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The aim of the invest igat ion was to develop new electrode materials 
suitable fo r selective electroorganic react ions. Two types of material 
have been s tud ied, var ious N i (0H)2 in basic media and cobalt spinels 
in acid solut ion. 

The oxidat ion of alcohols to carboxy l ic acids at smooth nickel and 
electrodeposited N i (0H)2 have been shown to be selective reactions 
and the formation of a h igh surface area material leads to a sub-
stant ial increase in cu r ren t dens i ty . The mechanism of the 
reactions have been monitored us ing cycl ic voltammetry and steady 
state methods. The h igh surface area electrodes have been used 
for the control led cu r ren t oxidat ion of 2 ,2 ' -d imethy l -1 ,3-propanedio ! 
to 2 ,2 ' -d imethy l malonic acid; at 8 mA cm"2 the select iv i ty is good 
but the cu r ren t ef f ic iency only 31 % (O^ evolut ion also occurs ) . 

A prel iminary s tudy of the behaviour of CogO^ and Zn^Cog-yO^ 
electrodes using cycl ic voltammetry is also repor ted . The materials 
are stable in s t rong acid and i t is to be expected that the oxidat ion 
state of cobalt species w i th in the latt ice may be cycled between two 
and th ree . The h igher oxidat ion state could react w i th organic 
molecules to g ive a catalyt ic cycle. 
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CHAPTER 1 

INTRODUCTION 
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CHAPTER 1 

1.1 Electroorqanic Synthesis 

Electrochemical reactions invo lv ing organic compounds are 

amongst the oldest known reac t ions^ bu t they d id not achieve any 

commercial signif icance in the ear ly days. By the t u r n of the cen tu ry 

a large number of organic compounds had been prepared by e lect ro ly t ic 

methods in the labora to ry^"^ , bu t only a few electroorganic reactions 

have been car r ied out on an indust r ia l scale. Such reactions include 

the reduct ion of benzoic acid to benzyl alcohols^; 

CH^OH 

+ 4e — > ' i l + H^O 

COOH 

9 
and the reduct ion of sal icyl ic acid to sal icylaldehyde 

OH + 
+ 2e + 2H > f| I HgO 

COOH \ ^ ^ C H O 

The product ion of lead tet ramethyl and te t rae thy l ^ ° by the oxidat ion 

of Gr ignard reagents has also been a successful large scale process. 

The appropr iate Gr ignard reagent in a mix ture of ethers is d ischarged 

at a lead anode; the resu l t ing radicals react to form te t raa lky i lead 

4RMgCI + Pb - 4e > R^Pb + i+MgCl"^ 

The cations on discharge g ive elemental magnesium and magnesium 

chlor ide 

W g C I ^ + 4e ^ 2Mg + ZlVlgCI^ 

The magnesium then reacts w i th excess a lky i halide to regenerate Gr ignard 

reagent . A f u r t h e r example is the product ion of periodic acid, used as 
11 

an intermediate in the manufacture of d ia ldehyde s tarch 
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1.2 Advantages of E lect roorqanic Processes 

( i ) E lect roorganic syn thes is can r e q u i r e cheaper and more read i ly 

avai lable feedstock than a l te rna t i ve chemical rou tes . 

( i i ) E lect roorganic syn thes is usual ly u t i l i ses mild process condi t ions 

and low temperatures and th i s should lead to be t te r se lec t i v i t y 

and lower process costs. 

( i i i ) E lect roorganic processes can have h igh chemical y ie lds so tha t 

downstream recovery and pu r i f i ca t i on is s impl i f ied . 

( i v ) E lect rosynthes is can be made more compet i t ive and economic, 

when chemical p roduc ts are made at both the electrodes (pa i red 

syn thes i s ) . There are several examples where the anode and 

the cathode react ions have been coupled to synthes ise organ ic 
12 

compounds. Wille and coworker have repor ted a cont inuous 

process fo r the e lec t rosynthes is of sulphones by cathodic 

reduct ion of s u l p h u r d iox ide in the presence of organic hal ides; 

the organ ic hal ides consumed in the cathodic process is r e -

generated at the anode. The cathode react ion is the reduc t ion 

of s u l p h u r d iox ide to i ts anion radical wh ich is fol lowed by a 

comparat ive ly slow nucleophi l ic subs t i t u t i on react ion w i th organ ic 

hal ide. 

SOg + e > S O ^ " ' 

ZSOg"' + 2RX > R-SOg-R + 2X" + SO^ 

The hal ide ions are ox id ised at the anode to elemental halogen, 

which is then reduced by su l phu r d iox ide to fo rm hydrobromic 

acid which f u r t h e r reacts w i th the alcohol to regenerate organ ic 

hal ide. The overa l l anode react ion is 

2Br - 2e > B r^ 

B r^ + SOg + 2H2O > 2HBr + HgSO^ 



2HBr + 2R0H v 2RBr + 2H2O 

The cu r ren t ef f ic iency fo r the formation of sulphones is 

near ly 80%. Another example of such coupled processes is the 
13 

product ion of propylene oxide f rom propylene and sodium bromide . 

Bromine is the main product at the anode but i t equi l ibrates wi th 

water to form hypobromite and bromide ions. 
2Br - 2e ^ " Br^ 

Br^ + HgO ^ HOBr + + B r " 

The hypobromite reacts wi th dissolved propylene to produce the 

bromohydr in 

CH3 - CH = CH^ + HOBr C H ^ — C H O H C H ^ B r . 

The main reaction at the cathode is the evolut ion of hydrogen and 

formation of hydrox ide 

2H2O + 2e > Hg + 20H" . 

The bromohydr in reacts wi th the cathodical ly generated base to form 

propylene oxide regenerat ing the bromide ion 

CH.CHOH - CH-Br + OH" ^ C H - — C H — C H - + H - 0 + B r " 
J I j y Z Z 

o 

1.3 Problems Encountered in Electroorqanic Synthesis 

Despite the fact that many organic conversions have been car r ied 

out electrochemical ly, there remain problems which prevent the wide-

spread commercial exploi tat ion of organic e lectrosynthesis. F i r s t l y , i t 

must be recognised that organic e lect rosynthet ic processes are complex. 

Usual ly , the overal l electrode reaction is not a simple electron t rans fe r 

process, bu t a sequence of electron t rans fe r and coupled chemical 

processes ei ther on the electrode surface or in the homogeneous 

solut ion close to the electrode sur face. In other words, the electron 

t rans fe r process simply produces organic intermediates ( e .g . carbanions, 

carbonium ions, radicals, ion rad ica ls ) , which all too f requen t l y have a 



range of reactions available to them. Hence i t can be d i f f i cu l t to 

achieve the select iv i ty in organic products by only cont ro l l ing the 

electrode potent ia l . The parameters which have a s ign i f icant 

ef fect on electroorganic synthesis are: 

a. electrode potential 

b . electrode materials 

c. pH, e lectro lyte 

d . concentrat ion of electroact ive species + other reactants 

e. temperature 

f . cell design inc lud ing mass t ranspo r t condi t ions. 

The electrode potential plays a s ign i f icant role in electroorganic 

synthes is , since the p roduc ts , cu r ren t e f f i c iency , and space time 

y ie lds , all depend on i t . Electrode materials also inf luence reactions 

in a number of ways and wil l be discussed here in detai l . The mech-

anism, ra te , and the products can all depend s t rong ly on the electrode 

material . The most commonly used anode materials are Pt , C and 

PbO_, and these may be used for the oxidat ion of such d iverse organic sub-
5 14-

strates as o lef ins, aromatic and saturated hydrocarbons ' . Fe and Ni 

are the most useful materials in alkal ine media where they are re la t ive ly 

stable to corros ion. Nickel and monel are excellent fo r e lect ro f luor ina-

t ion reactions in l iqu id HF ' . Other useful alloys fo r aromatic 
17 

reactions include fer ros i l icon fo r the n i t ra t ion of aromatic hydrocarbons 

The most widely used cathode materials are mercu ry , lead, t i n , copper , 

i ron , aluminium, plat inum, nickel and carbon. 

Some examples (see f i gu re 1 and 2) i l l us t ra t ing the inf luence of 

electrode materials are discussed here to demonstrate the complexit ies 

involved in electroorganic react ions. 
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Figure 1 

The d i ve rs i t y of products generated d u r i n g electroreduct ion of 

ni trobenzene depends on the electrode material , as well as on the 

solvent and suppor t ing e lect ro ly te, and other factors such as tempera-

tu re and reactant concentrat ion. 

Acetone can be conver ted to propane, isopropyl alcohol, pinacol 

or d i - i sopropy l mercury as shown in f i gu re 2. Other var iab les, such 

as pH, concentrat ion of reactant and temperature also cause the changes 

in the products . 

Another s ign i f icant parameter in the electroorganic synthesis is 

the cell design. The presence or absence of a separator , the mass 

t ranspor t regime, the arrangement of the anode-cathode gap and the 

potential d i s t r i bu t ion at both electrodes all play important roles in the 

overal l performance of the cel l . In the past , progress in the develop-

ment of cell components and the technology essential fo r successful 

operation has been slow. In the last few years, however, major 

advances have been made in developing e lect ro ly t ic cells of large elec-

t rode area per un i t volume of reactors e .g . monopolar and bipolar bed 
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Di - lsopropy l mercury 

cells^^ f i l t e r press t ype cells^^ f lu id ized bed ce l l s^^ ' ^^ , t r i ck le 

tower cells^^ etc. and it is believed that these may permit more 

electrochemical processes to be used in the chemical i n d u s t r y . 

1.4 Electrochemical Oxidat ion 

The oxidat ion of organic compounds can be car r ied out e i ther 

( i ) by a d i rec t electrochemical route or ( i i ) by an ind i rect route . 

1 .4.1 Direct Electroorqanic Synthesis 

This type of process is based on the d i rec t electron t rans fe r 

f rom the organic subst ra te to the anode. The electron t rans fe r 



process simply produces an organic intermediate ( e . g . radical , car-

bonium ion, e t c . ) , which then reacts according to i ts envi ronment . 

For example, the product f rom the oxidat ion of anthracene is 

in i t ia l ly the radical cat ion, bu t in the presence of py r i d i ne , the 
37 

electrolysis leads to the pyr id in ium salt 

NaCIO, 
+pyr id ine 

Pyr id in ium salt 

bu t oxidat ion in acetoni t r i le in the presence of ethanol gave 
37 

b ianthrone 

Electrolysis has been used to generate cation radicals f rom many 

molecules e . g . phenothiazine^^, d i th iohydroqu inone dimethyl e ther^^ , 

1,2,4,5- tet ramethylbenzene^^, azoacridine^^, and t r ie thy lene diamine^^. 

A major development in the last 25 years was the recogni t ion 

tha t the Kolbe reaction could lead to carbonium ions H3 
The forma-
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t ion of such ionic species became more important at h igher voltage and 

seems to be especially favoured wi th s t ruc tu res tha t g ive r ise to 

re la t ive ly stable carbonium ions. For example, when exo- or endo-

norbornane-2-carboxy l ic acid was electrolysed in the presence of t r i -

ethylamine in methanol, exo-norborny l -methy l ether was the p roduc t . 

OCAi 

exo-norborny l -methy l ether 

Under similar condit ions exo- or endo-5-norbornene-2-carboxy l ic acid 

gave 3-methoxynor t r icyc lene. 

2e 
CH3OH 

->• 

Fur the r evidence of the formation of the carbonium ion intermediate 

is the formation of N- ter t -buty lacetamide d u r i n g electrolysis of pival ic 
414. 

acid in acetoni t r i le contain ing a small amount of water . 

{CH_)_CCOO' > (CH_)^ CNHCOCH 
^ ^ CH3CN 

N - t e r t - b u t y l acetamide. 

Carbonium ion intermediates are apparent ly formed even f rom a simple 

al iphat ic acid if a carbon anode is employed. 

1.4.2 Ind i rect Electrosynthesis 

In an ind i rect e lect rosynthesis, an ox id is ing or reduc ing agent 

is generated at the work ing electrode. This is then responsible f o r 

oxidat ion (or reduct ion) of the organic subst ra te e . g . 

X - ne ? Y 

Y + R ^ X + O 
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There are many examples where the redox couple is f ree in solut ion. 

Couples commonly considered fo r use in ind i rect oxidat ion include 

Ce^^/Ce^^, Co^^/Co^^, Mn^* /Mn^* , Cr^^ /Cr^O^ , B r ^ / B r etc. 

Oxidat ion occurs by homogeneous reaction wi th the organic 

compound present in dissolved fo rm, or as a "second phase" and the 

regenerat ion of the redox species. The reaction wi th the organic 

compound is car r ied out ei ther in -s i tu or in a two stage process. 

Ind i rec t reaction invo lv ing homogeneous species are well s tudied by 
45-51 49 

several authors . Kramer and coworkers have repor ted a h igh 

cu r ren t ef f ic iency fo r the ind i rect electrochemical oxidat ion of toluene 

and chlorotoluene to the corresponding aldehydes using the Ce^*/Ce^^ 

redox system. 
CHO 

„ 3+ anode. 
Ce - e : 

The conversion of anthracene to anthraquinone^^ is another example 

of such a process. A concentrated solut ion of chromium! 111) in aqueous 

su lphur ic acid is oxidised at a Pb (or Pb covered in -s i tu by PbO^) anode 

2Cr3+ + yH^O - 6e > ^ 

and the dichromate is then reacted wi th anthracene 

C r ^ o / " + + SH^O 

53 
Other examples are the h igher oxidat ion states of molybdenum 

ruthenium^'* and osmium^ , adsorbed on plat inum or plat inum black which 

oxidise alcohols, formaldehyde and formic acid. 

+ "CHO " C°2 + " 2 ° -

The ind i rec t method has a number of advantages: 
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1. Since the chemical reaction can take place in the boundary 

between two phases (e .g . in an emulsion), i t is possible to 

use a spar ing ly soluble or completely immiscible feedstock and 

st i l l have a h igh concentrat ion of the species react ing at the 

electrode. 

2. When the chemical reaction between the catalyst and the organic 

substrate is fas t , the ind i rect electroorganic synthesis can be 

car r ied out wi th a h igh cu r ren t dens i ty . 

3. If the chemical reaction is slow the cata lyst , a f ter the generat ion, 

together wi th the organic substance can be t rans fe r red to 

another reactor and perhaps re f luxed . A f te r completion of the 

reaction the spent reagent can be recycled into the work ing 

electrode compartment. 

1.5 Object ive of th is invest igat ion 

This thesis is about electrode materials. Two types of new 

anode material have been invest igated. One is the electrodeposited nickel 

hydrox ide electrode which is known to behave well in alkaline media, 

and indeed, has been used fo r electroorganic synthesis . Par t icu lar ly 

of in terest was the electrochemical oxidat ion of 2 ,2-d imethy l -1 ,3-propane-

diol to 2 ,2-d imethy l propanedioc acid at th is material. 

CH- CH_ 

I I 
HOHLC - C - CH-OH + 80H - 8e ^ HOOC - C - COOH + 6H-0 

2 I 2 I 
CHg CHg 

The other is a series of spinels of general formula M^COg_^0^ where 

M = Cu, Mg, Zn and where x < Os$ 1,0, which it was thought might 

be useful in acid media. 

1.6 Nickel Hydrox ide 

Nickel when placed in an alkal ine medium, immediately forms a 

surface layer of nickel hydroxide^® At low posit ive potent ia ls. 
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below that requ i red fo r bu lk oxygen evolut ion, the surface undergoes 

oxidation®^ This has been represented as 

NKOH)^ - e ^ NiOOH + 

There is a rap id conversion of the surface layer of the hydrox ide 

resu l t ing in the formation of a few monolayers of a h igher nickel oxide. 

This reaction is, however, much more complex than appears from the 

above equation since both reduced and oxidised forms of the oxide can 

exist as a, p, and y phases and in the species NiOOH, the nickel can 

have any oxidat ion state between 2 and 4. 

For a wide range of alcohols and amines, oxidat ion was found 

lace c 
c 

nickel sur face ' 

to take place at the same potential as that fo r the oxidat ion of the 
57.65-66 

The rate of reaction of the alcohols was found to be pr imary > 

secondary > t e r t i a r y . This is the opposite t r end to that expected fo r 

a process invo lv ing d i rec t electron t rans fe r to the electrode from the 

organic subst ra te . Oxidat ion of al iphat ic amines in basic media at a 

carbon electrode involves d i rec t electron t rans fe r wi th t e r t i a r y amines 

being oxidised at less anodic potentials than secondary, which are 

oxid ised at less anodic potentials than pr imary amines^^. At poten-

t ials at which the nickel hydrox ide layer is not oxidised a 'normal' 

d i rec t electron t rans fe r process th rough the nickel hydrox ide layer 

can be observed. Hence the oxidat ion of p-aminophenol, which occurs 

at +0.300V vs SCE, in a basic media at the nickel hydrox ide electrodes, 
58 

gives a d i f fus ion control led l imi t ing cu r ren t . Some examples of the 

appl icat ion of a nickel electrode in organic chemistry are as fo l lows: 

Pr imary alcohols, d io l , secondary alcohols, and sugars are oxidised to 

carboxy l ic acids, d icarboxy l ic acids, ketones, and sugar acids respec-

tivelySG'65-G6. 

a. Primary s t ra igh t chain alcohols. 

R — C H z — C H - O H > R — C H COOH 
HgO-UH 
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Diol 

HOCH^ — R — CHgOH 
8e 

-4H 
HOOC— R — COOH 

Secondary alcohols 

R 

R 

^ CHOH " 4 > 
- 2 H 

R 

\ C = O 

Oxidat ion of protected carbohydrate 67 

H_OH 

CHg CHg 

CH, ,CH 

COOH 
tHgO 

CHg CHj 
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Pr imary amines, a,a ' -subst i tu ted pr imary amines and secondary 

amines, are oxid ised into n i t r i tes , ketones, ketones and acids 
_ , 58 respect ive ly 

e. S t ra igh t chain pr imary amines 

R — C H - — NH_ RCN 
^ ^ -i+H 

f . a,a ' -subst i tu ted pr imary amines 

^ C H N H ^ > C = NH > C = O + NH 

R / " ' - 2 " R / " R / " 

Secondary amines 

R-CH. 

R-CHg 

NH ~ } \ > RCHO + RCHLNHL > RCN 
H^O 2 2 

-2e 

RCOgH 

Pr imary amines are oxid ised more rap id ly than alcohols. The rate 

of oxidat ion decreases w i th the increase of carbon chain leng th in the 

alcohol or amine. 

The value of the l imi t ing c u r r e n t obtained fo r the process 

occu r r i ng at the h igher nickel oxide was much less than expected fo r 

a d i f fus ion contro l led process. 

An oxidat ion scheme fo r th is process has been proposedP^, 

scheme 1. 
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Ni > Ni {OH)^ , " NiO(OH) + 

NiO(OH) + RCH^OH ^ d s. ^ Ni(OH)^ + RCHOH 

RjlHOH f u r t h e r s teps, , , rod, jcts 

Scheme 1 

The rate determining step in th is scheme was said to be the reaction 

of the organic compound and the h igher nickel ox ide, and hence f rom 

the l imi t ing c u r r e n t , the rate constant for th is process was obtained. 

Other authors using d i f f e ren t experiments have come to the same con-
CO 

elusion concerning the rate determin ing step 

The nickel hydrox ide electrode can be compared as an ox id is ing 

agent to the chemical ox idant 'nickel peroxide'^^ which is prepared 

by the precip i tat ion of nickel hydrox ide wi th base in the presence of 

hypochlor i te . The rate determining step fo r th is ox idant has been 

shown to be the abstract ion of a hydrogen atom from the carbon a to 

the funct ional g roup^^ '®^ . A pr imary isotope ef fect fo r the hydrogen 

on the carbon a to the funct ional g roup was shown fo r the anodic 

oxidat ion of methanol and deuterated methanol KcHsOH/kCDgOH ~ 7.0^8 

so a similar hydrogen atom abstract ion reaction is assumed to be the 

rate determining step fo r both the electrochemical and chemical processes. 

Adsorpt ion onto the electrode was also seen to be par t of the rate 

determining step as the stereochemistry of the molecule was found to 

s t rong ly inf luence the observed rate constants. The order of 

t e r t i a r y < secondary < pr imary has already been noted. Other 

indicat ions are the ef fect of b ranch ing at the carbon a to the func t ion 

g roup , and the increased rate of oxidat ion of cycl ic compounds com-

pared to the similar acyclic s t ruc tu res^^ . 

Preparat ive ly , the nickel hydrox ide electrode has been shown to 
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g ive carboxyl ic acid y ields which compare favourab ly w i th or exceed 

those for conventional techniques fo r the oxidat ion of alcohols. This 

is par t i cu la r ly t r u e fo r long chain alcohols and 4-alkenol^^. Long 

chain and branched alcohols were oxidised at h igher temperatures to 

increase the rate^^. For example 2 ,4-octene-1,8-d io l was oxidised to 

the corresponding d icarboxy l ic acid in an 80% yie ld . Secondary 

alcohols and hyd roxy steroids were also oxidised by the same authors 

in good y ie lds^^. The nickel hydrox ide electrode has been used fo r 

the oxidat ion of protected carbohydrates 2 ,3 :4 ,6 -d i -o - i sopopy l idene-

L-sorbose to d i -o - iso ip ropy l idene-L-xy lo -hexu loson ic acid in a 90% 

yield . Recent ly, much work has been under taken on th is reaction 

as i t is an important stage in the synthesis of vi tamin C. The problem 

wi th such electrodes is tha t they g ive h igh cu r ren t ef f ic iency only when 

the cu r ren t densit ies are low. There fore , i t is desirable to have a h igh 

surface nickel hydrox ide electrode for electroorganic synthes is . Such 

nickel hydrox ide electrodes can be made under a var ie ty of condi t ions. 

The two most common methods are: 

a. Cathodic deposit ion of nickel h y d r o x i d e ® ^ ' f r o m a nickel 

salt (0.1M Ni( NO^)^ ) solut ion. 

b . A l te rna t ing anodic and cathodic polarisat ion in a solution of 

O.IM NiSOj^ + 0.1M CHgCOONa + 0.005M 

The main purpose of these methods is to bu i ld up a th ick layer of nickel 

hydrox ide which should be porous and o f fe r a large act ive area fo r 

ox idat ion. Much h igher cu r ren t densi ty may then be obtained. 

1.7 Spinel Oxide Electrode IVI^COg_^Oy 

(where M = Cu, Mg, Zn, O < x < 1) 

The family of mixed metal oxides are classif ied under the general 

term 'spinels' and include a number of technological ly important mater-

ials which are isomorphous wi th mineral spinel (magnesium aluminate 

MgAI^Oj^). The spinel s t r uc tu re is a cubic close packed ar ray of 

oxygen ions wi th metal cations d i s t r i bu ted wi th some degree of coordina-
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t ion . A few spinels contain only one t ype of cation e . g . Y 'AI^O^, 

bu t most contain cations in two or more valence states. The most 

common examples are i l lus t ra ted as fo l lows: 

Mixed metal oxides of type A^*B ^ ^ ( e . g . FeCr^O^, ZnAI^O^ and 

C o " c o " ' O j ^ ) , of t ype a ' ^b ' ^O^^ ( e .g . TiZn^O^ and SnCo^O^^), and 

also of t ype A^B^'Oj^ ( e . g . Na^MoO^^ and Ag^MoO^). The spinel 

of A^ ^B 2 ̂ i s called normal spinel while a ' ^ B i s the inverse 

spinel . 

The most commonly used spinel oxide electrode^® is cobalt 

oxide Co^Oj^ which has been used commercially as a chlor ine anode in 
84"93 

sodium chlor ide solut ion. Caldwell et al have studied chlor ine 

evolut ion on surfaces prepared by coating a t i tanium substrate wi th a 

cobalt oxide spinel s t ruc tu re of the general formula M Co_ O,. 
^ x 3-x 4 

(M = Cu, Mg and Z n ) , where O < x < 1. Preparation is re lat ive ly 

simple; the desired mix ture of metal n i t ra tes are appl ied as an aqueous 

solut ion to an acid etched (1M HF : 5M HNOg) or sandblasted t i tanium 

substrate and then thermal ly oxidised between 275° to 450° fo r one hour 

to form oxides. The coating step is repeated 6 to 12 times unt i l the 

desired coating th ickness is reached. These coatings g ive low over -

potentials fo r chlor ine evolut ion in sodium chlor ide and cobalt spinel 

oxide coatings are in use in several Dow Chemical chlor ine plants^^. 

Ti tanium coated wi th a cobalt oxide spinel layer of the formula 

l\/I^COg_^0^ (where M is Cu, Mg or Zn) was studied wi th the intent ion 

that these electrodes may be suitable fo r the electroorganic reactions 

and/or oxygen evolut ion in su lphur ic acid. 



19 

CHAPTER 2 

EXPERIMENTAL 



20 

CHAPTER 2 

EXPERIMENTAL 

2.1 The cells 

Kinetic experiments were car r ied out using two d i f f e ren t 

cel ls, a l though both were two compartment, three electrode cel ls. 

Invest igat ion of the nickel hydrox ide system took place using a 

cell holding 25 cm^ and it is shown in f i gu re 2.1. The nickel 

work ing electrode was a disc (0.2 cm^) , encased in a Teflon 

sheath which could be posit ioned d i rec t l y above a f i xed Luggin 

capi l lary leading to the reference compartment. The secondary 

electrode was a plat inum gauze f i xed below the Luggin cap i l la ry . 

The experiments using a t i tan ium coated cobalt oxide electrode 

spinel s t r uc tu re and electodeposited nickel hydrox ide on a nickel 

wire were car r ied in a cell of the t ype shown in f i gu re 2 .2 . The 

work ing electrode was inserted into the cell f rom the top and was 

sur rounded by a plat inum spiral secondary electrode sealed into 

the work ing compartment f rom the bottom of the cel l . The 

reference electrode compartment was separated f rom the work ing 

compartment t h rough an adjustable Luggin cap i l la ry . 

Constant cu r ren t electrolyses were car r ied out using cells 

shown in f i g u r e 2.3 and f i gu re 2 .4 . Electrolyses wi th smooth 

nickel were car r ied out using the cell shown in f i gu re 2 .3 . I t 

is a one compartment two electrode cell w i th a capacity of about 

120 cm . The electrodes consisted of a nickel sheet and a 

copper sheet of size 20 x 5.5 cm (110 x 2 = 220 cm ) , separated 

f rom each other by two polymer g r i ds and ar ranged in a way 

to g ive a "Swiss Rol l " . This arrangement of work ing and second-
2 

ary electrodes gave a large surface area of act ive electrode (220 cm ) 

w i th in the cel l . Th is is important when work ing wi th processes 

invo lv ing low cu r ren t densi t ies. The solution was s t i r r ed by a 

stream of n i t rogen and also by the hydrogen produced at the 

secondary electrode. This ensured a h igh rate of mass t ranspor t 
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Ni disc 

Luggin capi l lary 
Pt gauze 

Fig. 2.1 Cell used for the k inet ic invest igat ion of a 

nickel hydrox ide system. 



- 22 

W.E.-

Spiral S.E. 

Fig. 2.2 Cell used fo r experiments w i th T i suppor ted cobalt 

oxide spinel s t ruc tu re electrode of the general 

formula l\/I^COg_^0^ where M is Cu, Mg or Zn. 
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Plastic net used as 
separator 

in let 

Copper sheet as 
cathode 

Ni sheet as anode 

Fig. 2.3 Swiss Roll cell used for a constant cu r ren t e lectro lys is . 
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Anode 

Cathode cathode 

N_ out let 

Copper plate 

Copper plate 
Ni plate 

F ig. 2.4 Cell used for constant cu r ren t electrolysis at an 

electrodeposited nickel hydrox ide electrode. 
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to the electrode sur face. Al l the cells used were const ructed of 

glass and had inlets and out lets which allowed n i t rogen to be passed 

t h rough the solut ion. This removed oxygen which is reduced 

electrochemically and can in te r fe re w i th the process under observa-

t ion . Electrolyses wi th the electrodeposited Ni(OH electrode 

were car r ied out in a beaker type cell shown in f i gu re 2 .4 . The 

work ing electrodeposited nickel hydrox ide electrode was placed in 

between two copper plate cathodes. The electrodeposited nickel 

hydrox ide electrode was prepared by a cathodic deposit ion f rom 

a 0.1M nickel n i t ra te at a constant cu r ren t of 17 mA unt i l a charge 

of 31C had been passed. 

2 .2 . Electrodes 

(a) Reference electrode 

In all experiments a saturated potassium chlor ide calomel 

electrode ( S . C . E . ) was used as the reference electrode (a 

Radiometer type K401). 

(b) Working electrodes 

The nickel disc electrode was prepared f rom 99.99% Ni 

rod. A slice was cut f rom the rod . The disc was soldered 

to a steel rod , about 20 cm long and covered wi th a PTFE sheath, 

diameter about 3 cm, so tha t only the face of the disc was exposed. 

The electrode is sketched in f i gu re 2 .5 . The nickel hydrox ide 

electrode was prepared by cathodic deposit ion from 0.1M Ni( NOg)^ 

at 2 mA cm^ into a nickel disc (area 0.2 cm ^ ) . Before deposit ion 

the disc (0.2 cm^) was cleaned wi th f i l t e r paper and immersed in 

20% HCl for about f i ve minutes. The deposit ion charge was 

0,6 C cm"^ . Spinel cobalt oxide electrodes of the general formula 

Zn^COg_^0^, where x ^ 1 were prepared by f i r s t degreasing 

t i tanium wire (0.31 cm^) w i th 1M HFiBMHNO^. Solutions of 

Zn(N02)2 and Co(N02)2 ' each 1M were mixed in the rat io 

x : 3 - x and sprayed over the t i tan ium wi re . A f te r each 
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coat ing, the solut ion was dr ied at a moderate temperature below 

100°C in a d r y i n g oven for about 10 minutes. The coating step 

was repeated up to six to twelve t imes. A f te r the f ina l coating 

step, the n i t ra te coating was oxidised in a furnace at 275° - U50°C 

fo r an hour . The electrode is sketched in f i gu re 2 .6 . 

2.3 Pretreatment of the electrode 

The Ni disc was f i r s t polished wi th emery paper and then 

on moist Metron pol ishing c lo th , together w i th Banner Scient i f ic 

alumina of decreasing s ize, 0.1 micron and 0.05 micron, unt i l the 

surface looked smooth and b r i g h t . The electrodes were then 

washed wi th d is t i l led water . The electrodeposited nickel hydrox ide 

and the spinel oxide electrodes were washed wi th d is t i l led water . 

2 .4 . Instrumentat ion 

Most of the electrochemical experiments were car r ied out 

us ing a Hi -Tek Instruments potent iostat . Model DT 2101 and a 

waveform generator , model PPR1. Cycl ic voltammograms were 

recorded on an x - y recorder , model 60000. Steady state cu r ren t 

vs potential plots were obtained, ei ther w i th the above apparatus 

or simply the Hi -Tek potent iostat and using a point by point 

technique. Analysis of the products by gas- l iqu id chromatography 

was carr ied out using a Pye Unicam CCD chromatograph wi th a flame 

ionization detector . The car r ie r gas was n i t rogen. Peaks were 

recorded using a Tekman y - t recorder , and concentrat ions were 

determined by comparison of peak areas w i th those obtained fo r 

s tandard solut ions. 

2.5 Solvent and electro ly te preparat ion 

Aqueous solut ions were prepared using t r i p l e d is t i l led 

water . AnalaR potassium hydrox ide and also AnalaR su lphur ic 

acid were used as e lectro ly tes. 
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"Steel rod 

PTFE 

-Ni disc 

F ig. 2.5 Nickel disc electrode 
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-B-19 

Nichrome wire 

Join of wire 

Epoxy resin 

Ti wire coated wi th 
cobalt oxide spinel s t ruc tu re 

F ig. 2.6 Ti tanium wire coated wi th Cobalt 
oxide spinel s t r uc tu re . 
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2.6 General procedure 

(a) Cycl ic voltammetry 

Cycl ic voltammograms were run between preset l imits 

w i th the indicated sweep rates. The solut ion was deoxygenated 

by bubb l ing oxygen- f ree n i t rogen gas fo r between 10 to 15 

minutes p r io r to any electrochemical exper iment. Pr ior to the 

electrochemical measurements the nickel electrode was cleaned by 

pol ishing wi th 0.05 micron alumina powder, washed wi th d is t i l led 

water and was then cycled in the electrolysis medium between 

preset l imits unt i l the charge associated wi th N i " / N i " ' t rans i t ion 

became constant . The other electrodes were not del iberately 

cycled before use. 

(b) Steady state cu r ren ts vs potential plots 

These were obtained by one of two methods. In the 

f i r s t , the cu r ren t obtained from a slow linear sweep (0.001V s ^) 

between two predetermined potentials was recorded d i rec t l y using 

an x - y recorder . In the second case a potential was applied to 

the system and one minute allowed for the system to come to a 

steady state before a cu r ren t reading was taken. In th is way a 

table of data of potential and cu r ren ts was obtained which allowed 

a steady state cu r ren t potential plot to be const ruc ted. 

(c) Control led cu r ren t electrolysis 

In th is type of e lect ro lys is , the cu r ren t applied to the 

system is kept constant at a value below the l imi t ing cu r ren t 

estimated from the steady state cu r ren t vs potential plot fo r the 

concentrat ion of subst ra te invo lved. The electrolysis is con-

t inued unt i l the charge calculated from Faraday's law [Q = nxFx 

number of moles of the subst ra te ] has been passed to complete 

the desired t ransformat ion. At the end of the electrolysis the 

solut ions were neutral ized using Amberl i te IR-120(H) , a s t rong 

acid exchange res in , in a batchwise process, unt i l the pH of the 
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solut ion, as recorded by a WPACD 30 pH meter, reached a constant 

value, indicat ing that ion exchange had ceased. The resin was 

then f i l te red of f to leave a neutral ized aqueous solut ion of electrolysed 

material , f ree from large quant i t ies of inorganic ions and ready fo r 

analysis. Water was removed f rom the electrolysed material by gent le 

heat and a water pump. 

(d) Product analysis 

In all cases, the products f rom the oxidat ions at Ni anodes 

were organic acids. A f te r ext ract ion f rom the alkal ine electrolyte 

by the technique descr ibed above, the fol lowing procedure was used 

fo r quant i ta t ive analysis. The method is actual ly descr ibed fo r the 

experiment where the substrate was 2,2-d imethyl -1,3-propanedio l . 

0.1 gram malonic acid (as internal s tandard) was added to 

the neutral ised ex t rac t f rom the electrolysis of 2 ,2 -d imethy l -1 ,3 -

propanediol and the mix ture was ester i f ied wi th BF^/CH^OH solution 

under re f lux condit ions fo r 1-5 hours . The mix ture was then 

t rans fe r red to a 100 ml separat ing funnel w i th 30 ml dimethyl e ther , 

and 20 ml of saturated sodium hydrogen carbonate. The funnel 

was shaken v igo rous ly , and the layers then allowed to separate. 

The aqueous layer was d iscarded. The organic layer was dr ied 

wi th anhydrous sodium sulphate in a 50 ml beaker. The organic 

mix ture was decanted into another 50 ml beaker and the sodium 

sulphate washed wi th 10 ml of d ie thy le ther . The ether solutions 

were combined and the solvent evaporated. 2 ml d ie thy le ther 

was added to the residue and 2 m' was injected into the g lc . A 

5% OV101 column at a temperature 110°C was used; car r ie r gas 

was n i t rogen, f low rate 20 cm^ min \ Two major peaks were 

observed. The retent ion time of the f i r s t peak was the same as tha t 

of 2,2-dimethyldimethylmalonate as shown in f i gu re 2 .7 . Similar 

time of the second peak (electrolysed produc t ) was the same as 

that of 2,2-dimethylmalonate as shown in f i gu re 2 .7 . Similar 

work up and analysis was used fo r the oxidat ion of 2-cyanoethanol 

and the glc traces are shown in f i gu re 2.8. 
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F ig. 2.7 A glc t race fo r the ident i f icat ion of product f rom a preparat ive 

electrolysis of 2 ,2-d imethy l -1 ,3-propanedio l at an electrodeposited 
N i (0H)2 electrode. 5% OV 101 column, T = 110°C, n i t rogen f lowrate 
20 cm^ min 'T . (a) Electrolysis carr ied out at 17 mA cm"2. 
(b) Electrolysis carr ied out at 8 mA cm"2. (c) s tandard . 

2,2 Dimethyl dimethylmalonate 

Dimethylmalonate Q) 

2,2 Dimethyl dimethylmalonate tr 

Dimethylmalonate 

2,2 Dimethyl dimethyl-
malonate 

Dimethylmalonate 

3_ 
5' 
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Fig. 2.8 A glc t race fo r the ident i f icat ion of products f rom a preparat ive 
electrolysis of 2-cyanoethanol in 1M KOH at an electrode Ni(OH). 
electrode. 5% OV 101 column, T = 110°C, n i t rogen flow rate 
20 cm^ min~ l . (a) electrolysis car r ied out at 7 mA cm"^, 
(b) at 10 mA cm"2, (c) s tandard (methyloxalate) , (d) s tandard 
(methylcyanoacetate). 
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2.7 Chemicals used are as fol lows 

1. Acetic acid AnalaR 

2. Amerl i te IR-120(H) AnalaR 

3. Boron t r i f l uo r ide in methanol 
(mix tu re 14%) 

4. Cobalt n i t ra te 

5. Chloroform 

6. Copper n i t ra te 

7. 2-Cyanoethanol 

8. Cyanoacetic acid 

9. Diethy lether 

10. 2 ,2 -d imethy l - l ,3 -p ropaned io l 

11. 2,2-dimethylmalonic acid 

12. Ethanol 

13. Hydro f luor ic acid 

14. Malonic acid 

15. Nickel n i t ra te 

16. N i t r i c acid 

17. Oxalic acid 

18. Petroleum ether (40-60%) 

19. Potassium hydrox ide 

20. Sodium hydrogen carbonate 

21. Sodium chlor ide 

22. Sodium sulphate anhydrous 

23. Su lphur ic acid (AnalaR) 

24. Zinc n i t ra te 

May and Baker 

BHD Chemicals 

BDH Chemicals 

BDH Chemicals 

Koch-L ight 

BDH Chemicals 

Sigma 

A ld r i ch 

May and Baker 

Koch-L ight 

A ld r i ch 

James Bur rough 

Hopkin and Williams 

BDH Chemicals 

BDH Chemicals 

May and Baker 

BDH Chemicals 

BDH Chemicals 

BDH Chemicals 

BDH Chemicals 

BDH Chemicals 

BDH Chemicals 

May and Baker 

BDH Chemicals 
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CHAPTER 3 

RESULTS AND DISCUSSION 
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CHAPTER 3 

3. Results and Discussion 

3.1 Nickel in Basic Media 

3 .1 .1 Cycl ic Voltammetric studies at a Nickel Disc Electrode in 

O.IM Potassium Hydrox ide 

The cycl ic voltammograms fo r a nickel disc electrode (area 
2 

0.2 cm ) in O.IM potassium hydrox ide , r un between O mV and 700 mV 

are shown in f i gu re 3.1. At 0 mV the nickel immediately oxidises to 

g ive a surface layer of NiCOH)^, and well formed peaks are observed 

for the oxidat ion of the nickel hydrox ide layer to a h igher valency oxide 

at Ep ^80 mV vs SCE and for the reverse process at Ep ~ 410 mV. 

Oxygen evolut ion occurs at a s l igh t ly more posit ive potential than the 

anodic peak, approximately 600 mV. The peak cu r ren ts are pro-

port ional to the sweep rate i .e . the charge associated wi th the oxida-

t ion and reduct ion are independent of scan rate ( the charges are 

measured as the shaded areas under the peaks in the f i g u r e ) . 

The rat io of charges Q ^ / Q ^ is approximately one. The data are 

summarised in table 3.1. 

The curves obtained were identical to those repor ted by previous 

.57,59, general \ 

be repor ted by the equation 

wo rke rs^^ ' ^ ^ ; the general view of the l i te ra ture is tha t the peaks can 

N i ( O H - e NiOOH + H* 

3.1.2 Cycl ic Voltammetric studies at a Nickel Disc Electrode 

in 1M Potassium Hydrox ide 

The cycl ic voltammograms in 1M potassium hyd rox ide , r un 

between 0 mV and 510 mV are shown in f i gu re 3.2. Again at 0 mV 

the nickel immediately oxidises to g ive a surface of Ni(OH and well 

formed peaks are observed for the oxidat ion of nickel hydrox ide to a 

h igher valency oxide at E^ ~ 360 mV vs SCE and fo r the reverse 

reduct ion at E^ % 285 mV. The values are similar to those repor ted 
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by previous wo rke rs^^ ' ^ ^ . Oxygen evolut ion commences at about 

+510 mV so i t can be seen that in the s t ronger base the whole cycl ic 

voltammogram is sh i f ted to less posi t ive potent ia ls, i . e . the 

N i ( l l ) -> Ni l I I I ) oxidat ion and evolut ion both occur more easi ly. The 

peak cu r ren ts are proport ional to sweep rate. The rat io of charges 

is equal to one. 

3 .1 .3 Cycl ic Voltammetric studies at an Electrodeposited Nickel 

Hydrox ide Electrode in 1M Potassium Hydrox ide 

The electrode was prepared by cathodic deposit ion of n ickel -

hyd rox ide^^ ' ^ ^ onto a nickel disc (area 0.2 cm^) f rom a O.IM 
-2 

Ni( NOg)^ solution wi th a constant cu r ren t densi ty of 2 mA cm ; 

the charge passed was 0.6C cm ^ . The cycl ic voltammograms in 1M 

potassium hydrox ide , r un between 0 mV and 530 mV, are shown in 

f i gu re 3 .3 . Well formed peaks are observed fo r the oxidat ion of 

nickel hydrox ide layer to a h igher valence oxide at E^ % 300 mV vs 

SCE and for the reverse process at E^ 2: 235 mV; oxygen evolut ion 

commences at +530 mV. The peak cu r ren ts are proport ional to the 

square root of the potential scan ra te , see f i gu re 3.4. Hence the 

resul ts are qui te d i f f e ren t to a polished nickel disc electrode when 

the peak cu r ren ts are proport ional to the potential scan rate as shown 

in table 3.1. Also the cu r ren ts and charges associated wi th the 

oxidat ion of the t h i c k , electrodeposited N i (0H)2 layers are much h igher . 

This confirms that w i th the th ick layers, the rate determining step is 

d i f fus ion of a species t h rough the layer . With the th in layers on the 

polished Ni all the layer is oxidised and reduced. Again w i th the 

th ick layers, the charge in the f o rwa rd scan (measured as the shaded 

area under the oxidat ion peaks) are h igher than the charge in the 

reverse scan (measured as the shaded area under the reduct ion peaks) 

and these th ick layers are not completely reduced at faster scan rates. 

The data are summarised in table 3 .1 . 
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3.2 Oxidat ion of Organic Compounds on Nickel in Basic Media 

3 .2 .1 Oxidat ion of Ethanol 

3 .2 .1 .1 Cycl ic Voltammetry fo r O.IM Ethanol at a Polished Nickel 

Electrode in 1M Potassium Hydrox ide . 

F igure 3.5 shows a cycl ic voltammogram run at a nickel disc 

electrode fo r a O.IM ethanol in 1M potassium hydrox ide at a sweep 

rate 100 mV s ^. On the f o rwa rd sweep an oxidat ion peak at 

E 440 mV vs SCE was obtained. On the reverse sweep an 
P ~ 

anodic peak is again seen at the same potential bu t at a s l igh t ly lower 

cu r ren t dens i ty . The observat ion of th is anodic peak on the reverse 

sweep may suggest that the ac t i v i t y of the surface fo r ethanol oxidat ion 

passes th rough a maximum and decreases again at more posit ive poten-

t ia ls , perhaps because the nickel layer becomes over -ox id ised. For 

example, blockage of the surface by a species such as NiO_ has 
95 . . 

recent ly been proposed fo r the deact ivat ion of the nickel oxide 

electrode du r i ng oxygen evolut ion. Also there is a small reduct ion 

peak at % 205 mV, bu t w i th ethanol present Q^ /Q^ is obviously 

much less than one. On the other hand the anodic peak cu r ren t is 

small compared to tha t expected fo r a d i f fus ion control led oxidat ion of 

the ethanol (< 5%) and hence the oxidat ion of ethanol is slow. This 

conclusion is consistent wi th the observat ion of the small cathodic peak. 

By comparison wi th f i gu re 3 .2 , i t can be seen that the addi t ion of ethanol 

leads to an increase in the peak cu r ren t densi ty by an order of two, 

and also sh i f ted to more posi t ive potential (80 mV) , The curve 

obtained was identical to tha t repor ted by Robertson^^. 

3 .2 .1 .2 Cycl ic Voltammetry fo r a O.IM Ethanol at an Electrodeposited 

Nickel Hydrox ide Electrode in 1M Potassium Hydrox ide 

The electrode was prepared by cathodic deposit ion of nickel 

hydrox ide from a O.IM nickel n i t ra te solut ion at a constant cu r ren t 

densi ty of 2 mA cm ^ onto a nickel disc (area 0.2 cm^); the charge 

passed was 0.6C cm ^ . F igure 3.6 shows a cycl ic voltammogram run 
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at an electrodeposited N i (OH)- electrode f o r O . I M ethanol in 1M 
- 1 

potassium hydrox ide at a sweep rate of 20 mV s . A well formed 
oxidat ion peak at E % 320 mV vs SCE was obtained, and a reduct ion 

p -

peak at E^ 195 mV, which is comparable in height to the peak 

obtained in the absence of organic subs t ra te . Hence the oxidat ion 

of ethanol is slow and may not occur w i th in the bulk oxide at least 

on the timescale of cycl ic vol tammetry. Even so, oxidat ion of 

ethanol is clearly occur r ing and the cu r ren t densi ty at th is th ick 

oxide is much larger than that at the polished Ni sur face. Oxygen 

evolut ion appears to be inh ib i ted by the addi t ion of ethanol. 

3 .2 .1 .3 Steady state l - E curves 

Steady state l -E data were obtained by manual s tepping of 

the potent ia l . An increment of 10-15 mV was used and the cu r ren t 

was noted af ter one minute at each potent ia l . F igure 3.7 shows a 

steady state cu r ren t vs potential plot over the range 0 mV and 650 mV 

fo r a O.IM ethanol in 0.1M potassium hydrox ide at polished nickel ( in 

the absence of ethanol, no steady state cu r ren t is observed below 0 .5V. 

I t can be seen that there is a well formed oxidat ion wave Ej, = W5 mV, bu t 
- 2 ^ 

the cu r ren t in the plateau region (0.6 mA cm ) is much less than that 

expected from a d i f fus ion control led oxidat ion of ethanol (maybe 

40 mA cm ^ ) . The half wave potential E^ = 445 mV coincided wi th the 

potential where the h igher nickel oxide is produced in O.IM potassium 

hydrox ide . Similar ly steady state cu r ren t vs potential plots for the 

oxidat ion of ethanol on polished nickel and an electrodeposited nickel 

hydrox ide electrode in 1M potassium hydrox ide were obtained and are 

shown in f i gu re 3.8 and f i gu re 3.9. F igure 3.8 shows the behaviour 

fo r a O.IM ethanol in 1M potassium hydrox ide at pol ished n icke l ; 

there is a well formed oxidat ion wave, E^ = 345 mV, bu t the cu r ren t 
_2 ^ 

in the plateau region (1.7 mA cm ) is again much less than that 

expected from a d i f fus ion control led oxidat ion of ethanol. The value 

of the l imit ing cu r ren t densi ty obtained, however, is h igher than in 

O.IM KOH and also h igh in comparison to that repor ted ea r l i e r ^^ ' ^ ^ . 

The half wave potential E^ = 345 mV coincided wi th tha t where the 

h igher nickel oxide is produced in 1M potassium hydrox ide . F igure 
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Figure 3.7 Steady state l -E curves fo r 

(a) 0.1M KOH 
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Figure 3.8 Steady state l -E curve fo r ethanol (0.1M) in 1M KOH at 
2 

a Ni disc electrode (0.2 cm ) . 
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Figure 3.9 Steady state l -E curve fo r ethanol (4M) in 1M KOH at Ni(OH). 
2 . ' 

deposited onto a Ni wi re (0.6 cm ) f rom a 0.1M N i ( ^ 0 ^ ) 2 at 

a constant cu r ren t densi ty 2 mA cm ^ . 

Deposition charge 0.72C cm ^ . 
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3.9 shows a steady state cu r ren t vs potential plot fo r the oxidat ion 

of ethanol at an electrodeposited nickel hydrox ide electrode (prepared 

in a similar way to tha t in Section 3 .2 .1 .2 ) in 1M potassium hydrox ide . 

A well formed oxidat ion wave E, = 325 mV is seen and the cu r ren t in the 

plateau region (30 mA cm is much higher than at the polished disc 

and is approaching that expected fo r a d i f fus ion control led oxidat ion 

of ethanol. Certa in ly the electrodeposited nickel hydrox ide appears 

to be much more active than polished n ickel . The extent to which 

th is is simply a surface area ef fect is uncer ta in . 

3 .2 .1 .4 Electrolysis of ethanol at a nickel smooth electrode in 

1M potassium hydrox ide 

The object ive of these electrolyses were to check the behaviour 

of the "Swiss Roll" cell and the work up procedure and analysis. 

Electrolysis was performed at several constant cu r ren t densit ies (1.2 

to 4 mA cm in the Swiss Roll Ce l l , see f i gu re 2 .3 . These values 

were chosen on the basis of the steady state cu r ren t vs potential plot 
"*2 

where the l imi t ing cu r ren t was 1.75 mA cm . Suf f ic ient charge fo r 

a fou r electron/molecule oxidat ion was passed since the expected 

reaction was 

CH^CH^OH + 40H~ - 4e ^ CH^COOH + SHgO 

At the end of the e lect ro lys is , the solut ion was neutral ised by step-

wise addit ion of an ion exchange res in , t ype IR-120(H) , unt i l the pH 

of the solution reached a constant value (pH = 2 .8 ) . The resin was 

then f i l t e red of f to leave an aqueous solut ion of e lectrolysis product 

f ree of inorganic sal ts. This was analysed by gas- l iqu id chroma-

tography using a one metre 5% Porpak Q column. Results f rom the 

analysis are shown in table 3 .2 . Calculation showed that at the 

lowest cu r ren t densi ty (1.2 mA cm ^) the cell conver ted the ethanol 

to acetic acid wi th 85% cu r ren t e f f ic iency. This is probably an under -

estimate since ethanol is l ikely to be lost du r i ng the electrolysis as a 

resu l t of evaporat ion in the n i t rogen stream used for mix ing the 

solut ion. This y ie ld compares wi th a 98% cu r ren t y ie ld repor ted 

ear l ier^^"^^ using uns t i r red solut ion and control led potent ial e lectro lysis 
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in qui te a d i f f e ren t cell design but is similar to that repor ted by 
98 

Court in another Swiss Roll cel l . The cu r ren t ef f ic iency f rom 

the constant cu r ren t electrolysis is of ten lower than fo r the 

comparable constant potential e lectrolysis due to the potential increase 

which occurs as the concentrat ion of subst ra te diminishes; th is leads 

to increase to secondary reactions such as oxygen evolut ion. Also 

i t can be seen f rom table 3.2 that the cu r ren t ef f ic iency drops 

sharp ly as the cu r ren t densi ty is increased. 

3.2.2 Oxidat ion of 2 ,2 -d imethy l -1 •3-propanediQl 

3 .2 .2 .1 Cycl ic voltammogram fo r a 0.1M 2,2-d imethv l -1 ,3-propanedio l 
2 

at a nickel disc electrode (0.2 cm ) in a 1M potassium 

hydrox ide 

Figure 3.10 shows a voltammogram run at polished nickel fo r 

a solution of 0.1M 2,2-d imethy l -1 , 3-propanedio l in 0.1M potassium 

hydrox ide at a sweep rate 100 mV s \ On the fo rward sweep, a 

well formed oxidat ion peak (E^ 550 mV vs SCE) was observed, 

and the reverse sweep again shows an anodic peak at the same 

potential bu t i t is s l igh t ly smaller. Formation of th is peak was 

discussed in the previous section 3 .2 .1 .1 ( fo r review see re f . 95). 

The anodic peaks are larger than in the absence of organic sub-

strate and there is only a small reduct ion peak at E^ 2: 385 mV. 

Hence the oxidat ion of 2 ,2-d imethy l -1 ,3-propaned io l occurs on 

the nickel hydrox ide surface but is slow. In fact the oxidat ion 

peak is only about 1% of tha t expected fo r a d i f fus ion control led 

oxidat ion. Oxygen evolut ion commences before the posi t ive l imi t , 

bu t appeared to occur only at a potential more posi t ive than in the 

absence of organic subst ra te . 

3 .2 .2 .2 Cycl ic voltammetry fo r O.IM 2,2-d imethy l -1 ,3-propanedio l 

at a nickel disc electrode in 1M potassium hydrox ide 

Figure 3.11 shows a voltammogram run at a nickel electrode 
2 

(0.2 cm ) fo r a solut ion of O.IM 2 ,2-d imethy l -1 ,3-propanedio l in 

1M potassium hydrox ide . F igure 3.11 shows the similar behaviour 



52 

o in 00 

X 
O 

HI 
U 
(/) 
(/) > 

> E 

r- O tn o 00 
c -a 
— c 
0) 

n 
0) 
u w 

o 
o 
E 
t/) 

c 
0) 
cu 
3: 

JD 
C 
3 
u 

•-5 .2 > 

CD 
S. 
oi 
o 
E 
CO 

4-j 
o > 

o > 
u 

o 

m 
(U 
5_ 
3 

E 

T3 
<U 
C 
ro 
a 
o 
S-
a 
ro 

> -
j= 

E 

o o 

0) +-> 
TO 
!_ 

Ql 
CU 
OU 
5 
U) 
•J 
c 
0) 

(N CL 



53 

> 
E 
o 
in 

n 
c 
(0 

X 
O 
y: 

(0 

tvl e 
(M 
O 

0) 
•D 
o 
s. 
u 
0) 
0) 

i 
I 
JD 

c 
3 L 

I 
m 
a 
0 
S-
QL 
1 

M 

U 
I/I 

0) 
u 
c 

s. 
£ 

i 
L. 
g' 
E 
E 
CO 
o > 

> • 
jC 
•M OJ 
E 
I 

(N 

O + 

X 
O 

J3 

V) 
> 

E 
o o 

(U 
+J 
ro 
L. a 
S 
s 
w 
ro 
(0 

LU 
U 
t/) 
W) > 

o 
un 
•a 
c 
m 

m 
(U L 
3 
g i l 



- 54 -

to that descr ibed in Section 3 .2 .1 .1 . Again the fo rward sweep shows 

a well formed oxidat ion peak (E^ ~ ^05 mV) , and the reverse sweep 

shows that an anodic peak occurred at the same potential bu t is 

s l igh t ly smaller. Also there is a reduct ion peak at ~ 285 mV, 

which is smaller in comparison to the peak obtained in the absence of 

organic substrate and hence 2 ,2-d imethy l -1 ,3-propanedio l oxidat ion is 

slow. Oxygen evolut ion commences at +510 mV. 

3 .2 .2 .3 Cycl ic voltammetry fo r 0.1M 2,2-d imethv l -1 ,3-propanedio l at an 

electrodeposited nickel hydrox ide electrode in IM potassium 

hydrox ide 

The electrode was prepared by the method descr ibed in 

section 3 .2 .1 .2 . F igure 3.12 shows a cycl ic voltammogram run at an 

electrodeposited nickel hydrox ide fo r a solut ion of 0.1M 2 ,2-d imethy l -

1,3-propanediol in IM potassium hydrox ide at a re lat ive ly slow sweep 

rate (20 mV s ^ ) . A well formed oxidat ion peak (E^ ~ 355 mV vs 

SCE) was observed and a reduct ion peak at E^ ~ 220 mV, which is 

s l igh t ly smaller in comparison to the peak obtained in the absence of 

organic subst ra te . While the oxidat ion of 2 ,2 -d ime thy l -1 ,3 -p ropane-

diol is slow, i t can be seen that the cu r ren t densi ty fo r its oxidat ion 

is substant ia l at th is electrodeposited nickel hydrox ide electrode. I t 

was observed that oxidat ion of 2 ,2-d imethy 1-1,3-propanediol occurred 

at a s l igh t ly h igher potential (55 mV) than that where the h igher 

nickel oxide is produced in IM potassium hydrox ide . The shape of 

the l - E curve is ve ry similar to tha t repor ted fo r ethylamine by 
97 

Robertson 

3 .2 .2 .4 Steady state l -E curves fo r 2 ,2-d imethy l -1 ,3-propanedio l 

The steady state l -E curves were obtained in a similar way to 

those in Section 3 .2 .1 .3 . F igure 3.13 shows a steady state cu r ren t 

vs potential plot over the range 0 mV and 650 mV for a 0. IM 2,2-

d imethyl -1, 3-propanediol in 0 . IM potassium hydrox ide at polished 

n ickel . I t was observed that there was no plateau but a well 

formed oxidat ion peak (E % 460 mV vs SCE) was obtained, 
p — 

indicat ing the onset of a passivation process ( for review see r e f . 95) . 



- 55 -

(/) 

tM 
> E 

E 
o 

0) +J 
<n 

E 
0 

(Nl +-> rvj 
(/} o JD 

t— 3 
m (U 

u 
m 
'•5 

u 
+J 
CO 

u 
m 
'•5 ' E L 

CO CL 
m 0) OJ L. CU 

J*; 
0 

0 g 

"E x: +-> 
C/1 

CO 
to i +j c CD 
0 ja LU 

rsj u 
CO 

X <u 
0 •IJ 

CD 

w) > 
L 

w) > 

z 
+J W > 
ja E 

•D 3 
<u w 0 
4-* 
tn 

u cn 
LD 

0 
a "E 

CD 
01 
1. 

"D 
(U 
t3 

"E 
CD 
01 
1. 

c 
CD 

0 
L 0 > 
U 3 

0 

E 
0 

JZ 
+-> c 

L 
0 " i 0) 

m 
4- g 

E CD aJ 
CO J2 
L 
cn X c 
0 0 3 
E L 
E 
CD » 

+J X 
0 0 
> c 1*; 

IN 

m 
0) 
L. 
3 
U 
L 



I /mA cm 

2 .0 -1 

56 

1.75-

1.5 

1.25 

1.0 

0.75 

0.5 

0.25 

250 500 650 

E/mV vs SCE 

Figure 3.13 Steady state l -E curves fo r 

(a) 0.1M KOH 

(b) 0.1M 2,2-d imethy l -1-3-propanedio l in O.IM KOH 

at a Ni electrode. 
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Oxygen evolut ion does not occur at the peak potential and, indeed, 

there is no steady state cu r ren t in the absence of organic compound. 

Again the oxidat ion peak (E^ % U60 mV vs SCE) coincides wi th the 

potential where the h igher nickel oxide is produced in 0.1M potassium 

hydrox ide . 

Similar ly a steady state c u r r e n t vs potential plots fo r the 

oxidat ion of 0.1M 2,2-d imethy l -1 ,3-propanedio l in 1M potassium 

hydrox ide at polished nickel and an electrodeposited nickel hydrox ide 

electrode are shown in f i gu re 3.14 and f i gu re 3.15. F igure 3.14 shows 

a similar behaviour to that in f i gu re 3.13. Again a well formed 

oxidat ion peak (E^ ^00 mV vs SCE) was obtained, which is less 

posit ive than that where oxygen is evolved, showing the oxidat ion of 

2 ,2-d imethy l -1 ,3-propaned io l . F igure 3.15 shows a steady state 

cu r ren t vs potential plot over the range 0 mV and 530 mV for a 

0.1M 2,2-d imethy l -1 ,3-propanedio l in 1M potassium hydrox ide at an 

electrodeposited nickel hydrox ide (prepared in a similar way to that 

descr ibed above) . A well formed oxidat ion wave E, = 330 mV vs 
2 

SCE is observed and the cu r ren t densit ies are ve ry h igh compared 

to the polished n ickel . Even so, the cu r ren t in the plateau region 

(35 mA cm ^ ) i s st i l l less than that expected from a d i f fus ion con-

t ro l led oxidat ion of 2 ,2-d imethy l -1 ,3-propanedio l . The increase in 

the l imi t ing cu r ren t densi ty is probably due to an increase of rough-

ness of the electrode. The half wave potential (Ei 330) coincided 

wi th that where the higher nickel oxide is produced in 1M potassium 

hydrox ide . Data are summarised in table 3.3. The value of the 

l imi t ing cu r ren t densi ty obtained f rom the steady state cu r ren t vs 

potential plots var ied from ind iv idual compounds as can be seen in 

table 3.3. Al l these values are, however, well below the value to 

be expected fo r a d i f fus ion l imited c u r r e n t which can be found by 

subs t i tu t ing estimated values into the equation 

.D ^ nFDc°° 

L 6 

where n = number of electrons t r ans fe r red . For the conversion 

of one pr imary hyd roxy l g roup to carboxylate g roup , n = 4. For 



58 -

I /mA cm 
P 

20 -1 

18 -

- 2 

16 

14 

12 

10 -

8 -

6 -

250 530 

E/mV vs SCE 

Figure 3.14 Steady state l -E curve fo r 0.1M 2,2-d imethy l -1 , 3-

propanediol in 1M KOH at Ni disc electrode (0.2 cm^)/ 
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Figure 3.15 Steady state l -E curve fo r 0.1M 2,2-d imethy l -1 ,3-propanedio l 

in IM KOH at an electrodeposited nickel hydrox ide electrode 
2 ~ 2 

(0.6 cm ) , prepared at constant cu r ren t densi ty of 2 mA cm 
_2 

wi th total charge 0.72C cm 
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example, fo r ethanol n - 4 electrons per molecule, whereas fo r 2 ,2-

dimethyl-1, 3-propanediol n = 8 electrons per molecule 

F = Faraday constant (lO^C mol 

D = Di f fus ion coeff icient, t yp ica l l y 10 ^ cm^ s"^ 

c = Bulk concentrat ion of organic species = 10"^ mole cm~^ 

( for a 0.1M solut ion) 

6 = Nernst d i f fus ion layer th ickness, typ ica l ly 10'^ cm. 

Therefore the value of the l imi t ing cu r ren ts fo r n = 4 electrons per 

molecule and fo r n = 8 electrons per molecule processes should be about 

40 mA cm and 80 mA cm ^ respect ive ly . As repor ted fo r the 

simple alcohols , the steady state l imi t ing cu r ren ts are much smaller 

and therefore appear to be k inet ica l ly contro l led. The var iat ion in 

the value of the l imi t ing cu r ren t fo r d i f f e ren t compounds as repor ted 

in table 3.3 is dependent upon the fo l lowing fac tors . 

1. The number of electrons involved in the oxidat ion of the organic 

molecule. 

2. The roughness of the electrode sur face. 

3. The rate of reaction between the organic compound and the 

oxidised nickel su r face^^ ' ^^ . 

4. Temperature 

5. Concentrat ion 

The cu r ren t depends on the number of electrons involved in the 

ox idat ion. This wil l depend on the number of pr imary hyd roxy I 

groups available fo r oxidat ion and also on how fa r they are ox id ised. 

For example, oxidat ion of ethanol to acetic acid, cyanoethanol to cyano-
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acetic acid would both be four electron processes, whereas 

oxidat ion of 2 ,2-d imethy l -1 , 3-propanediol to 2 ,2-d imethy lpropane-

diocacid would be an eight electron process. The real area of 

nickel oxide surface available as an ox id is ing agent is ve ry much 

affected by the roughness of the nickel surface which may be 

enhanced by deposi t ing a th ick layer of nickel hydrox ide . By 

cathodic deposit ion of a nickel hyd rox ide^^ ' ^ ^ " ^^ before electrolysis 

a much th icker ox id is ing layer is obtained. The porosi ty of th is 

layer o f fers a much higher act ive area, enabl ing the cu r ren t densi ty 

and the l imi t ing cu r ren t of a reaction to be increased by an order of 

magnitude, as seen in table 3.3, 

I t has been c l a i m e d ® ^ ' t h a t i t is the ease of the hydrogen 

atom abstract ion from the carbon a to the hyd roxy l g roup which 

wil l determine the rate of reaction and hence the c u r r e n t . The 

stereochemistry of the molecule wi l l also af fect the extent of adsorpt ion 

onto an electrode; th is was also seen to be par t of the rate de ter -

mining step. The order of pr imary alcohol > secondary alcohol > 

t e r t i a r y alcohol has been noted. The value of l imit ing cu r ren t is 

also affected by the var ia t ion of concentrat ion and temperature. 

3 .2 .2 .5 Electrolysis of 2,2-dimethyl-1,3r-propane diol at a smooth 

nickel electrode in IM potassium hydrox ide (us ing the 

Swiss Roll Ce l l ) . 

3 
Electrolyses of 100 cm of 0 . IM 2 ,2-d imethy l -1 ,3-propanedio l 

in IM potassium hydrox ide were performed at constant cu r ren t densit ies 

of 0.5 mA cm ^ and 2.5 mA cm ^ in the Swiss Roll Cel l , see f i gu re 

2 .3 . These values were selected from the steady state cu r ren t vs 

potential p lots, i .e . f i gu re 3.14. Oxidat ion to 2,2-dimethylpropanedioc 

acid would be an eight electron/molecule process 

CH CH_ 
I I ^ 
I " RA I 

HOHgC - C - CH^OH + 80H HOOC - C - COOH + 6H^O 
CH 

3 "-^3 
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Table 3.3 Value of the l imi t ing cu r ren t fo r the oxidat ion 

of 0.1M organic substrate in potassium hydrox ide 

at a nickel disc and an electrodeposited nickel 

hydrox ide electrode 

Substrate Limit ing cur ren ts 
-2 

mA cm 

X XX XXX 

O . I M ethanol 0.6 1.75 30 

O.IM 2-cyanoethanol - 0.95 29 

O.IM 2 ,2-d imethy l -

1,3-propanedio l 35 

Footnotes: 

X = O.IM KOH at Ni disc (0.2 cm ) 

XX = IM KOH at Ni disc (0.2 cmi ) 

XXX = IM KOH at an electrodeposited NKOH)^ electrode 

at a constant cu r ren t (2 mA cm on a Ni wi re 

(0.6 cm ) . 



63 

Therefore , su f f ic ien t charge for an eight electron process, as 

calculated using Faraday's law of electrolysis ( i . e . Q = nxFx number 

of moles of the subs t ra te , where n = 8 and F is the Faraday con-

stant lO^C mol ^) was passed. At the end of the electrolyses the 

solut ion was neutral ised using IR-120 (H) resin and isolated from the 

solut ion by removing water on a ro ta ry evaporator . The residue was 

ester i f ied af ter addi t ion of an internal s tandard ( the procedure is 

descr ibed in the experimental sect ion) . The sample was then injected 

into a 5% OV-101 glc column. Results f rom the analysis are shown 

in table 3.4. Calculations showed that at the lowest cu r ren t densi ty 

(0.5 mA cm"^) the cell converted the 2 ,2-d imethy l -1 ,3-propanedio l to 

2,2-d imethy lpropanediocacid w i th 22% cu r ren t e f f ic iency. This is an 

unexpected low value. 

3 .2 .2 .6 Electrolysis of 2 ,2-d imethy l -1-3-propanedio l at an electro-

deposited nickel hydrox ide electrode in 1M potassium 

hydrox ide 

The electrode was prepared in a similar way to those in section 

3 .1 .3 . Electrolysis of 0.1M 2 ,2 -d ime thy l - l ,3-propanedio l in IM 

potassium hydrox ide at an electrodeposited nickel hydrox ide electrode 

was carr ied out in a beaker cell where the plate work ing electrode 

had a counter electrode plate on ei ther s ide, see f i gu re 2 .4 , at a 
_2 - 2 

constant cu r ren t densi ty ( typ ica l ly 8 mA cm and 17 mA cm ) . 

These values were chosen from the steady state cu r ren t vs potential 
- 2 

plot where the l imi t ing cu r ren t was 35 mA cm . At the end of the 

e lect ro lys is , the solut ion was worked up and analysed as descr ibed 

ear l ie r . The resul ts f rom the analyses are shown in table 3 .5 . 
- 2 

Calculations showed that at the lowest cu r ren t densi ty (8 mA cm ) 

the cell converted 2 ,2-d imethy l -1 ,3-propanedio l to 2 ,2-d imethy l 

propanediocacid w i th a 31% cu r ren t e f f ic iency. This cu r ren t 

ef f ic iency is 40% higher than compared wi th a smooth nickel anode 

(Swiss Roll Cell) even though the cu r ren t densi ty is h igher . This 

is probably due to an increase in the surface roughness on forming 

the electrodeposited nickel hydrox ide layer . More charge leads 

to an increase in the product y ie ld (see table 3.5) bu t the cu r ren t 
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eff ic iency drops of f as a side react ion; probably evolut ion 

becomes more impor tant . 

3 .2 .3 Oxidat ion of 2-cyanoethanol 

3 .2 .3 .1 Steady state 1-E curve fo r 0.1M 2-cyanoethanol in 1M 
2 

potassium hydrox ide at a nickel disc electrode (0.2 cm ) 

The steady state l -E curves were obtained in a similar way to 

those descr ibed in previous sections. F igure 3.16 shows a steady 

state cu r ren t vs potent ial plot fo r a 0.1M 2-cyanoethanol in 1M 

potassium hydrox ide at a nickel disc electrode (0.2 cm ) . An 

oxidat ion wave = <400 mV vs SCE was observed, bu t the c u r r e n t 
2 2 

in the plateau region (0.95 mA cm ) is ve ry low. The half wave 

potential E^ = 400 mV coincided wi th tha t where the h igher nickel oxide 

is produced in 1M potassium hydrox ide . 

A steady state l -E plot fo r the oxidat ion of 2-cyanoethanol 

in 1M potassium hydrox ide at an electrodeposited nickel hydrox ide 

electrode is shown in f i gu re 3.17. A well formed oxidat ion wave 

E i = 370 mV was observed, and the cu r ren t in the plateau region 
z -2 

(29 mA cm ) is again, as expected, much enhanced. The half 

wave potential (E^ = 370 mV) occurred at a s l igh t l y h igher potential 

(70 mV) than that where a h igher nickel oxide is produced in 1M 

potassium hydrox ide using an electrodeposited nickel hydrox ide electrode. 

3 .2 .3 .2 Electrolysis of 2-cyanoethanol at an electrodeposited nickel 

hydrox ide electrode 

The electrode and cell were as descr ibed in the previous 

section. Electrolyses of 0.1M 2-cyanoethanol in 1M potassium 

hydrox ide was car r ied out at a constant cu r ren t densi ty ( t yp ica l l y 
- 2 - 2 7 mA cm o r 10 mA cm ) . These values were chosen f rom the 

steady state cu r ren t vs potential p lo ts , i . e . f i gu re 3. 17. At the 

end of the e lect ro lys is , the solut ion was neutral ised using IR-120 (H) 

resin ( the detai led procedure is descr ibed above) . The electrolysis 

product was ester i f ied wi th a BF^/CH^OH mix tu re . A sample was 
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E/mV vs SCE 

Figure 3.16 Steady state l -E curve fo r 0.1M cyanoethanol 

in 1M KOH at Ni disc electrode (0.2 cm ) . 
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Figure 3.17 Steady state l -E curve fo r 0.1M cyanoethanoi in 1M KOH at 

2 
an electrodeposited nickel hydrox ide electrode (0.6 cm ) 

prepared at constant cu r ren t densi ty of 2 mA cm 
- 2 

charge 0.13C cm 

wi th total 
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analysed by using a 5% OV 101 glc column. Results f rom the 

analysis are shown in table 3.6. I t was found that the retent ion 

time of the product d i f fe red from that of the expected product 

(methyl cyanoacetate) by about 31% but was identical to that fo r 

dimethyl oxalate. This confirmed that the product of the e lect ro ly-

sis is oxalic acid, not cyanoacetic acid. The mechanism for 

the formation of th is unexpected product was probed f u r t h e r in the 

fo l lowing exper iments. 

1. 0.1M cyanoethanol dissolved in water was lef t fo r 12 hours , 

then the water was removed by gent le heating under reduced 

pressure. In f ra red spectra showed a band in the region 

2060 cm ^ which is due to N = C g roup (cf IR for pure NCCH2-

CH^OH). Hence cyanoethanol is stable in a neutral aqueous 

solut ion. 

2. 0.1M cyanoethanol dissolved in 1M potassium hydrox ide was 

lef t fo r about 6 hours and then t reated wi th the same work up 

procedure. In f ra red spectra showed a band in the region 
- l 

1720 cm , which is due to -COOH g roup , but no peak at 
- 1 

2060 cm . This showed that cyanoethanol undergoes 

hydro lys is upon prolonged treatment wi th potassium hydrox ide 

even at room temperature. Hence the in terpre ta t ion of the 

preparat ive electrolysis must take into account th is 

hydro lys is react ion, and i t is l ikely that the oxalic acid arises 

by the route on the next page. If th is reaction pathway is cor rect 

the formation of oxalic acid is a 10 electron process and th is 

is the assumption made in est imating the y ie ld , see table 3.6. 
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CHAPTER 4 

Cobaltoxide spinel s t r uc tu re of the formula 

Zn^Co- O,, in su lphur ic acid. 
X 3-x 4 ^ 
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CHAPTER 4 

4.1 Study of Cobalt Oxide (COgO^) Spinel S t ruc tu re in Acidic 

Media. 

4 ,1 .1 Cycl ic voltammetric behaviour in su lphur ic acid 

The electrodes were prepared by coating onto a t i tanium 

electrode subst ra te a layer w i th a cobalt oxide spinel s t ruc tu re 

(Co_Oj^) in a similar way to tha t descr ibed in the previous 
97 99 

l i te ra tu re ' . The preparat ion is re la t ive ly simple. A 

solution of 1M cobalt n i t ra te was sprayed onto an acid etched 

(HF:HNOg) t i tan ium wire area (0.31 cm ) and the water was 

evaporated in a laboratory oven to leave a layer of cobalt n i t ra te . 

These coating steps were repeated 6 to 12 times before the n i t ra te 

on the surface was thermal ly oxidised at 275°C for an hour to 

form oxide. 

The cycl ic voltammograms in 5M su lphur ic acid, r un 

between 0 mV and 1900 mV are shown in f i g . 4 .1 . Well formed 
_1 

oxidat ion peaks are observed at all sweep rates; at 50 mV s 

Ep - 1340 mV vs S .C .E . On the reverse scan only ve ry small 

reverse peaks occurred at +560 mV and the oxidat ion is c lear ly 

i r revers ib le . The rat io of Q ^ / Q ^ is less than 0.1 . Oxygen 

evolut ion commences at approximately 1840 mV. The peak poten-

t ial (Ep) sh i f ted to more posi t ive potential w i th increasing 

the sweep ra te , see table 4 .1 . A plot of oxidat ion peak cu r ren t 

densi ty against the square root of sweep ra te , f i gu re 4 .2 , is l inear . 

This suggests tha t the anode reaction is d i f fus ion control led beyond 

the peak and th is is conf irmed by the shape of the peak. On 

the other hand, the peak cu r ren t densit ies are ve ry low fo r 

d i f fus ion contro l w i th respect to any species in solut ion. F igure 

4.3 shows the l -E response to repet i t i ve cyc l ing of the potential 

between 0 mV and 1700 mV. I t can be seen that du r i ng the ear ly 

cycles, a s l igh t decrease in peak cu r ren t densi ty is observed but 
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TABLE U. I 

Sweep 
rate 

mV s ^ mV 

'p 

-2 
mA cm 

Total charge 
under the 
oxidat ion 
peak 

-2 
mC cm 

Charge 
under the 
reduct ion 
peak 

-2 
mC cm 

50 1340 1.3 18 0.22 

100 1380 1.8 13 0.22 

200 1440 2.0 7 0.16 

400 1500 2.6 5 0.14 

Data obtained for a voltammogram in 5M su lphur ic acid 

fo r a cobalt oxide spinel s t r uc tu re electrode (COgO^) 
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by about the s ix th a steady state si tuat ion seems to have been 

reached and peak occurs at the same potential as the f i r s t cyc le ; 

the peak cu r ren t is only 10-15% lower. Dur ing such extended 

experiments the colour of the oxide surface changes from brown to 

b lue, the colour expected fo r a C o ( l l l ) species. The cycl ic vo l t -

ammetric response was also invest igated in other concentra-

t ions; the curves fo r 1M and 9.3M are shown in f igures 4.4 and 

4 .5 . In the more concentrated acid, the anodic peak occurs at 

1450 mV and has a similar shape to that in 5M HgSO^. Moreover 

the peak cu r ren t densi ty is s imi lar. On the other hand, no 

cathodic peak can be observed and there is a small nucleation loop 

close to the foot of the peak. In 1M HgSO^ the anodic peak is 

absent even when the cu r ren t sens i t i v i ty is increased by a factor 

of a thousand. F igure 4.6 shows the steady state l -E response 

in 5M in the form of a Tafel p lot . A l though the cu r ren ts 

are low, i t is clear that a steady state process is occur r ing in the 

potential region above 1100 mV. 

Several electrode reactions could lead to the observed anodic 

cu r ren ts in the region +1100 mV to +1700 mV. In pr inc ip le the 

anodic process could be d i rec t oxidat ion of a species in solut ion. 

I t is perhaps more l ikely tha t the cu r ren t arises from a mechanism 

such as 

ICoZ+ l ; ICo3+ l ; 

where s denotes the surface of electrode 

IC .3+1, » (C .3+)c , 
s Soln 

Co^^ + 4H 
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In all such mechanisms, however, there must be a s t rong l imitation 

in the ra te , as the peak cu r ren t densi ty is ve ry low. This slow 

step could, as in the case of Ni in base, be the chemical reaction 

between the Col I I I ) species and H^O or . In view of the 

shape of the voltammetric peak and the dependence of the peak 

cu r ren t on scan rate (1^ = v ^ ) , i t is more l ikely tha t the slow step 

is a t ranspor t process wi th in the re la t ive ly th ick oxide coat ing. If 

th is is the case, however, i t is not clear why the cycl ic voltammogram 

depends so s t rong ly on H^SO^ concentrat ion. Maybe protonat ion 

of an oxide species is essential to the conversion of Co^O^ to a h igher 

cobalt ox ide. Oxygen evolut ion in su lphur ic acid occurred at a 

h igher potential compared to tha t repor ted by Shub et al^^^ fo r the 

oxygen evolut ion in 1M HCIO^. Th is could be due to the blockage 

of electrode surface by SO^"" ions. 

Since Co^O^ has been repor ted to be a good catalyst 

fo r the CI /Cl^ couple^^ a few curves were run fo r CI oxida-

t ion in 5M H-SO, . F igure 4.7 shows the l - E response fo r 5M 
^ 4 _i 

HgSO^ + 5M NaCI run at 300 mV s . In order to observe any 

oxidat ion cu r ren t in the potential range expected, i t was necessary 

to increase the cu r ren t sens i t i v i ty substant ia l ly . F igure 4.7 shows 

only an anodic wave at % 1420 mV wi th a cu r ren t densi ty of 

14 |iA cm This is, of course, ve ry low compared to the peak 
- 2 -cu r ren t (2.6 mA cm ) observed in the absence of CI . Similar 

experiments were run wi th lower CI concentrat ion and in the 

lowest [CI ] , the anodic wave is barely v is ib le even at the h igh 

c u r r e n t sens i t i v i t y . F igure 4.8 shows a plot of anodic wave 

height vs [CI ] and th is confirms that the curves get b igger w i th 

increasing [CI ] . 

These resul ts c lear ly indicate tha t in concentrated H^SO^ 

the COgOy is a ve ry poor catalyst fo r CI2 evolut ion. Since th is 

is in sharp contrast to the known behaviour at pH = 4, i t suggests 

tha t ei ther acid or sulphate species inh ib i t Cl^ evolut ion. If the 

fo rmer , i t could be taken as f u r t h e r evidence that protonat ion of 

the cobalt oxide is important in determin ing its behav iour . 
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Reduction Process 

A voltammogram was recorded between +500 mV to -550 mV 

vs S . C . E . in a 5M HgSO^ at a sweep rate of 200 mV s \ A 

cathodic cu r ren t at -510 mV on the fo rward sweep was observed 

in the reverse sweep anodic cu r ren t at -210 mV. The typ ica l 

voltammogram is shown in f i gu re 4 .9 . The anodic cu r ren t is 

s ign i f icant ly smaller than the cathodic c u r r e n t . A similar 

experiment in 1M also car r ied out shows s ign i f icant ly smaller 

cu r ren t than in 5M H^SO^. The voltammogram is shown in 

f i gu re 4.10. 

4 .1 .2 Cycl ic voltammetric behaviour in 5M su lphur ic acid at 

a M Co_ O,, electrode 
X 3-x 4 

The electrodes were prepared by mix ing the desired p ropor -

t ion of the two metal n i t ra te solut ions and otherwise using the 

procedure descr ibed above. Cycl ic voltammograms for Zn^COg 

(where x = 0.1 and 0.4) in 5M su lphur ic acid are shown in f i gu res 

4.11 and 4.12. An anodic peak fo r Co^O^ was observed at 1520 mV. 

With the mixed spinels, th is peak is much reduced in size and, indeed, 

w i th in Zn^ i t is barely v is ib le . This behaviour is to be 

expected if the anodic process involves oxidat ion of C o ( l l ) to C o ( l l l ) . 

In Zn^ jr̂ Co^ many of the C o ( l l ) atoms in the latt ice are replaced 

by Z n ( l l ) which wil l not be oxidable. 
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