several statements 

that can be made with regard to the polarization are: 

(1) At low current densities more than one polarization 

product is formed when current exists across the electrode- 

electrolyte interface; (2) at low current densities the 

titanium oxidizes to more than one valence state including 

the i.3 and 44 oxidation states; (3) the titoniuin in the 

..3 oxidation state is probably in the form of a fluoride 

or hydroxide and, as indicated by its insolubility, is 

either a complex ion or a hydrolysed species; (4) at 

high current densities, the titanium is completely 

oxidized to the 4 oxidation state. 

Since polarization Is extremely isiportant to the 

operating characteristics of the electrode It is 

important that the polarization process be completely 

understood. A more fundamental approach should be taken 

to the entire polarization problem. This could be 

accomplished by positively Identifying. the polarization 
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product and by investigating the chemical and physical 

properties of the polarization products. Various sub- 

stances which give soluble titanium complexes in fluoride 

solutions should also be investigated. It might be 

possible to find a substance that will complex the 

oxidized titanium and make the product of the electrode 

reaction soluble. This would then decrease the polariza- 

tion and make a more satisfactory cell. A decreased 

polarization is especially important if a successful dry 

cell is to be built. 

-ossible substances that might be used as complex- 

Ing agents are tartrate, oxalate, and citrate ions, all 

of which strongly complex titanium. Further studies should 

be made on the sulfuric acid, hydrofluoric acid combined 

electrolyte. An optimum concentration should be found 

that will give a satisfactory voltage with a minimum of 

polarization and corrosion. 

The electrolytes studied to date for zirconium are 

less satisfactory than those l'or titanium. Fluoride 

electrolytes give a fairly good voltage with no greater 

polarization than found with titanium in the same solution, 

however, excessive corrosion resulted whn the electrodes 

were standing in the electrolyte. Lead ions will decrease 

the corrosion of titanium in hydrofluoric acid and, 

therefore, should be investigated as a possible additive 
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to decrease the corrosion oI zireoniwn. 

Other electrolytes should also be investigated as 

to their suitability with zirconium. These might include 

organic acids, inorganic salts, tetraalklammoniwn halides, 

and other organic electrolytes. Zirconium should make a 

satisfactory anode, but the electrolytes investigated thus 

ar have not proved adequate in all aspects. 

When a completely satisfactory electrolyte is 

developed for either titanium or zirconium, its high and 

low temperature characteristics should be noted. Any size 

limitations on the cell should also be investigated. 

Other possible uses for these metals which should be 

investigated are as an electrolytic rectifier and as a 

condenser plate. It was noted that if a d1rct current was 

across the electrode electrolyte interface for a certain 

period in such a way that the titanium was oxidized, a 

current in the reverse direction would not pass. This was 

particularly apparent in solutions of strong bases. If 

this rectifier action is due to a build-up of charge, 

which has been indicated in polarization studies, the metal 

might find application as a plate in an electrolytic 

condenser. 

Another possible use for these metals might be 

their use as electrodes in secondary cells. 

The actual values of titanium and zirconium have not 
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been fully realized as yet, and a great deal more research 

should be carried out on cheaper production processes as 

well as on new uses for the metals. The common iitetal 

deposits of the country are bein rapidly depleted and so 

new materials will be required to replace them. Titanium 

and zirconium are two t'new" metals that will certainly be 

useful to this end. 
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