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UNE NOUVELLE TECHNIQUE DE L'ELECTROLYSE: L'ELECTRODE A 
CONVECTION THEICMIQUE. APPLICATION AUX METHODES ELECTRO- 
CHZMIQUES D'AN ALYSE 

1,. 1)UCI<13T BT C. C'OI<NI:T 

Service rieCkimie Arrnlytiq~re, I)Ppo1,tc~v7eltt P.C.Ad. Ce~ztve ~Ycctionald'Etudes des TPlicommunications, 
l s s y  les .tfoztlivzraus, Srinr (Pvnracr) 

(I<e$u Ic 2 juillct ,  19(15) 

Les mithodes 6lcctrochimiclues cl'analyse utilisent courarnment le phCnom6ne 
de convection et presque exclusivement la convection mdcanique. La solution et 
l'ilectrode indicatrice sont donc toujours en mouvement relatif. Si 1'Clectrode est 
fixe, la solution est anin16e d'une vitesse aussi constante que possible, au contraire si 
la solution est immobile, les diverses ilectrodes utilisPes sont animhes de mouvements 
phriodiques: hlectrodes solides vibrantes ou tournantes, electrode liquide comme 1' 
dectrode i gouttes de mercure dont le volume varie en fonction du temps. La repro- 
ductibiliti. de la courbe, i= f ( E )  ( i ,  courant d'6lectrolyse; E ,  potentiel de 1'Clectrode 
indicatrice) d6pend beaucoup cle la stabilitd et de la reproductibilitk du mode de 
convection utilist. Nous avons pens6 qu'il 6tait possible de substituer la convection 
thermique B la convection m6canique, en crCant entre une klectrode indicatrice fixe 
et une solution initialemcnt immobile un gradient de tempkature convenable et 
constant par chauffage ou refroidissement de lJClectrode. S'il est difficile pratiquement 
de soustraire des calories de mani6re continue et mesurable, il est par contre trhs 
simple de fournir des quantitcs de chaleur connues en utilisant I'effet Joule. C'est donc 
finalement le chauffage 6lectrique de l'dlectrode que nous avons retenu de prCfCrence 
i 1'6coulement continu et rdgulier d'un fluide & l'intdrieur d'une Clectrode creuse. 

I. API'AREILLAGE 

Circuit  d'c:lectrolyse 
C'est un montage classique B trois electrodes utilisant un potentiostat et un 

voltmktre electronique (Fig. I) .  

Electrodes 
Nous avons htudi6 cleux types diff6rents dlClectrode i convection thermique. 
(a) Electrode ri circulatio~z de  Liguide. L'electrode (Fig. z) est un tube de platine 

j 10% de rhodium de 12 cm de longueur, de cliamhtre exterieur 1.5 mm et de diamhtre 
intCrieur I mnl. Ce tube est recourbd en forme cle U. Ses extrCmitCs prksentent des 
renflements qui permettent leur raccordement au circuit de circulation. 
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En fonctionnement, I'intQieur de l'dectrode est parcouru par un liquide dont 
la tempkrature est supkrieure ou infCrieure i celle de la solution. 

(b) Electrode ri chauffage ~lectr ique.  L'Clectrode est chauffCe par effet Joule. 
C'est par exemple un fil de platine de quelques millimbtres et de faible diambtre 

Arnpkernbtre 

El auxlliaire 

Secteur 7 &=& EI r6f&ence 

Milli Gltm'etre 
Fig. I .  Schema du circuit d'8lcctrolysc. u- u -.Platine v e ~ y  

Fil de plattne 
A B 

Fig. 2. ~ l ec t rodes  8, convcction thermiquc (A) ,  ~?lcctroclc B circulation tle liquitle; (R),  I?lectrode A 
chauffage Clectrique. 

(0.2-0.6 mm) soudk & deux tubes de verre remplis de mercure clans lequel viendront 
plonger les deux conducteurs du circuit de chauffage (Fig. 2). 

Cellule d'e'lectrolyse 
C'est une cellule type MCtrolm & 5 sorties rodCes. Elle est thermostathe dans 

une cuve A eau, rCgulCe par une rksistance chauffante commandCe par un thermombtre 
& contact. La cellule est construite en verre mince pour faciliter les Cchanges thermi- 
ques. 

J .  Elcctroanal. Chem., 11 (1966) 317-339 



Barbotage d'azote 
Les solutions sont dCbarrass6es de l'oxyghne dissous par un barbotage d'azote R 

de 15 min. Un serpentin immergC dans la cuve thermostatCe rCchauffe le gaz B la 
tempCrature de la solution. 

Soit Q le nombre de calories cCdCes par llClectrode en une seconde et S la 
surface de cette Clectrode. 

Le trac6 d'une sCrie de courbes intensit&-potentiel B l'aide d'un syst&me rCdox 
rapide, permet d'Ctudier l'influence de Q/S cal em-2 sec-1 (ou Q/S W em-2) sur la 
densit6 du courant limite de diffusion. 

Ces courbes ont CtC t rades  avec les deux types dlClectrodes prCcCdemment 
dCcrits. 

A. Convection therrnique par circulation de liquide 

(a) Par chauffage de l'ilectrode 
Etalonnage de l'dectrode. L'Ctalonnage de I'Clectrode permet d'Ctablir la 

correspondance entre Q/S et A t  ( A t  reprksente la diffkrence de temperature entre la 
solution et  le liquide traversant 1'Clectrode). 

Nous avons procCdC par calorimCtrie. 

At ("C) 

Fig. 3. Courbe d'Ctalonnage. 

.I. Electroanal. Chem., 11 (1966) 317-339 
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Le calorimhtre est un vase de Dewar de roo ml, calorifugi. par de la laine de 
verre. Le couvercle en mousse expanske est perci. pour le passage du thermomhtrc et 
des canalisations d'entrbe et de sortie du liquide de circul a t '  ]on. 

L'dlCvation de la tempkrature de I'eau du calorimPtre doit &tre faible par 
rapport A At, afin que la quantitk de cllaleur Q1.S ne varie pas au cours de l'expbrience. 
Un thermomhtre au 1/1oo a kt6 utilisd. 

Un bac I eau alimente l'dlectrode. 'CJne distancc invariable de 50 cni skpare son 
niveau de celui du calorim6tre. 

La durCe de l'expdrience est courte. Une variation du niveau de l'eau dans le 
bac d'alimentation apporterait une modification du ddbit. 

Dans la cellule d'klectrolyse, un gradient de temp6rature s'dtablit entre l'dlec- 
trode et la solution. Les conditions d'ktalonnage devant &re identiques aux condi- 
tions d'utilisation, la solution ne sera pas agitde pendant l'exp6ricnce. Nous ne 
prockderons B l'homogdn6isation clue par la suite. 

Mode ofie'~atoire. loo ml d'eau sont placds dans le calorimL:tre. L'blectrode y est 
immerg6e. Son bord superieur affleure juste la surface et A l'dquilibre on relkve la 
tempgrature initiale 21 de la solution. L'eau du bac de circulation a btd thermostatde i 
la tempdrature tz telle clue tz-tl=At. Le cllronomL:tre est dbclanchi. I l'instant 
prCcis ou le circuit d'eau est ouvert dans l'dlectrode. De meme l'eau est chass6e de 
l'intkrieur de celle-ci i l'expiration du temps prdvu pour l'exp6rience. Sa durbe est 
dtablie par tritonnement. Elle doit Ctre conforme aux conditions pr6cdclemment 
expos6es. La temphature finale de la solution est relevde aprhs agitation et homogk- 
ndisation. L'kquilibre est atteint en une minute. Le refroidissement dO h la ddperdition 
de chaleur dans le calorimPtre ne ddpasse pas 1/10o de degr6 par minute. L'6ldvation 

Fig. 4. IZBduction dc C U ~ +  sur 1'Clcctrode de I't poli. 

J .  Electroanal. Chenz., 1 1  (1gh0) 317-339 



de temperature dc l'eau dtant en gdn6ral voisine de I", aucune correction n'a kt6 
apportee B la lecture directe du thermom6t1-e. iZ partir de ces rCsultats nous avons pu 
tracer la courbe d'dtalonnage (Fig. 3). 

T r a c t  des courbes in te~zs i t tbo te~z t i e l .  Pour limiter sa surface, une partie de 
l'dlectrode a dtd recouverte d'un vernis qui empeche les rkactions Clectrochimiques 
et rend negligeables les 6changes thermiques avec la solution. 

Nous avons utilisd une solution de chlorure cuivrique z i  la concentration 
5 - 10-W en milieu HC1 N. L1oxyg&ne dissous se rkduit au meme potentiel que le 
cuivre. Un barbotage d'azote de 15 min l'blimine. 

L'ion cuivrique se r6duit 5 l'6lectrode de convection thermique suivant la 
rdaction : 

CU" + E + C1- -> CuCla- 

Dans le compartiment sdpari: une anode de graphite plonge dans le m&me 
dlectrolyte. 

Mode ol)~:ratoire. 60 ml de solution sont placks dans la cellule immergCe dans 
le bac thermostat6 la tcmpbature tl =zoo. Aprhs le barbotage d'azote, le liquide de 
chauffage dont la tempbrature est ts commence B circuler dans l'klectrode. L'ktablisse- 
ment de la convection thermiclue n'est pas instantande. L'expdrience montre que les 
courants sont stables apr&s z niin. La courbe intensitd-potentiel (Fig. 4) est t r a d e  
point par point en explorant le domaine de potentiel s'Ctendant de +400 A -300 mV 
(Clectrode au calomel saturc:). 

fiact! de la cofcrbe i =  f (Q1.5). La temperature t l  de la solution cuivrique est 

0.05 0.1 0.15 

O/S (cal cm%secl ) 

Fig. 5. Courbc d = f (Q/S) par cllauffagc dc I'dlcctrotlc 
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maintenue constante. Des courbes intensitbpotentiel sont trades pour diverses 
valeurs de la temp6rature t z  du liquide de circulation. Le palier du courant limite de 
diffusion se place entre -50 et -250 mV. Arbitrairement le potentiel de -200 mV 
est choisi pour la mesure de llintensitC. La courbe de la Fig. 5 reprCsente la variation 
de la densit6 du courant lorsque Q/S varie entre o et 0.3 cal cm-Qec-1. L'expCrience 

lo 
-02 -0.15 -01 -005 

Q/S/C~I cni'jec-' ) 

Fig. 6. Courbe de d = f(Q/S) par refroidisscment cle 1'6lectrode. 

-02 -07 
lpL o 0.1 +a2 

01s (car cm2sec') 

Fig. 7. Courbe dc i = f(Q/S) k diffkrentcs temperatures de solution. (---) 50°, (-..-) 40'. 
(---) 30". (-.-) 20". 

J .  Ebctroanal. Chem., I I (1966) 31 7-339 



montre qu'une bonne reproductibilitk des mesures associke k une excellente stabilitk 
du courant d'Clectrolyse est obtenue lorsque l'expression Q/S atteint 0.06 cal cm-2 
sec-1. 

(b )  Par refroidissement de l'ilectrode 
Un courant de convection prend naissance dPs qu'il existe un gradient de 

tempkrature entre la solution et l'klectrode. Ce resultat doit &re obtenu quelque soit 
son signe. 

C'est ce que nous avons essay6 de vCrifier: dans une premiPre expkrience, l'eau 
traversant l'klectrode circule B des tempkratures infCrieures & celle de la solution qui 
reste B 20°. 

Le mCme mode opkratoire & Ctk utilisk. Nous avons ainsi track la courbe 
(Fig. 6) de la densit6 du courant limite de diffusion en fonction de Q/S. 

(c) A diverses tem$ei.atures de la solution 
Dans les mCmes conditions une sCrie de courbes a CtC tracke pour des valeurs de 

Q/S comprises entre -0.3 et 0.3 cal crn-'2 sec-1 k diverses tempkratures tl de la 
solution cuivrique. 

Les rbsultats sont reprdsentds sur la Fig. 7. 

Remarque 
Le point de congklation de l'eau limite 1'Ctude vers les basses tempkratures. 

Une circulation d'alcool a Ct6 essayke. Mais ce solvant ayant un coefficient d'kchange 
thermique bien infkrieur & celui de l'eau, il est nkcessaire d'introduire une difference 
de temperature, At,  deux fois plus importante pour obtenir une mCme valeur de 
Q/S .  Dans ces conditions on constate rapidement un givrage sur 1'Clectrode et  toute 
mesure devient impossible. 

L'Ctude a 6tC Cgalement limithe B 50'. A cette temphature, pour une valeur de 
Q/S de 0.3 cal cm-"ec-1 l'eau de circulation est & 70°. La dilatation de lJClectrode de 
P t  n'est plus nkgligeable et provoque des fissures dans le vernis qui la recouvre 
partiellement . 

B. Convection therrnique par effet Joule 
En vue d'une utilisation pratique de l'klectrode & convection thermique, il est 

prCfCrable de disposer d'une source dc calories plus facilement rCglable et  plus souple 
que la circulation d'un liquide B l'intdrieur de l'klectrode. Le chauffage par effet Joule 
a 6th employC. L'klectrode est dCcrite prCcCdemment (Fig. 2). 

C h a u f k e  en  courant conti~zu. L'klectrode est alimentke par une batterie de 
6 V. Un rhkostat permet de rPgler l'intensitk. 

La quantitk de chaleur c6di.e par l'klectrode par seconde est 

ou 1 reprCsente le longueur utile de l'klectrode, s sa section et  Q sa rksistivitk. 
Si d est le diamPtre cle 1'Clectrode 

J.  Electvoanal. Chem., I I (1966) 317-339 
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L'expression Q/S s'dcrit en exyrimant le cliamktre en centimhtres et l'intensitd 
en amp&res 

Pour le platine, cette expression peut s'Pcrire pratiiluerncnt 

Les resultats obtenus par circulation de liquide ont montrP clu'une iluantitP: de 
chaleur minimum de 0.06 cal cn~rQec-1 est necessaire pour ol~tenir une convection 
suffisante. Une valeur supkrieure B ce minimum est obtenue en utilisant par exemple 
un courant de 3A et une Clectrode de platine cic 1.6 cm de longucur et 0.4 mm de 
ciiamktre. La valeur de l'expression Q/S est alors de 0.14 cal ~ m - + s e - ~ .  

La surface de 1'Clectrode dtant voisine clc 0.2 cni" la cluantitd de cllaleur cPdde 
B la solution est de 0.028 cal sec-I. Le volume de la solution 6tant de ho ml, I'apport 
des calories ndcessaires B la convection pour la durde d'une exl~dricncc est donc 
nkgligeable. 

Avec cette electrode alimcntPe en courant continu, nous avons track la courbe 
intensit(\-potentiel de la rbduction du cdrium c6rique h la concentration 5 . 1oP3 M 
en milieu sulfurique normal. Le pont d'agar-agar au clllorure de potassium reliant la 
solution A lJClectrode de reference, a 6tb remplacd par un pont rl'agar-agar au sulfate. 

Nous avons ainsi obtenu la courbe I de la Fig. 8. Dans ccs conditions, l'expP- 

Fig. 8. Courbcs tle rdduction clc C c  I+ (5 . IO-CN) en fonction cle la nnturr iln courant dc chauffagc. 
( I ) ,  courant continu; ( 2 ) .  courant continu; (j) courant altcrnatif. 

rience montre que pour un potentiel imposd A l'dlectrode, le courant d'6lectrolyse 
atteint son Cquilibre en moins de 10 sec et reste ensuite parfaitenlent stable dans le 
temps. La reproductibilitd est excellente: 0.3'><, pour un courant de 50 PA. 

La courbe 2 de la Fig. 8 a dtC obtenue en inversant le sens du courant de 
chauffage. Les deux courbes sont identiques mais ddplacdes par translation de ~ o o  

,J. Electvoanal. Chcm., I r (1900) 3 I 7-339 
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ml'. Ce decalage est dfi A la chute ohmique entre les deux extr6mitCs de 1'Clectrode. 
Remarqzne. En prenant pour le platine une r6sistivitC de 1.2 x I O - ~  Qcm-1, le 

calcul cle la chute ohmicluc dans l'blectrode donne 46 mV. En inversant le sens du 
courant l'6cart enti-e les deux courbcs serait de 92 mV. L'incertitude sur la valeur de 
Q permet d'admettre la valeur cle ~ o o  mV trouv6e expkrimentalement. 

Chauf]aRe en  cozwant alternatif. La batterie d'alimentation est remplacke par 
un transformateur clui dblivre une tension alternative de 6 V. La courbe intensitb 
potentiel obtknue dans ces conditions est la courbe 3 de la Fig. 8. Elle se place exacte- 
ment entre les courhes I et 2. Nous pouvons en d6duire que I'Clectrode a1imenti.e en 
courant alternatif se cornportc comme une surface statistiquement dquipotentielle. 

Ce systPme clc chauffage a dt6 adopt6 pour tous les essais suivants. 
Les remarclues prhc4dentes concernant la stabiliti. et la reproductibiliti. du 

courant d't'.lectrolyse sont valables pour ce mode de chauffage. 

Essais a ~ ~ e c  des i~lectrod~s de Flatine de d i f f r e ~ z t s  BiamPtres 
En utilisant le syst6me rbdox Cu"/CuCle-, une sbrie de courbes densit6 de 

courant en fonction de Q/S, a dtt tracbe avec des electrodes de platine poli de diff6 
rents cliamhtres. Elles cloivent nous permettre dc clbterminer avec quelle precision la 
formule Q/S = ~o-Vz/d"~eut etre appliqude. 

Nous avons obtcnu la courbe (Fig. 9) pour des fils de platine de 0.3, 0.4 et 0.5 

Fig. 9. Courbcs d = f ( Q / S )  nvcc tliff6re11ts dinm5trcs cl'dlectrorlcs. (- ...-), 0.3; (--), 0.4; (-), 0.5 
111111. 

mm de diami.tt-e. Crs courbes sont trhs rapprochi.es les unes des autres et les faibles 
Ccarts existants provicnnent d'une pr6cision insuffisante dans la dktermination du 
diam&tt-e exact des fils. 1,'erreur est d'autant plus grande que dans la formule d est 
blcvi. au cube. La prbcision sur la d4termination de l'intensitb du courant de chauffage 
est bonne. 

Les rCsultats cle la Fig. 9 montrent que la formule est utilisable et  que Q/S 

J .  l?lcctroanal. Chcnz., 11 (1966) 317-339 
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peut Ctre determine sans courbe d16talonnage par une simple mesure du diamktre du 
fil et un choix convenable de l'intensitk du courant de chauffage. 

Essais avec diffe'yents systemes E'lect~ochimiques 
Avec une Clectrode donn6e nous avons tracd les courbes de la densit6 de 

courant en fonction de Q/S pour diffdrents systkmes dlectrochin~iques rapides. 
La Fig. 10 reprdsente les courbes obtenues pour la rdduction d'une solution de 

Fig. 10. Courbes i = j(QI.5) pour C U ~ + ,  5 .  1 0 - 8  N, (-); C c L + ,  5 . 10-:1 N ,  (--). Elcctrotle 0.4 mnl 
diamktre. 

chlorure cuivrique k la concentration 5 .  ~ o - ~  M et la r6duction d'une solution de 
ckrium ckrique de mCme concentration. 

Ides densit6s de courant sont diffkrentes, mais la forme gdn6rale des courbes 
reste inchangke. 

111. CONCLUSION 

Les courbes de la densit6 de courant en fonction de Q/S pr6scntent la mCme 
forme quelque soit 1161ectrode, le mode de chauffage ou le systkme dlectrochimique 
utilisk. 

Chaque courbe prksente deux parties distinctes (Fig. 7) : 
(i) Pour les valeurs de Q/S infkrieures B 0.06 cal cm-2 sec-1 la densitd du 

courant limite de diffusion croit d'autant plus rapidement que Q/.S est petit. 
(ii) Pour des valeurs de Q/S supkrieures B 0.06 cal cm-2 sec-1, la densit6 du 

courant limite de diffusion croit linkairement avec Q/S. 
Les courbes obtenues par refroidissement de llClectrode prksentent Cgalement 

ces deux zones : 
(i) Une partie non lin6aire oh la densit6 de courant croit d'une manihe analogue 

&la premikre fraction de la courbe obtenue par chauffage. 

J .  Electroanal. Chew., I I (1966) 31 7-339 



(ii) Une partie 6galement lin6aire mais ou la densitk de courant dkcroit quand 
-Q/S augmente. 

Comparons ces deux courbes avec celles obtenues par agitation mkcanique. 
Les courbes de la densit6 de courant en fonction de l'intensitk d'une agitation 

mCcanique quelconque prdsentent une premi&re partie rapidement croissante en 
tous points analogue B celle obtenue par convection thermique. La deuxi6me partie 
est une droite horizontale oh la densitk de courant est indkpendante de l'agitation. 

Nous pouvons en dkduire que les parties de courbes comprises entre -0.06 et 
+0.06 cal cm-3 sec-1 reprdsentent la variation de la densit6 de courant due princi- 
palement B la convection. En dehors de ces limites la pente des parties lindaires est 
positive, nkgative ou nulle suivant que lJ61ectrode est chauffke, refroidie ou reste & la 
temp6rature constante. Cette partie de la courbe reprdsente donc la variation de la 
densit6 de courant en fonction du gradient de temp6rature autour de l'klectrode. 

Extrapolons B Q/S = o, les parties linkaires de la Fig. 7. Nous constatons que 
pour chaque tempkrature de la solution, les deux portions de droite pour Q/S positif et 
nkgatif sont concourantes cluand Q/S=o. En effet, en ce point, le gradient de tem- 

Fig. 11. Courbc i = f(Ql.7) B diffirentes tc~mpdratures cle solution; (-.-.), 20'; (--), 30°; (-..-..). 40"; 
(-1, 50". 

pkrature entre la solution et l'dectrode est nul. Les parties non linkaires des courbes 
Q/S sont donc la somme de deux composantes: la convection et l'effet thermique. 

Eliminons l'action du gradient de temphature par soustraction de celui-ci sur 
les ordonnges. Nous obtenons la Fig. 11 analogue aux courbes observ6es pour la 
convection m6canique. 

J .  Electroanal. Chem., 11 (1966) 317-339 
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Dans tous les cas un apport de chaleur de 0.1 cal cm-"ec-1 est largement 
suffisant pour assurer un courant de convection stable et reproductible. 

28mc PARTIE: ETUDE DE DIVEIISES ~~LECTIIODES liT I l l <  (~IIEI,()IJl<S SYSTi?hfl:S 
1IEDOX 

L'blectrode est un fil de platine de 1.7 cm de longueur ct de 0.5 mm de dia- 
m&tre, soudb B ses extrbmitbs & deux tubes de verrc suivant le mocli.lc repr6sentC 
Fig. 2 .  

L'Clectrode est platinbe par blectrolyse pendant 5 mi11 avec une densite de 
courant de 0.06 A cm-? L'anode est une capsule de platine poli. 

La composition du bain est la suivante: 30 ml d'eau, I g cle ti.trachlorure de 
platine, 8 mg d'acetate de plomb. 

La surface rbelle d'unc 6lectrocle de platine platin6 n'est pas connue. On sait 
qu'elle est grande par rapport B la surface cle 1161ectrode tle platine poli servant de 
support. I1 est dits lors impossible de calculcr la cluantiti. de chaleur ni.ci.ssaire B la 
convection par centimktre carrC dlClectrode et par secondc. 

Comme pour l'dectrode de platine poli correspondante, dcs courbes intensite- 
potentiel ont kt@ tracdes en utilisant une solution 5 10-W cte clllorurc cuivrique en 
milieu HCI N. 

Le palier du courant limite de diffusion se situc entre + 100 ct -50 mV (par 
rapport B 1'Clectrode au calomel saturPe) (Fig. 12). Au potentiel z6ro pris arbitrairement 
la variation du courant de diffusion en fonction de l'intensiti. du courant de chauffage 
est identique B celle obtenue avec la meme Clectrode polie. 

Dans ces conditions, la formule: ( l / S = ~ o - " I ~ / d : ~  a Cti. appliqu6e B I'Clectrode 
platinCe. Ici d reprgsente le diam&tre cle I'6lcctrode support de platine poli et I 
1'intensitC du courant cle chauffage. Les courbes (I/.? en fonction de l'intensit6 du 
courant d'Clectrolyse ont CtC t racks  B la meme dchelle sur la Fig. 13 pour la m&me 

Fig. 12. RGduction dc C U ~ +  sur platinc poli (--) ; plntinr platind (-). Electrode 0.4 mnl tliani5tre. 
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Clectrode de platine poli et p la t id .  Elles rnontrent que pour une merne solution, 
l'intensitk du courant d'4lectrolyse est plus grande sur platine platind, rnais que la 
cluantitb ()/S necessaire pour assurer une convection convenable est identique. 

Tract: des courbes ilztensiti-fiotegztiel de reiluction de l'eau et de ses ions 
I1 est possible (2) de mettre en Cvidence la rbduction successive des ions 

hydroghne et de l'eau suivant les reactions: 

z H +  + 2 E + H . / l  
c t  

2 Hz0 + 2 2 + Hs/l+ zOH- 

IGg. 13 .  Courbc tlc i=/((?/S) stir 6Icctrotle tlc. platine poli (-); platind ( - - - ) .  

Fig. 14. R6tluction d c  H +  c t  tlc 1 1 2 0  sul- platinc plntinc:. (-.-.), IiC1, I N scul; (-...-), RCl, I A7 + H+; 
-. 5 .  LO-:J .Lr; ( - - - ) ,  IiCI, I N + H+,  4 .  lo-:< N ;  (-). 1iC1, I N + Hf,  5 . 10-3 N. 
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Avec les mCthodes de convection habituellement utilisCes, le track de la 
courbe reprksentant la rkduction des ions de l'eau est en gCnkral difficile par suite de 
l'instabilitk du courant d'Clectrolyse. Avec 1'Clectrode de convection thermique 
1'Cquilibre est atteint rapidement, le courant d'klectrolyse est stable & un potentiel 
donne et la reproductibilitk satisfaisante. Nous avons tracC, par exemple (Fig. 14), 
les courbes intensite-potentiel de solutions de HC1 aux concentrations 2.5. 10-3 N, 
4 . I O - ~  N et 5 . 10-3 N en prCsence de KC1 N. Ces courbes prdsentent un palier du 
courant limite de diffusion dont la hauteur est proportionelle & la concentration des 
ions hydroghe: l'erreur relative est voisine de I .50/, 

Remarque 
Toutes les courbes de la Fig. 14 ont CtC t rades  avec le m2me platinage de 

1'Clectrode. Des courbes identiclues avec la memc electrode replatinde font apparaitre 
de 1Cgkres fluctuations dans la hauteur des paliers cle diffusion. La mkthode de 
platinage n'est certainement pas trks reproductible et la surface de 1'Clectrode doit 
varier d'un platinage B l'autre. 

L'Clectrode est un cylindre de graphite pur pour spectrographie de 2 cm de 
longueur et de 2 mm de diamktre. Ses extrkmitbs sont sertics B l'intkrieur de man- 
chons en laiton isolCs de la solution par une couche d'araldite D. Des fils de cuivre 
soudCs sur les manchons et recouverts de vernis assurent les contacts Clectriclues. La 
rksistance de 1'Clectrode est voisine de 0.076 Q; sa surface 1.26 cm2. Un courant de 
3 A est nCcessaire pour que 1'Clectrode libkre plus de 0.1 cal cm-"ec-1. 

Cette Clectrode a CtC utilisCe pour tracer les courbes intensit&-potentiel de 
rCduction des ions Cu2+ en milieu HC1 N suivant la rCaction : 

Avant chaque essai l'oxygbne dissous est chassb par un barbotage d'azote R. 
Les courbes de la Fig. 15 ont CtC tracCes B partir de solutions de CuCls 10-3, 

2 . I O - ~  et  5 - 10-3 N en milieu HC1 N; le palier du courant limite de diffusion apparait 
entre -300 et IOO mV (par rapport au calomel saturk). I1 est proportionnel aux 
concentrations. 

Les courbes intensite-potentiel de la Fig. 15 ont 6tC tracdes en partant des 
potentiels ClectronCgatifs vers les potentiels Clectropositifs. Au potentiel de dCpart 
de -600 mV, un dCgagement d'hydrogkne est visible sur 1'Clectrode. Les courbes 
t rades  dans le sens opposC sont d6formCes et  leur pente est importante. I1 est probable 
que 1'Clectrode contient de l'oxyghne occlus dont la vague se superpose 8, celle 
des ions cuivriques. Le degagement d'hydrogkne chasse l'oxygkne retenu dans les 
pores de 1'Clectrode et & ce potentiel les derniitres traces d'oxygbne sont rapidement 
rCduites. 

En raison des difficult& technologiques, nous n'avons pas tent6 la fabrication 
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d'une Plectrode de mercure & convection thermique. 
Deux types d'klectrodes amalgamPes ont Ct6 essayCs. 

I. Electrode d'or 
Une dlectrode d'or amalgam6 a C t C  ktudiCe. Elle est fragile, et son 4tat de 

surface se modifie rapidement. Les rdsultats ne sont pas reproductibles et  1'Clectrode 
n'est pratiquement pas utilisable. 

Fig. 1 j. Rdductlon clc Cu* clans TICI, I N, sur un dlcctrodc dc graphitc (A), HC1 seul; (- 
Cu2+ fo-3 ,V; ), ct12 6 ,  2 . 10-3 1\1. (.-.. ), CU2+, j . 10-3 N .  

Fig. 10. I<dduction des ions catlnlium, lo-:' AT, sur dlcctrotle recouverte de mercure. 

J. Electroanal. Chem., 11 (1966) 317-339 
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2. Electrode de $latine recouverte tie mercure 
L'dlectrode est du type d6crit Fig. z .  I,e fil de platine a 0 .3  mm de diamittre et 

2 cm de longueur. 
La seule mPthode qui donne dcs d6p8ts de mercurc aclllbrents ct des rdsultats 

reproductibles est celle dbcrite par ( ~ A R D I N E I I ,  MARPLE ET IIO(;ERSR. 
Mode ofik~atoire. Pendant 5 min une diff6rence de potentiel cle 3 V est imposde 

entre l'klectrode et une capsule de platine servant d'anode. L'klectrolyte est une 
solution de nitrate mercurique. 

Au d6but de l'Clectrolyse, le fil de platine est le siitgc d' un intense dPgagement 
d'hydrogitne qui disparaft aprits recouvrement total de lf6lcctroc1e par le mercure. Le 
mercure en excPs apparait sous fornme de fines gouttelettes clui sont enlevdes par con- 
tact avec un fil de cuivre amalgamd. L'dlectrode est alors rincbe abondamment B 
l'eau. 

Courbe intensitd-$otentiel du cadmium et d?i plomb. La courbe de r6cluction d'une 
solution de sulfate de cadmium i la concentration 10-W clans KC1 0.1 AT est reprC- 
sentke (Fig. 16). L'oxyggne dissous a 6td chassd par barbotagc d'azotc I<. Sur un total 
de huit essais l'erreur maximum sur la hauteur du palier cle cliffusion est de z PA. Le 
potentiel de demi-vague (-0.625 mV) est reproductible i +_5 mV pr6s. Les courbes 
de rdduction du plomb i la concentration 10-4 iV dans une solution de KC1 0.1 AT 
prksentent la m$me reproductibilitk. 

Pour ces deux mktaux la hauteur du palier de diffusion est proportionnelle 5 
la concentration. 

CONCLUSION 

L'klectrode i convection tllermique alimentbe par effet Joule est utilisable 
quelque soit le mathriau conducteur choisi comme Plectrode. 

Les courbes intensitd-potentiel sont rcproductibles. 
A un potentiel imposC, le courant cl'blectrolyse est stable ct 1'6quilibre est 

atteint aprks quelques seconcies. Ccpendant les densit6s de courant cies paliers cle 
diffusion sont IkgPrement plus faibles que sur unc 6lectrocle vibrante. 

On sait que l'intensitd du courant d'rlrlectrolyse au cours tl'une coulomktrie A 
potentiel constant, varie thdoriquement suivant une loi exponentielle i = i , ~ e - ~ f .  La 
quantitk totale d'electricitk mise en jeu est 

en dCsignant par i o  le courant initial. Les paramittres, i o  et k ,  peuvent &tre d6termini.s 
facilement en traqant la droite log i=log i o  -(log e) lit. Toutcfois ce proc6dP qui a 
6th dkcrit par MACNEVIN ET I ~ I I K E R ~  semblc rencontrer cle sbrieuses difficult6s 
lorsqu'il est appliqud au dosage de faibles quantitbs en utilisant les procbd6s classi- 
clues d'6lectrolyse et d'agitation mbcanique. IA'expdrience montre quc la ddcroissance 
exponentielle du courant n'est pas suivie d'une f a p n  suffisammcnt rigoureuse. Aussi 
les techniques actuelles emploient des coulomktres intkgrateurs. De plus l'influence 
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du courant r4sicluel qui peut devenir preponderante en fin de dosage apporte une 
difficult6 supplkmentaire. On est donc amen6 B faire un essai " B  blanc" pour dCter- 
miner la quantit6 d'electricite correspondant au courant rCsiduel pendant la dur6e de 
1'Clectrolyse. Nous avons pens6 clue les propri6ti.s de l'electrode A convection ther- 
mique permettaient d'utiliser les conclusions thCoriques. Le dosage par Clectrolyse ii 
potentiel constant se resume alors au track de la droite log ;=log i o  -(log e) kt 
pendant les premikres minutes de l'opkation, ce qui permet de dkterminer facilement 
par le calcul ley valeurs de i o  et de f z .  De plus l'influence du courant residue1 peut &re 
renduc ndgligcable si les conditions operatoires sont choisies pour que le courant 
initial soit Glevd. 

Electrode 
L'blectrode est un cylindre de platine k 10% de rhodium, de 16.55 mm de 

diamhtre extCrieur et  de 21.5 mm de hauteur. Sa surface apparente est de 11.2 cmz. 
Un fil de platine soud6 sur ce tube, relie l'electrode au circuit extQieur (photo). 

Le chauffage est indirect. I1 est assure par une r6sistance de 2.1 f2 constituhe 
par un fil de 16 cm cle longueur et de 13.5 Q de resistance au mhtre. Ce fil est bobink 
sur un mandrin en Teflon. L'ensenlble est plac6 au centre du cylindre de platine dont 
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le fond est obturC par une plaque de TCflon. Le volume intCrieur est de 3.2 ml. I1 est 
rempli d'un liquide organique comme le xylkne qui assure la transmission de la 
chaleur. L'Clectrode est fermPe par un couvercle de TCflon. Une cheminCe Cgalement 
en TCflon permet le remplissage et la dilatation du liquide. Les fils d'alimentation de 
la rksistance de chauffage traversent le couvercle par deux passages Ctanches. 

Nous avons Ctabli prCcCdemment qu'un apport de 0.1 cal em-"ec-I Ctait 
nCcessaire pour assurer une convection efficace. L'Clectrode utilisCe doit donc libCrer 
environ 1.1 cal sec-1 ce qui entraine un courant de chauffage de 1.5 A. 

CeLluLe dJiLectrolyse 
L'utilisation d'une electrode de convection thermique de grande surface pose 

le problkme de 1'Cvacuation de la chaleur libCrCe. La cellule d'6lectrolyse est donc un 
rCcipient k double paroi. De l'eau provenant d'un bac thermostat6 en assure le 
refroidissemen t. 

Etude de la convection dans La ceLLule 
Nous avons pens6 que des particules mktalliques offrant le moins d'inertie 

possible pourraient matCrialiser les courants de convection. Une suspension de 
poudre d'aluminium dans de l'eau contenant quelques gouttes d'un corps tensio- 
actif a 6tC utilisCe. 

La cellule est CclairCe par un projecteur et un Ccran de velours noir empgche la 
rCflexion de la lumi&re parasite. L'dlectrode est largement recouverte de liquide. 
Apr6s le temps de mise en Cquilibre de la convection (2 min) nous avons constat6 en 
suivant le trajet suivi par les particules mCtalliques: 

(a) Que le volume de la solution situde au-dessous de llClectrode n'Ctait prati- 
quement pas atteint par la convection. 

(b) Que la solution recouvrant 1'Clectrode Ctait le sikge d' un intense mouve- 
ment turbulent. 

(c) Que le volume de la solution placCe entre 1'Clectrode et la paroi de la cellule 
Ctait animCe d'un mouvement laminaire ascendant le long de 1'Clectrode et descendant 
le long de la paroi froide. 

(d) Qu'une distance trop importante entre 1'Clectrode et cette paroi donnait 
naissance k une zone stationnaire comprise entre les deux courants laminaires (Fig. 
17A). Pour Climiner le volume de solution situC au dessous de I'Clectrode qui n'est pas 
atteint par la convection, le fond (en TCflon) de l'blectrode a kt6 Clargi pour faire 
joint avec les parois de la cellule (voir photo). Nous avons constat6 que cette modifi- 
cation n'apportait aucune perturbation & la forme des courants de convection. 

A B 

Fig. 17. Convection dans la cellule de coulom6trie. SchCma des courants de convection 2 l'intirieur 
de la cellule. 
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Dans un autre essai, le niveau de la solution est ajust6 au bord sup6rieur de 
l'klectrode. Dans ces conditions, la convection est uniquement laminaire (Fig. 17B). 

Au cours de ces essais, nous avons constatk que sur l'klectrode comme sur la 
paroi froide, 1'Cpaisseur des courants laminaires de convection est de 0.3 cm environ. 
La distance skparant les deux parois ne devra donc pas dCpasser 0.6 cm. 

La cellule utilisCe est un cylindre en verre B double paroi. Son diamktre 
intkrieur est 2.4 cnl et  sa hauteur 6 cm. Le diam6tre de l'blectrode Ctant de 1.6 cm la 
source chaude est donc sdparCe de la source froide par 0.4 cm. La cellule remplie de 
solution jusqu'au bord supdrieur de l'dlectrode a une capacit6 de 5 ml. 

Sur le c6tC de la cellule et B mi-hauteur de 1'Clectrode une ouverture permet 
d'adapter un compartiment sCpar-6. Ce compartiment est un tube coudC fermC par un 
verre frittd de rksistance voisine de gooo Q. 

Une dlectrode de platine ou de graphite de I cmz joue le r61e d'klectrode 
auxiliaire. Un bouchon en chlorure de polyvinyle ferme la cellule. 

A fiFareillage 
Un potentiostat B rkponse rapide Tacussel type PliT 2000, fixe le potentiel qui 

est mesurC avec precision A l'aide d'un millivoltm6tre Clectronique type S3. L'Clec- 
trode de rCfCrence est une Plectrode au calomel saturCe. Un galvanomhtre SEFRAM 
mesure les intensit& comprises entre 0.1 et 3000 PA. 

I .  Dosage coulorne'trique des ions Cu2+ 
La courbe intensitk-potentiel de rbduction des ions cuivriques C U ~ +  en milieu 

HC1 I N prksente un palier de diffusion entre -50 et -250 mV (Fig. 4). Nous avons 
choisi arbitrairement le potentiel de -100 mV et le potentiostat est rCglC sur cette 
valeur avant le dkbut de l'electrolyse. 

La rkaction de rCduction est la suivante: 

Cu" f 1 I+ 2 C1- * CuC12- 

Mode ope'ratoire. A l'aide d'une burette, on introduit dans la cellule 5 ou 6 ml 
d'une solution titrde de chlorure cuivriclue diluC dans de l'acide chlorhydrique N qui 
sert d'klectrolyte indiffkrent. Les masses de cuivre mises en jeu sont comprises entre 
1.27 et 1.92 mg. La mCme solution est placCe dans le compartiment sCparC. 

Le barbotage d'azote R et le chauffage de 1'Clectrode sont mis en marche. Le 
courant d'azote est arrittd apr6s 10 min. L'expCrience montre que 1'Cquilibre ther- 
mique de l'ensemble est atteint 2 min plus tard. 

Les intensitbs sont relevkes toutes les minutes. Dans ces conditions l'expbi- 
ence montre que les courbes: logarithme de l'intensitk en fonction du temps sont des 
droites (Fig. 18). 

KPsultats. Six mesures effectubes sur une masse de cuivre de 1.92 mg donnent 
une erreur moyenne de - 1% avec une erreur maximum de -1,50/; pour 1.27 mg, 4 
mesures donnent une erreur moyenne de - 1.5'y0 avec une erreur maximum de -2%. 

Ces erreurs sont systkmatiquement par dkfaut. Elles proviennent vraisem- 
blablement de la construction de la cellule expCrimentale. En effet une faible partie 
de la solution (0.05 ml) retenue dans la jonction entre la cellule et le compartiment 
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sCparC, ne participe pas B 1'Clectrolyse. Une jonction par rodage dliminerait certaine- 
ment cette erreur. 

2. Dosage c o u l o m ~ t ~ i q u e  des ions Fez+ 
Une solution titrCe environ 0.1 N de fer ferreux a dtd pr6pari.e par pesCe cle sel 

de Mohr. 
Une solution de HAS04 N sert d'Clectrolyte incliffdrent. La courbe intensitd- 

potentiel d'oxydation du fer ferreux (Fig. 19) prksente un palier de diffusion entre 

Temps( m~n) 

Fig. 18. Coulorndtrlc dc C U ~ + .  Cour1)c (1c log I -- f ( l )  

E ( mV) 

Fig. 19. Oxydatlon d'une solution dc Fez+, 4 . 10-3 N dans H9S04 sur un 6lcctrotlc dc p l a t~nc  poll. 
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+75o et + 1050 mV (par rapport au calomel). Arbitrairement le potentiel a CtC fix6 i 
+goo mV. 

Nous avons constatl. exp6rimentalement que l'introduction directe d'une 
solution tr&s dilude de fer ferreux dans 1'Clectrolyte amenait d'importantes erreurs par 
dl.faut. En effet, l'oxydation de telles solutions par I1oxyg&ne de l'air est rapide et le 
contact prolong6 avec I'dlectrode de platine acc6l&re peut-etre le phCnom&ne. Dans la 
cellule, l'dlectrolyte indiffkrent sera dCbarrass6 de lloxyg&ne dissous et placC en 
r6gime de convection thermique. L'introduction d'une faible quantitC d'une solution 
de fer ferreux environ 0.1 N s'effectuera immkdiatement avant 1'Clectrolyse. Une 
ultra micro burette au 1/1ooo de ml est utilisCe. 

Mode ofihatoire. 6 ml de HnS04 N sont plac6s dans la cellule. Apr&s barbotage 
d'azote et mise en 6quilibre thermique de la solution, 1'6lectrolyte indiffkrent est 
Plectrolys6 A un potentiel de + ~ o o  mV (par rapport au calomel). Le courant rCsiduel 
passe de 30 L 10 ,uA en iluelques minutes puis reste stable. Le volume d6sirC de la 
solution de fer ferreux est inject6 dans la cellule. En 2 min la convection thermique 
rend la solution homog&ne et la coulomktrie s'effectue dans les mCmes conditions que 
pour les ions cuivriques. 

R~;ssuLtats. Pour une masse de fer voisine de 1.5 mg, les erreurs sont du mCme 
ordre de grandeur et clans le meme sens clue pour le dosage des ions cuivriques. 

Les remarclues faites prdcCdemment restent valables. 

3. DNerwzination dzt nombre rJ'i:lectrotzs mis  en  jezb d a m  une riaction ilectroclzimigue 
Le dosage coulomCtrique d'une quantiti. connue d'une substance Clectroactive 

permet de connaltre le nombre d'Clectrons mis en jeu au cours d'une r6action Clectro- 
chimique. 

Nous avons tent6 d'applicluer cette m6thode B la coulomCtrie d'une quantit6 
connue d'acide ascorbiclue. Les variations du potentiel de demi-vague en fonction du 
pH ont dtk dtudi6es par I~OLTHOFI;  ET LAITINENS. 

E(mV) 
Fig. 20. Courlx 1 = f(E) d'oxydation dc l'acitlc ascorb~que, 5.10-3 N, sur dlcctrodc dc platine poli. 
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Le tampon mCtaphosphorique N de pH =3.4 semble convenir. I1 a CtC 
utilis6 comme dlectrolyte indifferent. 

La courbe intensitbpotentiel (Fig. zo) prCsente un palier d'oxydation de 
l'acide ascorbique compris entre +550 et 1100 mV (par rapport A une Clectrode au 
calomel saturC). Arbitrairement le potentiel de coulomCtrie a Ct6 fix6 A Soo mV. 

Une oxydation des impureths de 1'Clectrolyte indiffCrent est necessaire. Au 
potentiel choisi sa durCe est d'environ I h. Le courant rdsiduel se stabilise B 2.5 p A  
par centimktre ca rd  dlClectrode. La solution traitde peut alors Ctre conservke sans 
modification pendant plusieurs jours. 

Les solutions aqueuses d'acide ascorbique s'oxydent tr&s rapidement 2 l'air. 
Toutes les manipulations s'effectueront sous courant d'azote. 

Mode o j i~a to i re .  Par pesde, environ 12 mg d'acide ascorbique sont introduits 
dans une fiole jaugCe de Z j  ml. 

La fiole est remplie de tampon mPtaphosphorique N prealablement ClectrolysC 
et dCbarrassC d'oxygkne par barbotage d'azote. Aprh  dissolution et homogCnCisation, 
6 ml de solution sont immkdiatement prClevCs et placCs dans la cellule sous balayage 
d'azote. La coulomCtrie est effectuCe i + 800 mV. 

Re'sultats. Soit X le nombre de coulombs par electron mis en jeu dans la 
rdaction d'oxydation. 

ou F reprCsente le faraday, M la masse molCculaire de l'acide ascorbique et P 
la prise d'essai exprimCes en g. 

Si Y est le nombre de coulombs d6terminC par coulomCtrie, le nombre 
d'klectrons n mis en jeu est n = Y/X. 

Ces rCsultats montrent que n est Cgal i z. 
Remarque. A l'erreur par ddfaut signalCe prCcCdemment, vient s'ajouter une 

faible oxydation de la solution d'acide ascorbique au cours des manipulations malgrC 
les prkcautions opkatoires observCes. 

Dans cette nouvelle technique de l'Clectrolyse, la convection mkcanique 
gCnCralement utilisCe dans les mCthodes Clectrochimiques d'analyse est remplacCe 
par une convection thermique obtenue en creant un gradient de temperature entre 
une Clectrode fixe et une solution initialement immobile. Le chauffage cle 1'Clectrode 
par effet Joule est le moyen pratique le plus simple de rCaliser cette convection. 
L'expCrience montre que ce mode de convection permet une excellente reproducti- 
bilitC des resultats et  conf&re au courant d'4lectrolyse 2 potentiel impost! une grande 
stabilitC dans le temps. Les applications de cette technique dCcrites dans ce mCmoire 
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sont principalement le trac6 des courbes intensitk-potentiel de divers systhmes oxydo- 
rkducteurs et la description d'une coulom6trie ?I potentiel constant par le simple 
track de la droite log i = f (t) . 

In this new electrolysis technique, the mechanical stirring generally used in 
electrochemical methods of analysis is replaced by thermal stirring obtained by 
creating a temperature gradient between a stationary electrode and an initially 
immobile solution. The heating of the electrode by the Joule Effect is the simplest 
means of realising this. Experience has shown that this method of stirring gives 
excellent reproducibility of results and confers great stability on the electrolysis cur- 
rent of the imposed potential. The applications of this technique that spring to mind 
are mainly, the following of intensity-potential curves of various oxidation-reduction 
systems and the graphical representation of coulometry a t  constant potential by the 
simple plot of log i = f(t) . 
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INTRODUCTION 

Riamperometric titrations of organo-lead and -tin compounds with electro- 
lytically-generated halogens have been described in previous papersl-3. 

In the present work, the indication current due to the 1 3 - 1 1  redox system was 
recorded continuously in order to obtain plots indicating the course of the reaction 
between 13- species and tetraorganolead coml)ounds. Tllc mcthotl is thc same as oncl 
already described, i.e., an application of the conventional dropl)ing-mercury elec- 
trode4. This technique is limited to conducting solutions, but in some cases, when 
moderately rapid reactions occur5-7, it is a useful alternative to spectrophotometric 
methods. 

Iodination of tetraalkyllead compounds takes place in polar solvents in which 
the equilibrium &-+I2 + I- exists. Hence, the rcaction : 

may be followed by observing the decrease in current gcncrated by the 13-11 system. 
This paper refers to rate data on the iodination of tc:trarnethvl-, tetraethyl- 

and tetrapropyl-lead in methanol, ethanol, 92-propanol and acetonitrile, and is a pre- 
liminary contribution to the investigation of electrol)hilic substitution at  the satu- 
rated carbon centre of organolead substrates. Such data will also indicate whetller two 
compounds of this kind, when present together, can be titratctl separately. The exam- 
ination of the following mixtures has already heen describcd19"~7: Ettil'bs-Et4Pb, 
Me~Snz-MeSn and Ph6Snz-Ph3SnSnMes. 

Because of the extremely high reactivity of one component relative to the 
other, the technique of biamperometric titration coulcl bc cmploycd in these cases. 

EXPERIMENTAL 

Reagents 
Absolute methanol, ethanol and n-propanol were treated with magnesium 

activated with iodine under reflux and then fractionally distilledn. Acetonitrile was 
dried over phosphorous pentoxideg and re-distilled. Anhydrous sodium perchlorate 
was dried in a vacuum oven at go0 and stored over anhydrous magnesium perchlorate. 
Anhydrous sodium iodide (Merck reagent) was used without further purification. 
Tetramethyllead and tetraethyllead were kindly supplied by S.L.O.I. (Bologna, 
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Italy). Tliey were purified by distillation in nitrogenlo. (CH&Pb, b.p. 110-112' at  
760 mm; (CzH5)4Pb, b.p. 78-75)' a t  12 mm. Tetrapropyllead was prepared by the 
Gruttner and Kraus metl~odfl (b.p. 124-127" at  13 mm). 

Solutions of organolead compounds of approximately 10-~-1o-~ M were pre- 
pared and standardized by the procedure previously described3. 

E-'rocedure 
The cell, and the arrangement of the indicator and generator electrodes used 

in this work, are shown in Fig. I. The anodic compartment A, surrounded by the 
jacket I, is maintained a t  a constant temperature by circulating water. The generator 
and indicator circuits have been described in previous papersl.? The anodic and 
cathodic (C) compartments are separated by a sintered-glass disc. For a typical 
kinetic run, compartment A was filled with a measured volume of sodium iodide- 
sodium perchlorate solution of known concentration. Sodium perchlorate solution was 
present in the cathodic compartment, C. 

TO GENERATOR SYSTEM 
7-- m 

Lbl 
Fig. I. Cell for kinctic measurcmcnts using a pair of indicator clcctrodcs. 

The anodic solution was then degassed with dry nitrogen. After the tempera- 
ture had reached the desired value and the amperometric recording system was switch- 
ed on, iodine generation was started a t  an appropriate constant current (5-10 mA) 
for a known time (40-150 sec). In order to obtain a linear dependence of the indicator 
current with the 12-  concentration, i t  was important to use uniform stirring, a t  a 
speed which could be adjusted by means of a stroboscopic disc illuminated by a neon 
bulb ; a stirred speed of I ,000 rev./min, was maintained. A known volume of standard- 
ized tetralkyllead solution was injected into the anode compartment through K. 
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One of the several kinetic plots (indicator current 21s. time), obtained by means of a 
galvanometer (sensitivity 1.45 . 10-9 A/mm min) and a recording device consisting of 
a cylinder carrying a roll of photographic paper, is given in Fig. 2. At every twentieth 
revolution of the cylinder, the lighting of a lamp was recorded as a thin line on the 
photographic roll. The interval between two vertical lines was therefore a measure of 
the cylinder speed. Since only three different cylinder speeds were used, kinetic plots 
could be obtained in which the interval between two vertical lines was 42, S3 or 
165 sec. 

TIME 

Fig. 2. Exan~ple of a kinctic plot: reaction, Mc4Pb+12, in ethanol: 0,037 A l  Nal :  0.163 M NaC104 
at 25' (cf. Tablc I ) .  

Points I ,  2, 3, 4, and 5 in Fig. 2 represent the various experimental steps; 
I represents the galvanometer zero position, before iodine generation; 1-2 represents 
the increase in the indicator current (11.10 PA) caused by the electrolytically- 
generated iodine (generator current 8.70 mA; generation time 135 sec). At point 3, 
the organolead sample was injected. In this case, 2 ml of a 1.5 . 10-W tetramethyl- 
lead solution was mixed with 68 ml of a 3.82 . 10-W NaI solution brought to an 
ionic strength of 0.2  M by means of NaC104. The indicator current, on mixing, falls 
slightly due to dilution; this is represented by the interval 3-4. Although point 4 can 
be considered as the effective beginning of the kinetic plot, for precision purposes, 
point 5 was taken as zero time. The data were treated as described below. 

Calculation of rate constants 
The reactions were run under second-order conditions with reactant solution 

concentrations of approximately 10-4 M and a RdPb/Iz ratio of I to 15. The data 
were treated according to the following integrated second-order rate equation: 

2.303 b ( a - x )  
kobs = - log--. 

t(a-h) a (b-x) 
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The experimental rate equation was assumed to be 

where a and b are [RdPb] and [Is-), respectively at  zero time (Fig. 2 ,  point 5 ) ,  and (b-x) 
is the concentration of 13- a t  time t .  Since the equilibrium constants for the reaction, 

in the solvents examined are about IO-~-IO-R, and the minimum concentration of 
iodide was 3 . l o - W M ,  it can be assumed that all the iodine generated is present as Is-. 

The calculated values of kobs (1 mole-1 sec-1) were in good agreement within 
1.5% Reproducibility was approximately z?,. Table I lists the data obtained for one 
run, the kinetic plot of which is given in Fig. z ,  as an example. 

REACTION, (CHn)rPb -t. 12,  I N  ETHANOL : 0.037 M NaI :  0.163 M NaC104 AT 2s0 
a = [McaPb] = 4.28 . lo-.'; b = [I:,-] = 8.G9. 10-5 

-- - -- - - 

Time 2- ( b - x )  . r o V x .  105 ( a - x )  . 10s kobs 

fsec) t (a -b)  

83 81.265 6.3G6 0.694 40.510 3.05 
249 27.088 5.159 1.901 39.3O3 3.I3 
415 76.253 4.224 2.835 38.308 3.12 
581 11.609 3.500 3.500 37.643 i . 08  
747 9.029 2.896 4.104 37.040 3.08 
996 6.772 2 . ~ 7 2  4.888 30.316 3.09 

Avcragc value 3.09 & 0.04 

RESULTS AND DISCUSSION 

Tlze fzature of iodine solutions 
The choice of solvent for the reaction 

is important3925.26. In the present work, the nature of the solvents used is such that 
iodine is complexed with them : 

whereS stands for the solvent. On the other hand, under these experimental conditions, 
equilibrium (3) is also established. Therefore, some experimental work on systems (3) 
and (5)) for which data were not available in literature, has been carriedout. Numerical 
values of the equilibrium constants 

and 

are given in Tables z and 3, respectively. Table 2 lists previously published values for 

J .  Electroanal. Chevn., 11 (1966) 340-349 



344 L. RICCORONI, G. PILLONI,  G. PLAZZOGSi\, G.  TAGLIAVINI 

alcoholsl2~1" together with the value determined for acetonitrile. Absorption maxima 
of iodine solutions are also reported. 

Samples of Iz solutions in mixtures of CCll and acctonitrile were prepared and 
their absorbance band heights measured at  wave-lengths of 517 nip and 456 mp. These 
two wave-lengths correspond to  uncombined and combincd iodine, respectively. 
Table 3 shows the Ii-values obtained in ethanol and 71-propanol bv Job's method of 
continuous variation14,15. For these systems, u.v. spectra .show two isosbestic points, 
a t  232 mp and 268 mp. They corresponcl to  the conjugate rcdox pairs, 13-11- and 
Is-/Iz, respectively. Data for metlianolbnd acetonitrile1"erc available. 

BQUILIBRIUM CONSTANTS KAY (MOLE FRACTION UNITS) FOR THIS I<EACTION, Tz + .SF, Ips I N  ('('14 

A T  25" 

Methanol 4.65 44O 1 2  

Ethanol 4.00 443 1 2  

Propanol ( ~ 2 5  440 1.3 

Acctonitrilc 5.5r 45" Chis worlc 
Solvent carbon 

tctrachloritle - 517 this work 

EQUILIBRIUM CONSTANTS FOR THE S 0 I ) I U M  IODIDE COMI'LIISI1S \YITI I  I O D I N E  I N  ETHANOL A N D  

91-PROPANOL (13-%, 11- -t 12) 

C = [ Iz]  -1- [I-] ; t = 25"; A = 360 mp  
- - - 

Solue9zt C . 104 Ii . 10" lirf. 
pp- - ~- 

Ethanol I .o 2.95 this worlc 
2.0 3.04 
2.5 q.0b 

10.0 2.98 
Averagc valuc j.or $, 0.05 

$2-I'ropanol 2.0 4 . 0 1  
5.0 4.00 

10.0 4.09 
15.0 3.98 
Alvcragc valuc 4.02 5 0.04 

Acctonitrile - 0.004 16 
- 

The diagrams in Figs. 3 and 4 sllow the behaviour of absorbance, A A  vs. 
X=[I2/(Iz+NaI)] for ethanol and propanol, respectively, at  four different concen- 
trations and at  constant 1 = 300 mp. 

In these diagrams, A A  is the difference between the experimentally-determined 
optical density (Aobs) and the optical density (A,) which the solution would theoretic- 
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ally have had if there has been no reaction on mixing the components. Because the 
optical density of alcollolic iodine solutions varies considerably with timel7, the 
A,-values were extrapolated to zero time from a series of values obtained a t  known 
time intervals. 

Fig. 3. Jo1)'s plot for c*tlianol solns. of N;tl -1 13 at 25' a t  different concns. (1 = 360 mp; e r ,  = 

z5,ooo). 0 ,  I . lo-.' M ;  rl, r . 10 ' A I ;  A ,  2.5 . 1 0 - , I  M ; o ,  l o  . 10-1 M. Ccll witlth for 0 ,  n,a, 
10 mm;  fore, I 111111. 

1:ig. 4. Job's plot for 17-propanol solns. of N ~ L I  + 12 a t  25" at tlilfcrent concns. (A = 360 mp, 
c13- = z=~,ooo). 0 ,  L . 1 0 - 4  z l l ;  I ,  5 . 1 0 - 1  A T ;  A ,  l o  . 1 0 - I  M;O, 15 . I O - ~  M .  (:ell width for 
0 ,  10 nlrn; for LI, @,0. I mm. 

Tlle K-values given in 'Sable 3 were calculated from the difference between 
theoretical and experimental absorbance maxima using known proceduresls. The 
smaller value of I< for acetonitrile, in conlparison with the values for the other 
solvents, must be attributed to the much weaker solvation of the I- ions in the former 
solvent than in the three alcoliolsl~~". Furthermore, 13- ions in acetonitrile are known 
to be particularly stablel"2l. 

Iiifzctic data 
According to NASIELSKI et al. Vln-ee equations should be considered: 

v = kl[Ii41'b] [Is] [IF] (8) 

Ry taking into account relations ( 2 )  and (7), and assuming that the rates of the 
forward and reverse reactio~isconcerning the 18-complexarc faster tlran the iodination 
rates of the organolead compounds, the following relation, 

koas = k1 I< + k.~Ir'l[IPj + 123 (11) 

can be derived from eqns. (8),  (9) and (10). 
lielation (11) implies that hobs must be linearly related to I/[I-1. Table 4 shows 

the hob,-values for tetramethyllead, obtained by varying the iodide concentration in 
the solvents used. The total salt concentration was kept constant by adding appropri- 
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TABLE 4 

EFFECT OF VARYING 1- CONCENTRATION 

Reaction, MeaPb + Iz, at  25' 

Acetonitrile Methanol Ethanol 
p = 0.194 p = 0.194 p = O.Ic)z# 

[I-I koaa [ I - ]  hob8 [ I - ]  kobs 

ate amounts of sodium perchlorate. Since all the plots of kobs V S .  1/[1-] are straight 
lines through the origin (Fig. 5 ) ,  it may be concluded that only kinetic pathway (9) 
is open. Therefore eqn. (11) becomes : 

kobs = kzK/[I-] 
and 

kz = kobs[I-]/K 

This result agrees perfectly with the findings on the iodination of organotin 
compounds. 

Table 5  lists the results, at zsO, obtained for all compounds examined; kz 

Fig. 5.  Effcct of iodide concn. on kobs, for tctramcthyllcatl in various solvcnts: o ,  in methanol 
(koDs on the left) ; A ,  ethanol; n, n-propanol; 0, acetonitrile (kObs-Val~eS on the right). 

, I .  Electvoanal. Chem., I I (1966) 340-349 



values (I mole-l sec-1) are also reported. In addition, the salt effect has been examined 
for tetramethyllead in the solvents used. kObs-values relative to the various ionic 
strengths are given in Table 6;  a positive salt effect is indicated. 

IODINATION O F  TETKAALICYLLEAD COMPOUNDS AT 25O I N  SOLVENT: 0.057 NaI 
-- . 

Conqpoqsnd .4c~tonltrllc Metlza7zol Ethanol n-Pvopanol 
- 

Robs k 2  . 1 0 - 5  lbbs k2 . 1 0 - ~  kobg k 2  . I O - ~  koDS k2 . 1 0 - ~  
-- . .- 

IONIC STRENGTH EFFECT 

l i e a c t i o n  MedPb 4- I:, in solvent: N a I :  NnClOs 
- .- - - - - 

Ionic stveilgth M ~ t h a n o l  Etha,?zol Acetonitrile 
[ I - ]  = 0.114 [ I - ]  = 0.057 [ I - ]  = 0.029 
..- 

koaa ks . T O - "  koaa kz . IO-U~~~ kz . I O - ~  
-~ 

CONCLUSION 

From the experimental data, it is evident that the rates of iodination in each 
solvent of the organolead compounds examined are quite close. I t  is clear, therefore, 
that analyses of compounds of this kind in the presence of one another cannot be 
achieved by means of biamperometric titration under the experimental conditions 
used in previous p a p e r ~ l . " ~ ~ .  Nevertheless, on the basis of the rate constants (kobs) 
determined, the system might be analysed by the differential rate method31. 

From the kinetic point of view, it may be concluded from the results that an 
S ~ z t y p e  electrophilic substitution takes place a t  the saturated carbon centre 

This is closely analogous to the conclusions reached by GIELEN AND NASIELSKI on the 
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cleavage by electrophilic reagents of Sn-C bonds in tetraorganotin compounds"". \Ve 
reject the idea of the four-centre or cyclic transition statc : 

in view of the insignificant contribution of I -  a n d  I:3species, for \lillic11110 evidence of 
nucleophilic assistance has been found. On the other hand, the discovery of a positive 
salt effect agrees with a polar transition state such as Srr' as opposecl to the StrVour- 
center intermediate. The values of relative reactivitics of li4I'b compounds (Table 7), 
cannot be explained by taking into account only the solvntion state of iodine in these 
solvents and assuminglzv"3~~4 a different polarization I f -  I-. 

RELATIVE RICACTIVITIES 

Me4I'b 1.50 
1St4l'b 1.30 
n-I ' rpb z o o  

The greater reactivity in acetonitrile mav hc tluc, to greater solvation, and 
therefore increased stability, of the polar transition-state complex. In thisconnection 
it should be noted that exceptional solvation of 11eavy metal ions by acetonitrile has 
already been verifiedflp". In addition, a dipolar aprotic solvent such as acetonitrile, 
stabilizes large polarizable anions such as 13-, which can he rcgarcled as the transition 
state for displacement by I- of I+ at a univalent iodine atorn"vm. Taking this into 
consideration, the following sequence o f  reactivitv in all solvents: 

could be accounted for by assuming a balance of polar mid steric effects ot the R- 
groups attached to the lead atom, while the decrease in the reactivity of eacllsubstrate 
in acetonitiile, methanol, ethanol and 12-propanol, in that order, could be dependent 
on the different degrees of solvation of the transition-state complex. 

Further work on the electrophilic substitution on the carbon ccntre using 
tetraorganolead compounds, is obviously needed, and additional kinetic nieasurenients 
are in preparation in this Institute. 

The authors thank Dr. COSTANZO BERNAI<~)IN who participated in the early 
stage of the work. This investigation wa5 supported by Consiglio Nazionale clelle 
Iiicerche (Roma, Italia). 
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RATE STUDIES ON THE IODINATION O F  RsPb 

SUMMARY 

The analytical technique of biamperometric titration, has been utilized to 
obtain kinetic data in different polar solvents on the reaction, 

R4Pb + I2 = I l sPb+I -+  IZI , 

where 12 is CHa, CzHa or fz-CaH7 . 
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I .  INTRODUCTION 

The distinctive feature of electrochemical energy conversion is the direct 
conversion of the chemical energy of a reaction into electrical energy without going 
through the intermediary of heat, and thus avoiding the Carnot limitation. Since it 
should be possible, theoretically, to obtain electrical energy to the extent of the free 
energy change of the chemical reaction, the overall thermal efficiencies expected are 
nearly 100% (since AGO==AHO for most chemical reactions as seen from Table I). The 

TABLE I 
S T A N D A R D  F R E E  E N E R G Y  AND B N T H A L P Y  C H A N G E S ,  A N D  THEORETICAL T H E R M A L  E P F I C I E N C l h S  

F O R  S O M E  FUEL-CELL RI%ACTIONS 
- - -- -- - - -- - 

Rea~tzon  -/IG" -.lH') 7'he1 nzal r f j .  EO 
- -- -- - - 

oxidation of carbon to carbon monoxide is an interesting reaction since the theoretical 
thermal efficiency exceeds ~ooO/:,, which is, as expected when there is an increase in 
the number of molecules in the gas phase during the reaction, causing a positive 
entropy change for the reaction. However, the observed efficiencies of most electro- 
chemical energy converters are considerably lower than expected due to a slowness of 
one or more of the intermediate steps of the overall reaction. 

The kinetic processes that occur in an electrochemical energy converter are : 

(i) Dissolution of reactants in the electrolyte. 
(ii) Diffusion of dissolved reactant to the electrode. 
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(iii) Adsorption of reactant on electrode from solution. 

(iv) Charge transfer from reactant in solution, or in the adsorbed state, to the 
electrode. 

(v) Diffusion of products away from the electrode. 
(vi) Transfer of conducting ions through the electrolyte. 

(vii) Transfer of electrons from one electrode to the other through the 
external load. 

The importance of a knowledge of electrode kinetics is apparent in the analysis 
of the rates of the above steps. Hitherto, electrode kinetics has been applied-if 
somewhat sporadically-to electrochemical reactors but never in a form particularly 
calculated for them. Here, we try to present some aspects of electrochemical con- 
version particularly relevant to  converters. 

2 .  THEORETICAL EXI'RESSIONS FOR THE TERMINAL CELL POTENTIAL, ENERGY CON- 

VEKSION EFFICIENCY ANY I'OWEH OF ELECTROCHEMICAL REACTORS 

(i) Gelzeral 
Experimental (and largely engineering) work in electrochemical reactors has 

now been in progress for about seven years and several collections of papers in this 
field have been published. I t  is remarkable that, hitherto, no theoretical formulation 
has been made of the energy conversion efficiency or power of an electrochemical 
converter in terms of the parameters that determine it. Reference has frequently 
been made, in a qualitative fashion, to the overpotentials which compose the "in- 
ternal resistance" of the electrochemical cell. However, either: 

(a) These contributions to the ultimate electrical potential available are often 
given simply in terms of the parameters for (a) driven, and (p) single electrodes; and 
when one takes into account the fact that the basic electrochemical generator must  
have two electrodes, and work spontaneously, certain fundamental differences arise 
which have not before been manifest. The distinctions have great importance for the 
future of electrochemical engineering-they give the connecting link between 
engineering (as well as design considerations) and the "atomic-molecular" factors 
which control the rate-determining steps of energy conversion and power, i.e., those 
a t  the interfaces. 

(b) Alternatively, the formulations made to date have been concerned too 
much with purely electrical considerations of circuitry. 

An attempt is made here to formulate the basic equations that govern the 
functioning of electrochemical converters, with the simplification that reactions 
occur a t  planar surfaces, to avoid the mathematical complexities of the porous 
surfaces. 

(ii) Fundamental diffeereences between driven cells and s$onta.neously-acting ones 
In the history of the recent interest in electrochemical energy conversion, 

attention was paid, perhaps too strongly, to the differences between driven and 
spontaneously-acting electrochemical devices; very little connection was made 
between the functioning of fuel cells and the electrode kinetic behavior observed a t  
individual electrodes under conditions in which the current across the electrode- 
solution interface was controlled by some other power source. During the last three to 
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four years, the connections of electrocl~emical energy conversion processes to electrode 
kinetics a t  individual interfaces became clear, and now there is perhaps even too much 
identification of the driven with the spontaneously-acting surfaces. 

Although there is a large degree of truth in the view that in electrochemical 
reactors there simply functions the electrode reactions, made familiar in the last few 
years, "the other way round", yet the differences should be formulated. At the same 
time, the rechargeable battery will be taken into account. I t  is noteworthy that the 
old terminology is probably worth changing as follows : 

Fuel cell = Electrochemical electricity producer 
Driven cell = Electrochemical substance producer 
Secondary battery = Electrochemical electricity storer 
The usual grouping with primary and secondwv batteries together seems 

inappropriate: primary cells are simply "fuel cells" in which the fuel is the substance 
of which the electrodes are made. I t  is the secondary cell that has a unique character 
different from the other devices grouped together here. I t  stores electricity, i.e., it 
accepts it and re-delivers it, the only way, of which we have knowledge at  present, of 
carrying out such storage. 

TABLE 2 
HASIC SIMILARITIES A N D  DISSIMILARITIES A M O N G  T H E  THREI'. IIL&CTKOCHE%1ICAL DEVICES 

Cathode is negative, 
anode is positive. 

Cathotlc is positivc, 
anodc is ncgativc. 

Cathotlc is posit~vc, 
anotle is ncgativc. 

Iccactlon forced by I<cactlon spontaneous. I<cact~on spontaneous. 
external power source. tlunng tl~schargc. 

The driving cell is 
tacit, inexplicit. No 
load. Thc thcrmody- 
nan~ ic  potcntial is 
not important. 

Acccpts clcctricity 
and produces sub- 
stance. 

The load is tacit, inex- The loat1 is tacit, inex- 
plicit. The thcrmodynamic plicit. Thc thcrmodynamic 
potential is the ccntrd potcntial is the central 
point. point. 

Accepts substances and Accepts electricity during 
protluccs electricity. charging, gives out 

electricity during dis- 
charging. 

In  principle, can I n  principle, can oper- Intrinsically limited 
operate ad i n f i n i t um .  ate  ad in f in i turn .  to store certain amount 

of energy. 

Can bc regarded in 
terms of single 
electrodes. 

Cannot be rcgardetl in Cannot be regardctl in 
terms of single elcc- terms of single clcc- 
trodes. trotlcs. 

The current tha t  is Thc potential drop a t  thc The potential drop a t  thc 
forced through creates elcctrodc-solution inter- clcctrodc-solution inter- 
the polarization; face is inodified by thc facc is modifietl by the 
current determinetl passage of current as a passage of current as  a 
outsidc the  cell. kind of feed-back. Cur- Irintl oI fccd-back. 
This causes certain rent determinetl (partly) 
polarization. insidc cell. Sti~nulatctl 

by B,- X7/. 
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The similarities and difference.; of the three type? of electrochemical devices 
are shown in Table 2 .  

(iii) T h e  basic relatiorz Det7ejeen cztrr~lzt alarl ternzi~zal cell boterztial, or extervzal load i ~ z  a n  
electroclzc~nical reactor 

As is seen from Table z ,  the current across a driven cell is the result of the 
overpotentials forcecl upon electrodes by outside cells. The independent variable is the 
overpotential. In the reactor, the independent variable is the external load. Thus, the 
current , I ,  is given by 

where e is the ?let electrode potential of either cathotle or anode (as indicated by the 
iuffices c or a )  and is related to the thermodynamicallv reverqiblc electrode potential 
(e,) of the reaction bv the equation : 

where 77 is the numerical value of the overpotential developed at  a given electrode in 
the generator when current passes across the electrode concerned a t  a current 
density, i. The positive sign applies to the anode and the negative sign to the cathode. 
R, is the resistance of the external load (the external load may be a variable resistor) 
and Ri is the internal ohmic resistance of the cell. 

Hence, utilizing well-known expressions which relate overpotential to current 
density, one Ilns : 

where E, i.; the tllermotlvnamic rc~vcrsible potential of the cell and is given by 

i,, i,, and n,  with the appropriate suffices, are the exchange current density, limiting 
current clensitv a n d  the transfcr coefficient of the cathodic or anodic reaction; n is 
the number of electrons transferred from the cathode to the anode during one act of 
the overall reaction in the cell, and A a  and A,  are the active areas of the anode and 
cathode, respectively. 

The quantity I / < ,  is, of course, the potential that  the reactor has available for 
delivering energy to an outside source. I t  can be called the "Terminal cell potential," 
(E) and,  physically, it is the total thermodynamic potential, the maximum of which 
the cell (for the given ratio of constituents) is capable, diminished by the internal 
potential losses, i.e., the overpotentials and the internal ohmic potential, causecl by 
the passage of current bet\vccn the electrodes in the cell. 

Thus, ecln. (3) allo\vs us-if we know the fundamental electrochemical 
parameters (i,,,,  i,,,, ZI,,,, i,,,, and E,) on which the workings of the cell depend-to 
calculate the terminal cell potential corresponding to a given current. This calculation 
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KINETIC  P A R A M E T E R S  USED I N  THEORETICAL ANALYSIS O F  P E R F O R M A N C E  OF ELECTROCHEMICAL 

REACTOR 
-- - --- ~ - -- - - 

Calcrz. i ,  I i 4 I .  H i  
So. 

- .  
('4) (.4) (d4) fQ) 

- -- - 
('4) 

- -  - - .  

has been carried out varying the various parameters, as indicated in Table 3. Figure 
1.1 shows the effect of variation of Ai, keeping Air, and Ri constant for two extreme 
values of Ri. I t  is seen that, initially, there is a marked decrease in E and, thereafter, 
the E-I relation is nearly linear until the limiting current, if the product Ai, is fairly 
high. If Ai, is low even for one of the electrode reactions, E decreases significantly 
with I over the wllole range. In Fig. I .z, the effect of variation of Air, while Ai, and 
Iii are constants, is shown. The range of current is reduced by a decade for a reduction 
of i ~ .  by a factor of 10. Otherwise, the shape of the E-I curve is essentially a constant. 
Figure 1.3 shows the marked effect the internal resistance of the cell has on the 
linear E-Z region while maintaining Ai, and Air, as constant. This figure shows the 
great importance of reducing the internal resistance of the cell. However, as seen 
from Fig. 1.1, the linear region is practically parallel to the Z-axis when R ~ = o . o I  Q 
cm and it can be raised considerably only by increasing the exchange current densities 
significantly. 

(iv) The differential resistance of an electrochemical reactor 
The expression for dE/dI  is: 

dE 
- 

R7' KT 
- - - -- - -- - -. IZT - Ii T 
d l  

- Iii 
RC FI n n F I  ( A i -  I) nV(Aair,,a-Z) (5) 

dE/dZ may be called "the differential resistance of the reactor". I t  is plotted as a 
function of current density in Figs. 2.1-2.3. 

The effect of concentration overpotential on the slope dE/dZ is seen only 
close to the limiting current. The importance of the activation overpotential on the 
slope is quite high in the low current density region. Assuming that &,=a,= 112, and 
that I< Air,, the effect of activation overpotential on dE/dI  is less than 10% of 

I:lg. I. Terminal cell potential-current plots (see Talde 3 for assun~cd  kinctic parameters). 
1.1. Effect of :\I, on 1;-I curves ; ~ t c o n s t a n t  values of . 4 i ~ a n d  RI.  (-), Ri = I Q; (---), Rg = 0.01 0. 

I . z .  Trffect of -4 i,, on E-I curvcs a t  constant values of Ai, anrl I c i .  

1.3 Effect of HI on I<-I curves a t  constant values of Az, and . 4 i ~  
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Rt when IFRtIRT > 10. If Xi is unity, this value of I is 0.25 A. This would account 
for the near constancy of dE/dI  observed in a number of the present cases as well as 
observed experimentally. 

(v) Efficiency of e~zergy conversion 
The overall efficiency (FO) of a fuel cell is defined by the equation 

where E ~ ,  F,  and cf are the thermal, voltage and Faradaic efficiencies, respectively. 
~f is the efficiency on a basis of degree of complete conversion of fuel to a certain 
final reaction product, for example, decane to CO2. Correspondingly, F, and st  are 
given by 

E 
E, = - 

Er (7) 

and 

AGO 
- n FE, & - - -  -- 

AH0 AH0 

In the case of most reactions of interest to fuel cells i t  has been established that cf 
is practically unity and does not vary with current density. Assuming ~f is unity, and 
using eqns. (7) and (8) in eqn. (6) 

From eqns. (3) and (9) together with 

E = II<, 

i t  follows that 

I t  follows from eqn. (11) that E O  and E vary in the same way with I. 
Plots are given in Figs. 3.1-3.3 of the efficiency as a function of I for various 

parameters. The efficiency is a maximum when I = o  and decreases monotonously 
with increasing I .  

(vi) Power in alz electrochemical reactor 
The power (P) of an electrochemical reactor is given by 

p~ - - - - - . - - - 

Fig. 2. Differential resistance-current plots. Division into sub-group 2.1-2.3 as in Fig. I. 
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The units of P are watts if I is in amps and V in volts. Qualitatively, one can examine 
the nature of the P-I relation. When I is low, E is high and, conversely, when I is 
high E is low. Thus, the P-I curve sl~oulcl pass through a maximum (Fig. 4.1-4.3). 
Further, this curve should pass through the origin since when I = o ,  P = o .  If one 
comparcs the P-I and EO-I curves, it will be seen that the efficiency is a maximum 
when P = o  and the F-I curve steadily decreases with increasing I, whereas the P-I 
curve first increases, passes through a maximum and then decreases to a power of 
zero when E reaches o. 

Thus, from eclns. (3) and ( r e ) ,  it follows that : 

The power is plotted as a function of I in Figs. 4.1-4.3 for various parameters. 
Further, a t  any particular value of I, the power is significantly increased with 
increase of Aio .  P is also increased by decrease of Ri. In most of the cases calculated, 
except w/zen the internal resistance i s  higlz or wlzen Aio, even for one of tlze electrodes, i s  
low, the maximum powcr is clost to the limiting current. 

A general analytical expression for the potential a t  which the power is a 
maximum is difficult to obtain. Here, some limiting cases are given. 

(a) Conditions under which E-I relation i s  linear. Under the condition when the 
electrode reactions are fast, the sum of the activation overpotentials (7,) a t  both 
electrodes varies linearly with the current according to the equation 

Further, if I <  A,8i~,, , ,  and I 4  A,il,,,, the total concentration overpotential ( v c )  is 
given by 

, . 
1 hus, all forms of polarization vary linearly with the current and the terminal cell 
potential is given by 

where 
R T  I I I I I I 

l i t = -  - --+- + -  --+- 
1~1' [ A ,  ( i n , ,  i r . r )  A i n  )] + Ri 

Rt is the effective resistance of the cell. For this case, the power is given by 

P =  I (Er -R t I )  
-- - - 

(18) 

Fig. 3. T'fficiency-current plots. Division into sub-group as in preceding figures. 
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from eqns. (12)  and (16).  The condition for maximum power is 

From eqn. ( ~ g ) ,  it is seen that the power is a maximum when the external load 
is equal to X t .  As seen from eclns. (16)  and (zo) ,  in order that P, may be as high as 
possible, it is necessary for the exchange current densities and the limiting current 
densities of the relevant reactions to be as high as possible and to have low internal 
resistances of the cell. 

LJsing eqns (10) and (16) in eqn. ( 1 2 ) ,  the power may also be expressed in terms 
of Ki and R, by the relation 

(b) Condition unrler which curre~zt-botential relation at each electrode i s  Tafellian. 
The mass transfer and ohmic polarizations are assumed to be negligible. The power- 
current density rclation is given by 

P = Z[Er - (a1 +as) - (bl + bz) log I ]  (24)  

from eqns. (3)  (with Ri=o and q,, as expressed by eqn. ( 1 5 ) ~  also as zero) and eqn. 
(12) .  In ecln. ( 2 4 ) ,  

RT 
b l =  -- 

axe I' 

The condition for maximum power is 

z.e., 

E ,  - (a1 +as) - (01 + 0 2 )  
log I ,  = 

6 1  + b? 

Em = (bl+ ba) 

i Er - (a1 +a%) - (bl  + hz)  
P,,, = (111 + 112) exp 

bl+ b? 1 
- - -.- 

Pig. 4. Power-current plots. Division into sub-group as in preceding plots. 



Equation (30) shows that log I,,, and hence I,n, increases as tlle exchange 
current densities increase, since the latter arc related to a1 and a2 by eqns. (25) and 

(26). 

(vii) Some co~zclusions regarding the factor of inzportance ilz. electrochetnical reaclors 
The performance of an electrochemical reactor, both from efficiency and power 

considerations, depends mainly on the E-I curve. The E-I curve may be broadly 
divided into three regions. At low values of I there is a marked decrease of E with I. 
This decrease is due to activation polarization and is greater, the smaller the value of 
;,A. At high values of I, E again decreases sharply with the current, becoming zero 
when I=Ai,,  (a,ir,,, or A,i,,,,, whichever is smaller). In the intermediate range, the 
E-I curve is linear if A,i,  for either of the electrode reactions is not too small and Ri 
is not negligible. A simple way of examining the relative importance of the various 
forms of polarization is by assuming the E-I relation is linear (ecln. 16). Combining 
eqns. (10) and (16) 

From eqns. (17) and (33), it follows that for a constant I\',, the current is 
controlled by the largest of the terms on the right-hand side of ecln. (17). If Iii is fairly 
small and is not responsible for controlling the rate, the rate may be increased by in- 
creasing the relevant i,, i~ or A.  The smallest of the quantities i, or ir, for either of the 
electrodes, controls the rate. 

The cell potential ( E )  may also be expressed by 

Re E=E,- 
R e f  Rt 

using eqns. (10) and (16). 
Suppose Re is large and also much greater than l i t ,  then it follows from eqn. 

(33) that 
I-- E,/R, + o (35) 

and from eqn. (34) that 

E f i  E ,  . 

If Re+ Xi, eqn. (33) shows that 

I& Er/Rt 

Further, if Ri+ o, I+ co ; from eqn. (34), it follows that 

E* E,(R,/Ri) . 

and since Re+ Xi, 

E + o .  

A similar analysis may be made for increasing the power of a fuel cell, using 
eqn. ( 2 3 ) .  If it is assumed that A,i,,, is tlic smallest of the quantities in eqn. (17) and 
that Rt is small, the maximum power (eqn. ( 2 1 ) )  is given by 
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Thus, P, increases directly with A,&,,; i,,, is a measure of the electrocatalytic 
rate constant for the cathodic reaction. A similar conclusion may be reached when 
the current-potential relation is not linear and is expressed by an equation of the 
form of eqn . (3). 

3. II\IPORTANCE OF ELE('1'IIOCATALYSIS IN  ELECTROCHEMICAL ENERGY CONVERSION 

(i) General 
The lxcvious sections illustrate that the central problem in electrochemical 

energy conversion is overpotential reduction at  practical current densities. In the 
case of a number of potential fuel cell reactions (e.g., hydrocarbon oxidation), which 
are feasible from an economic standpoint, the major portion of the loss in cell potential 
is due to activation control. 

The current-cell potential relation for a hydrocarbon-air fuel cell may be 
represented by an equation of the form (3). This equation shows that it is necessary 
to increase the exchange current densities for the oxidation of the hydrocarbon and 
the reduction of oxygen to improve the performance of this fuel cell. Thus, electro- 
catalysis is a vital field o f  study for tlie further advance of electrochemical energy 
conversion. 

Electrocatalysis is closely related to the field of chemical catalysis but with 
two major differences-the influence of the electric field, and of the solvent on the 
rate of the reaction. The additional variable of potential is in many ways an advan- 
tage, since the rate of the reaction may be varied over several decades simply by 
changing the potential at  any one temperature. In chemical catalysis, in order to 
change the rate by several decades, it is necessary to increase the temperature of the 
reaction by a considerable amount. 

One of the problems in electrocatalysis is that electrochemical reactions are 
generallv carried out in aqueous or non-aqueous solution. Thus, it is necessary to 
elucidate the role of tlie solvent in the overall reaction. In addition, it is necessary to 
carry out tlze reaction under highly purified solutions; otherwise, impurities in the 
solution may affect the kinetics of tlie reactions concerned, so that mechanism 
studies become difficult. 

As in chcmical catalysis, geometric and electronic factors play an important 
role in electrocatalysis. Their influence will be seen from the following examples. 

(ii) Hydrogen electrode reactiolz 
(a) Effect of wor12 fu~zct ion of tlze wzetal. When the logarithm of the exchange 

current density (i,) for the hydrogen evolution reaction is plotted versus the work 
function of the metal, three distinct groups are obtained' (Fig. 5 ) .  The high overpoten- 
tial metals belong to one, the meclium overpotential metals to another and the low- 
overpotential metals to a third group. These three groups are associated with the slow 
discharge, slow electrocl~emical desorption, and slow recombination mechanisms, 
respectively. 

(b) Effect of d-band character. A plot of overpotential a t  a constant current 
density versus the heat of adsorption of hydrogen on the metal (as % d-band character 
increases, the heat of adsorption decreases) also shows a distinct separation into these 
two groupsVFig. 6). 
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The effect of d-band character (or d-vacancies) on the hydrogen electrode 
reaction is better seen in the recent work of ROCI<RIS, DA~IJANOVIC ANT> J A H A N ~ ,  

using Au, Pd (or Pt) and their alloys of varying composition. With increasing Au- 
content of the alloy, log i, decreases fairly sharply until 60% Au, whereafter the 
change in log i, is considerably slower (Fig. 7). At 60% Au, the d-band is completed 
and no change in activity should be expected above 60%. 

Fig. 6. Overpotentlal (77) a t  a current dcnslty of 10-J A cnl-3 71s strength oIM-H band (UII-,,) 111 

thc hyrlrogcn electrode reactlon on somc metals. 
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k a -  
> - 

0 6- 
.- - 
0 - 

4- 

2 

Further, a plot of log i, vs. the number of unpaired d-electronslatom in these 
alloys is linear (Fig. 8). This type of relationship was also obtained by CONWAY et a1.4, 
who studied the hydrogen evolution reaction on Cu, Ni and their alloys. 

(c) Geometric factors. Only a little work has been done to examine the influence 
of geometric factors. Hydrogen overpotential measurements have been carried out on 
the various crystal planes of Ni? The (111) plane which is the most densely packed 
plane has the highest activity. No effect of grain size on the rate of hydrogen evolution 
on platinized platinum was observed probably because low enough grain sizes were 
not usedo. 

(iii) Oxygen electrode reaction 
I i ~ o  et al.7 measured the maximum oxygen coverages (0) at one atmosphere 

pressure on a number of metals, coulometrically. The results show that unpaired 
d-electrons participate directly in the bonding of the metal atom to oxygen (Table 4). 
Au with no unpaired d-electrons has the lowest oxygen coverage, while Iiu with the 
highest number of unpaired electrons has the highest 8.  This work was confirmed by 
the work on Pt-Kh alloys. 

The influence of electronic factors on the rate of oxygen electro-reduction was 
studied on a number of metals and alloys8. From the Tafel lines obtained on the 
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Fig. 5. Log a, (exchange current density)-work function plot for hydrogen elcctrode reaction on 
sonic mctals. Two points for soiilc nictal obtained in cases where there is two section Tafcl plot. 
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logi (A.cm-'1 

Fig. 7. Dcpendcncc of cxchangc current density for hydrogen evolution on % An composition in a 
series of Au-Pd alloys. 

-3' dl d2 A.3 d.5 z6 
Number of unpaired d-electrons 

Fig. 8. Depenclencc of cxchangc current density on unpaired d-electrons for hydrogen electrode 
reaction. (o), I'd and Pd-alloys; ( x ) ,  I't and Pt alloys; ( n ), Au. 

metals Pt ,  Pd, Ir, Kh and Au (Fig. 9) in acid solutions, i t  appears that Au with no 
unpaired d-electrons has a significantly lower exchange current density than other 
metals. Iih and Ir  with the same number of unpaired electrons show essentially an 
identical current-potential behavior. Pd and P t  with practically the same number of 
unpaired electrons show similar Tafel behavior. The current-potential behavior 
(Fig. 10) of a series of Au-Pd alloys show that (a) the rest potential decreased from 
the value of Pd to that for Au, and (b) Au and the alloy containing 75% Au have a 
considerably higher Tafel slope than Pd and other alloys which have nearly the same 
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TABLE 4 
RELATIONSHIP O F  O X Y G E N  COVERAGES TO N U M B E R  O F  UNI'AIRBI) d-ELEC.TRONS/ATOM FOR T H E  

N O B L E  METALS 

Metal ( a )  (b )  f c )  
Calr. oxygrlz 

( d )  
Obs. oxygpn Fraction of szivf(~ce N o .  of unpaiued 
coverage ~ o u ( ~ v a g e  qf CL coui'ypd hy  o,~-yg[~n d-~lrrtrons/atorn 
(PC cm-2) monolaypv 

(PC ~ . m - ~ )  
(0) 

pppp ~ 

Pd I I O  510 0 .22  0.55 
P t  110 500 0 . 2 2  0.55-0.0 
P t  I35 500 0.27 0.55 0.6 
Kh 480 530 0.90 1 . 7  

Ir 440 525 0.84 1.7 
Xu 500 530 0.95 2 . 2  
Au (15 (0.0.3 0 

-. - - - - - 

log i 

Fig. 9. Tafcl lines for the clcctro-rcctuction of oxygcn on sonic noblc ~nctnls .  

slopes. Thus, a change in mechanism occurs between 50 and 750/;, Au, probably at  
60% where the d-band is completed. 

A probable explanation of the influence of the 0,;, d-vacancy on the electro- 
catalysis of oxygen reduction is that chemisorbed oxygen is an intermediate in the 
reaction and that the M - 0  bond strength varies with the 0/, d-vacancy. 

(iv) Electro-organic oxidation 
The first systematic study on electrocatalysis in electro-organic oxidation was 

carried out by DAHMS AND Roc~~~s"(Table  5). Complete oxidation was observed on 
the platinum metals, whereas there was only partial oxidation on Au and Pd. The 
explanation suggested was that, due to a lower binding energy between the metal and 
the organic on Pd and Au than on Pt,  Kh and Ir, intermediates are easily desorbed 
from the surface on the former. A direct correlation between the rate of the reaction a t  
a constant metal-solution potential and the exponential of the work function was 
also shown. 
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cthylcne to the latent heat of 

Recently, a parabolic of relation between the exchange current density for 
ethylene oxidation a t  600 mV (N.H.E.) and the latent heat of sublimation for a 
number of metals was obtained by KUHN ANI) R O C K R I S ~ ~  (Fig. 11). I t  was also shown 
that by using alloys of two metals but of varying composition, one on the left-hand 
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side of the peak ancl the other on the right-hand side of the peak, similar volcano-type 
relations between activity and allov composition was observed but with lower peaks. 
The peak in the first curve was obtained on Pt. Since Pt is too expensive a metal for 
electrochemical energy conversion, alloys of composition corresponding to the peaks 
( e . ~ . ,  as in second curve) may be good substitutes. 

From the parabolic relation, it may be inferred that on the left-hand side of the 
peak, since there is an increase of rate with heat of sublimation, an adsorption process 
is rate-determining (it may easily be shown by using the Pauling equation that the 
strength of an adsorbed bond increases with the heat of sublimation) whereas on the 
right-hand side of the peak, a desorption step controls the rate of the overall reaction. 

4. MECHANISM OF OXYGEN 1)ISSOLUTION REACTION 

(i) General 
A knowledge of the mechanism of oxygen dissolution reaction is of fundamental 

importance in the development of fuels. Practically all fuel-cell systems, except for a 
few that use the halogens, use air or oxygen as the oxidant*. In the case of the most- 
advanced fuel-cell system, that uses hydrogen as the fuel and oxygen or air as the 
oxidant, the polarization losses at  the hydrogen electrode are relatively low compared 
to that at  the oxygen or air electrode. Even on open circuit, with platinum which is 
one of the best catalysts, the potential of the oxygen electrode is about I V which 
represents a loss of about 0.2 V in cell potential or 16% in useful energy. Thus, an 
improvement in performance of the oxygen electrode, even a t  low current densities is 
vital. Such improvements are only possible by a study of the mechanism of the 
reaction on a number of catalysts. Some aspects of mechanism studies carried out in 
our laboratory will be treated in the following subsections. 

(ii) Attainment of the reversible potential 
The first time that the reversible potential of I .23 V was attained on a platinum 

electrode in sulfuric acid was when the solution was vigorously purified by cathodic 
and anodic pre-electrolysis and the electrode heated in an oxygen atmosphere prior 
to the measurementl1. The potential was stable for only a few hours but could be 
maintained by continued pre-electrolysis on an auxiliary electrode. WATANABE AND 

D E V A N A T H A N ~ " O U ~ ~  that the reversible potential could also be obtained if the 
platinum electrode was first pre-anodized, then maintained in an oxygen atmosphere 
for 24 11 above the solution, immersed in the electrolyte and the potential measured. 
In  this case, too, the potential was only stable for a few hours. More recently GEN- 
s~~w1"bserved the thermodynamic reversible potential for over ~ o o  h. The solution 
and the oxygen gas for bubbling through the solution were vigorously purified. A 
stable reversible potential was also observed by H O A R E ' ~  on a P t  electrode, previously 
quenched in concentrated HN03, and washed with conductivity water. 

A recent theoretical analysis15 shows that the generally observed rest potential 
of I V (N.H.E.) is probably due to a mixed potential caused by oxygen reduction and 
some impurity oxidation. Such a theory is able to explain the pH and oxygen partial- 
pressure effects on the rest potential and also the observed shifts of the rest potential 

-- 

* The use of 1-1202  and of Nz04 as oxidants, though attempted, is quite rare. 
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towards the thermodynamic reversible potential, depending on the degree of puri- 
fication of the electrolyte. 

(iii) Nature of the substrate on oxygen electrodes 
As pointed out in the last section, an oxygen-containing species is present on 

the surface of P t  electrodes on which the reversible potential is obtained. Such a 
species may also be present on electrodes on which the oxygen dissolution reaction is 
taking place, although a t  lower potentials the species may be reduced. Further, by 
working at  potentials below about I V, on electrodes where such species were not pre- 
viously formed, the reduction reaction can be carried out on the bare electrode. 

Several methods have been used to examine the nature of the film on oxygen 
electrodes. Coulometric methods of independent workersl6-18 showed that the 
coverage-potential relation is linear. The quantity o f  electricity required for reduction 
of species formed a t  higher potentials indicate that oxides are probably present. 
Direct evidence for the presence of oxide a t  potentials above I V arises from the ellip- 
sometric studies of REDDY et aL.19. No oxides are present below I V. Coverages obtained 
by the ellipsometric and coulometric methods are in excellent agreement above I V. 
Hysteresis behavior in the coverage-potential relation, during oxide formation and 
reduction, is observed in both methods. Below I V, coulometry shows a coverage 
whereas ellipsometry indicates no film. Thus, only adsorbed oxygen is present 
below I V. 

Thus, oxygen evolution occurs only on oxide-covered electrodes, whereas the 
oxygen reduction may occur on oxide-covered or bare electrodes, depending on the 
potential as well as on the rates a t  which oxides form or reduce a t  this potential. 
Reduction of the oxide occurs only below I V and its rate decreases with increase of 
potential. At potentials below I V, the rate of oxygen reduction is faster on the bare 
metal than on the oxidel3. Thus, in an electrochemical energy converter, which uses 
P t  as the cathode, it is preferable to maintain an oxide-free surface for operating cell 
potentials of less than I V. 

(iv) Overall reaction and its path 
There are two possible overall reactions in the cathodic reduction of oxygen : 

The standard thermodynamic reversible potential for reaction (41) is 0.68 V. 
However, with decrease of the concentration of Hz02 in solution, the reversible 
potential for this reaction shifts in the anodic direction. From the point of view of 
efficient electrochemical energy conversion, it is necessary for the overall reaction to 
be the second one. Further, this reaction may take place either directly or by the 
first reaction followed by the electrochemical or chemical reduction of Hz02 according 
to the equations 

Thus, one of the main problems in mechanism determination is the elucidation 
of both the overall reaction (or reactions) and the path. 
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NEKRASSOV ANI) MCJLLER~O used a rotating-disk electrode with a ring to study 
the oxygen reduction reaction. P t  was used as the electrode and ring material. I t  was 
concluded that HzOx is an intermediate in the reduction of Hz02 to 0 2 .  However, the 
possibility that Hz02 is formed in a parallel reaction was not investigated. Recently, 
(;ENSHAW et al." used the same electrode arrangement to distinguish between these 
two possibilities. In this method, the oxygen reduction was carried out on the disk. 
The Hz02 formed may be further reduced on the disk or diffuse to the ring where it is 
oxidized according to the reaction 

Hz02 + 2 H++2 e0+02 (45) 
The potential of the ring is so maintained that the latter oxidation reaction proceeds 
a t  its limiting current density. 

The possible reactions at  the disk may be represented by21 

i>\ 
Diffusion to solution 

The currents for the reaction are represented above the respective arrows. The current 
on the disk ( I d )  is hence: 

The current on the ring (I,), is proportional to ir, and may be expressed by 

I,= Ni4, (49) 

where N is a numerical factor that may be calculated. 
From Icirchoffs Laws : 

i~ = is + i4 
Also writing 

2 1  = X 22 

where x a o ,  

I d  = x i 2 + 2  ix-IT/N 

The current on the ring may also be expressed by the ecluation22: 

N is I,. = 
I + l z f f l ) - ~  12 

where h' is a measure of the rate constant for the reduction of H202 at the disk and 
o is the speed of rotation. 

Using eqns. (53) and (54)", 

(55) 
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I d  and I ,  are directly measurable. Thus, a plot of Id/I ,  vs. c~-~I%hould be a straight 
line with slope k'(x+z)/N and intercept (X+I)/N, and x gives the ratio of rates of 
Hz0 (formed directly) to Hz02 formation. 

Fig. 12. Disk current ( I d )  for 0 2  reduction and ring current (I,) for HpOp oxidation asa function of 
potential in purified sulfuric acid solution (electrode material, Pt).  

I t  was found that in HzS04, when the solution was pre-electrolyzed using a 
platinized platinum gauze electrode, maintained a t  0.3 V, for about 10 h, the i-V 
relation on the disk shows a plateau from 0.5 V until about 0.1 V. Below 0.1 V, the 
current on the disk decreases. The current on the ring remains low until 0.1 V but 
starts increasing below this potential, indicating HzOz formation (Fig. 12). The sum 
of the currents on the disk and on the ring below 0.1 V is approximately equal to the 
limiting current on the disk above 0.1 V. Thus, above 0.1 V, the reaction is predom- 
inantly the +electron transfer, while below this potential the overall reaction on 
the diskis essentially the 2-electron transfer reaction to HzOz. 

In solutions that have not been rigorously purified as stated in the previous 
paragraph, a plot of I d  V S .  potential shows a maximum at about o.G V after which it 
decreases sharply (Fig. 13). Further, Hz02 is produced a t  the disk, as indicated by 
the current on the ring, below 0.8 V. The current on the ring also shows a maximum 
but at  about 0.5 V. The plots of I d / I r  vs. ~ - ~ l + t  various potentials yield parallel 
straight lines with zero slope (Fig. 14). From the analysis given earlier, it may be 
concluded that Oz is reduced to HsOz and Hz0 in parallel reactions and that the 
Hz02 is not reduced further on the disk. 

I t  was shown that the deactivation results from the adsorption of impurities on 
the electrode. The deactivation is initially linear with time and depends on the 
square-root of the speed of rotation. The current is a minimum a t  about 0.3 V (Fig. 13) 
which potential corresponds to the adsorption maximum. Rigorous purification of the 
solution considerably altered the behavior to that given earlier. 

In alkaline solution, it was sl~own that Ha02 is formed as an intermediate. The 
rate constant kz (k' is a measure of kz) for the Hz02 reduction varies linearly with 
potential over a considerable potential range and then exponentially with potential. 

J .  Electroanal. Chem., II (1966) 350-389 
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V,,VS. HE 

Fig. 13. f a  ant1 I, us. potential in unpurificd I-laS01. 

1 I I I 
o a1 0.2 a3 

Fig. 14. Ratio of I d  to  Ir US. W-112 (O = angular vclocity of rotation of clectrotle) 

5. MECHANISM OF  ELECTRO-ORGANIC 0XII)ATION 

(i) General 
The basic steps in the electro-oxidation of organic compounds (e.g., hydrocar- 

bons, alcohols) are : 
(i) Dissolution of reactant in electrolyte. 
(ii) Diffusion of dissolved reactant to electrode. 
(iii) Adsorption of reactant from solution. 
(iv) Electrochemical reaction. 

(v) Diffusion of products away from the electrode. 
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As mentioned earlier, with organic fuels, activation-controlled processes are 
the main causes for polarization losses. Some new results concerning the adsorption 
behavior of organic compounds and the mechanism of electro-organic oxidation will 
be dealt with below. 

(ii) Adsorption behavior of organic comjhounds 
(a) Comfiarison of electroadsorption and adsorption from the gas phase. Adsorp- 

tion of organic compounds from solution and from the gas phase differ in the following- 
respects. 

(I)  Adsorption from the gas phase occurs on the bare metal. Adsorption from 
solution takes place on a metal covered with solvent molecules. Thus, the latter 
process is essentially a replacement reaction" according to 

(2) From the above difference, it follows that the measured thermodynamic 
properties in solution, viz. heat of adsorption, free energy of adsorption, etc., are the 
differences for the adsorption of organic and water, unlike in the gas phase where 
these properties simply represent those for the adsorption of tlie compound itself. 

(3) The extent of adsorption of organic compounds from solution depends on 
the electric field across the metal-solution interface. Thus this factor gives an 
additional variable for the study of adsorption from solution. Such studies are also 
useful from the point of view of gaining knowledge on the structure of the double 
layer. Further, the region of electric potential on which adsorption takes place is 
quite useful to evaluate the usefulness, or otherwise, of the compound, in electro- 
chemical energy conversion or as a corrosion inhibitor. 

(b) Methods used to determine extent of adsorption. Most of tlie early work on 
electroadsorption of organic compounds was carried out on mercury, using the 
electrocapillary method. Two radiotracer methods"," proved successful in the study 
of the adsorption of organic compounds on solid electrodes. In the first method", the 
radiation through a thin metal foil, placed over the end window of a proportional 
counter is measured. The thin metal foil serves as the test electrode and its potential 
is measured with respect to a reference electrode in the same solution. This method is 
satisfactory for the measurement of adsorption of organic compounds which are 
sparingly soluble. 

In the second method25, a moving tape arrangement is used. The tape first 
passes through the electrolyte containing the dissolved organic compound, an 
auxiliary electrode and a reference electrode. I t  then leaves the cell and is passed 
between two proportional counters. Although the tape carries a small quantity of the 
electrolyte (I-,u thick), the background count is small even if the activity in solution 
is relatively high. 

The accuracy of the two methods is to within IO?;,. The first method has been 
used to study the adsorption of benzene", naphthalene27 on Au, and ethylene on 
Pt28, and the second method to the adsorption of naphthalene and n-decylamine on a 
number of metals29.30. 

(c) Adsorfition of ethylene on  P t  i f z  I N HZS04". AS in the gas phase, there are 
two possible modes for the electroadsorption of ethylene 
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Associative HzC = CH2 -t HZ-C-CHz 

I I 
M M 

Dissociative HzC = CH2 -t HC=CH + 2 H++ z e M  

I I 
M M 

From energetic considerations, associative adsorption is more favorable. 
The coverage-potential relations have been obtained for different bulk 

concentrations of ethylene in solution (Fig. 15). The characteristic bell-shaped form 
of the 0-V curves was explained on the basis of a competition between organic and 
water molecules for sites on the surface and the field-dependence of the free energy of 
adsorption of water. The symmetrical nature of the curves with ethylene indicate 
that lateral interaction of the adsorbed species is negligible. 

Fig. 15. Covcragc-potential relation in the adsorption of cthylcne on Pt in I N HzSOa for varying 
bulk concns. of ethylene, ( x ), z. r ; (0). 4 ;  (A), 4.0; (o), 9. I ; (V), 17 X 1 r 6  M .  

The adsorption maximum occurs at  0.4 V for high ethylene bulk concentrations 
but for lower concentrations changes to 0.46 V. 

The adsorption isotherm obtained at  0.4 V and at 30° is shown in Fig. 16. 
Adsorption reaches a saturation value a t  around z - 10-5 ml-1. The adsorption iso- 
therms are relatively insensitive to temperature. 

Evidence for a simple Langmuir adsorption behavior was obtained from a 
plot of [O/(I - 0 ) ]  as. c, which was linear and passed through the origin. I t  was further 
confirmed by a plot of C/O vs. c which yielded a straight line of slope, unity. Because 
of the large size of the ethylene molecule, one would expect n in the equation: 

(59) 
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to be greater than unity (a value of 4 was suggested from studies of electro-oxidation 
of ethylenegl). The value of unity obtained, is probably due to the Iligller mobility of 
ethylene on the surface a t  lower coverages. The ecluilibrium constant, K ,  was ob- 
tained by 3 methods: (I)  from the slope of the plot of [O/(I - 0 ) ]  21s. c ;  (2) the intercept 
of C / O  os. c ;  and (3) from the coverage-time relationship which depends on the adsorp- 
tion kinetics. For an adsorption process controlled by the diffusion of ethylene from 
the bulk of the solution to the surface of the electrode, the coverage-time relationship 
is given by3a33 : 

where ZI is the diffusion coefficient for CzH4 in solution and I:,,, is the coverage a t  
0 =I. I< may thus be calculated from the slope of the O 71s. t 1 plots. Good agreement 

Fig. 16. Isotherm for adsorption o f  cthylcnc on I't in I ,\: H ~ S O I  at .zoo. I'otcnt~al 0.4 ( N . H . E . ) .  

was obtained for the three methods. I< was found to be c~sseutially independent of 
temperature, having an average value of (7.5 f 2.5) . 108 cm" mole-'. Thus, the heat of 
adsorption is practically zero and is given by AHO= o + 4 kcal mole-'. Using a Born- 
Haber cycle, a value of AHO= -2  kcal mole-' was calculated for the heat of ad- 
sorption, which is good confirmation of the experimentally obtained value. Using 
these values for K and AHO, the entropy of adsorption is 16+1 e.u. The positive 
value of AS0 is not anomalous since the adsorption process is a replacement reaction 
of water by the organic. 

(iii) Mechanism determinations in electro-orga~zic oxidatio~z 
Studies on the kinetics of oxidation of organic compounds is a relatively new 

field. One of the complexities of these mechanism determination studies is that even 
the simplest llydrocarbon oxidation is an 8-electron transfer, thus making a complete 
analysis difficult. Systematic studies have been carried out so far only on the oxidation 
of a number of unsaturated hydrocarbons on platinum electrodes in acid and alkaline 
medium31.34. 
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In most cases, it was established that the oxidation of the unsaturated 
hydrocarbon to CO. is IOO':/;. For example, on ethylene, the overall reaction in acid is 

C3H4+4 Hz0 + C02+12 H++12 e0- (61) 

With benzene, the coulombic efficiency for C02-production increases with potential. 
With butadiene, the opposite behavior is observed. Thus, parallel reactions occur in 
these cases35. 

(a) Methods z~sed  to determine ~~zechan i sm.  Studies have been carried out using 
potentiostatic, galvanostatic and transient methods in solutions of varying pH, from 
that of I N HsS04 to that of I N NaOH on anoclically-activated P t  electrodes at  
so0 31,84,  

10- 

I, Butene 

0 9 -  2,Butene 

Benzene 
Propylene 

07- 

04L I I 
10' 10.' 10- 10- 10‘' 

Current Density ( A .  cm21 

Fig. 17.  Current-potcntlal rclatlon for oxldat~on of somr unsnturatcd hydrocarbons on activated 
P t  clectrotlcs In I I\' H I S O ,  a t  80". (H),  benzene; (V), 2-butcnc; (a), I-butenc; ( O ) ,  propylcnc; 
(A) ,  cthylcnc; ( x ) butadlenc; ( o), allenc. 

Fig. IS. Currmt-potential relations for t l ~ c  oxitlation of ethylene on activated P t  clectrodc a t  
ethylene partial-prcssiires of (I) ,  lo-";  (I.), (3) ,  Io-" (4) 10-'; (5) I atnlos. 
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The current-potential curve for the oxidation of an unsaturated hydrocarbon 
shows four distinct regions: ( I )  low current density region where the i-V relation is 
nearly linear; (2) the Tafel region which extends over about 2-3 decades in current 
density; (3) the limiting-current region; and (4) passivation region in which the 
current decreases with increase of potential (Fig. 17). 

A negative partial-pressure effect was observed in the oxidation of all the 
hydrocarbons (Fig. 18). The potential decreases by about 70 mvldecade increase of 
pressure a t  constant current density. At constant potential, 3 log i/3 pH=o.$. The 
usual Arrhenius temperature-dependence was observed with an apparent activation 
energy of 22 kcal mole-' a t  the reversible potential, calculated by extrapolation from 
the l'afel region. 

(b) Meclzagzistic co~zclusio~zs. In Table 6, are given the various kinetic param- 
eters observed in the oxidation of several unsaturated hydrocarbons on anodically- 
activated I't. From these data, it is possible to express the rate by the empirical 
relation 

i = kCotg-ycHi -0.5eF171f 1i7' (62) 
where 0.1 < y < 0.3, and the following reaction sequence: 

l<s01n + I t>%<lS (63 

slow 
Hz0 -+ O H + H l  +en- (64) 

OHads + K a d s  + Intcrmediatc (65 
Intermediate -+ COs (66) 

where I< represents the I~yclrocarbon . 
I t  must be pointed out that the above reaction scheme applies only to activated 

platinum electrodes. On unactivated Pt  electrodes, as well as on other metals, the 
mechanism appears to he different. Mechanism studies on such substrates are still in 
progress lo. 

(i) Gelzeral 
In most of the fuel-cell systems, which are attractive from maximum feasible 

performance and economic considerations, the reactants are gases or rather insoluble 
liquids. The electroactivity of these species on smooth or rough planar electrodes is 
low at practical cell voltages. Electrode designs should be such that practical current 
densities (current/geonletric area) are attained a t  reasonable cell voltages, i.e., 
activation and concentration polarization should be considerably reduced. The other 
important factors are decrease of the internal resistance of the cell, and increase of 
powerlweight and power/volume ratio. Some models for improving the performance, 
which are either presently used or proposed, will be dealt with in the following 
sections. 

(ii) Porous electrodes 
Several models have been proposed for the mode of operation of porous 
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electrodes36-39. Any proposed model must serve two purposes. I t  should be simple 
but as close as possible to reality. Secondly, it must explain the current-potential 
behavior, limiting currents, etc., observed experimentally. Some of the recent models 
proposed will be considered in the following sections. In the analysis of the behavior 
of the single pore, a comparison with experiment will be made. 

(a) Thin film model. A theoretical and experimental analysis of the current- 
potential relation a t  a thin film formed on the external surface o f  a P t  cylinder was 
made in the study of the hydrogen dissolution reaction""37. AUSTIX et al. extended this 
treatment to porous gas diffusion electrodes38 (Fig. 19). Such a model applies to 

- -  - - 
ELECTROLYTE - - - - - -  

Fig. 19. Thin film n~ocicl of porous clectrodc. 

- - - -  

- - -  
PARTIALLY WETTED PORE 

21 a 

- - - - -  

NON-WETTED PORE 
21 b 

Fig. 20. Sinlplc porc model for porous clcctrodc. 

Fig. 21.  Idealizecl form of simple porc model. 

wetted electrodes of a double-porosity structure. I t  is difficult to use this model for 
non-wetting electrodes unless one assumes that the micropores and channels will wet 
while the bulk surface will not. I t  is necessary to assume that the film is long compared 
to its thickness. The model has been analyzed, taking into account all forms of 
polarization losses. I t  was necessary to distinguish three regions: (a) low current 
density region where ohmic and mass transfer effects are small; (b) limiting current 
region where the potential changes rapidly for small changes of current; and (c) 
intermediate region where all effects are important. On this model, AUSTIN et al. 
showed that the limiting current is given by 

At 
ir, = DnF c,- 

W 

where c, is the concentration of the reactant in the film and t is the length of the film. 
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To have ir, as high as possible, t should be large and W small. With n.=2 (say for Hz 
as reactant), D = I O - ~  cm2 sec-l, co= I O - ~  g moles cm-3 and ir, = 2 t/W mA ~ m - ~ .  
Thus, taking a film length of 0.05 cm and a film thickness of I p, a current of I A cm-2 
can be maintained. 

(b) Tize s imple  pore nzodel. For non-wetted pores, the more appropriate model 
is the simple pore mode138 (Fig. 20). An idealized form of this model for simplifying 
the mathematical solution of the current-potential relation is given in Fig. 21. The 
mode of operation of this model is as follows: The gas diffuses through the pores to 
the electrolyte surface, dissolves in the electrolyte and reaches the active sites, where 
reaction occurs. A limiting current is reached when the concentration of reactant gas 
is zero a t  the electrode surface. Tile limiting current density is given by 

where 117 is Henry's constant for the dissolution of the reactant in the reactant, P i s  the 
reactant pressure, I r  is the number of electrons transferred in the overall reaction, 8 
is the fraction of open area/cmZ of geometric area of the electrode and R is the pore 
radius. Using IiP= I O - ~  g moles cnl-\ 92= z ,  O = 114 and D = I O - ~  cmz sec-1, for a 
current density of I A cm-%r greater, R must be 0.5 p or less. 

(c) T h e  i1ztersecti9zg Fore model. The above models are in some respects over- 
simplified. For example, parallel cylindrical pores of uniform size are assumed. The 
real structure of a porous electrode is considerably more complex. BURSHTEIN et a1.39 
proposed a moclel in which there are intersections of micropores with macropores 
(Fig. 22). Due to the multitude of intersections of micropores with macropores, the 
whole surface of the macropore can be assumed to be covered with a thin electrolyte 
film. The reactant gas ( e . ~ . ,  HZ) free of electrolyte enters the macropores. I t  then 
diffuses through the thin film and adsorbs on the electrode dissociatively; this is 

Flg. 22 .  Motlel of intersecting micro- and macro-porcs 

Fig. 2 3 .  Cell for stutly of singlc pore. 
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followed by ionization of the adsorbed atoms ( e . ~ . ,  H atoms). These ions are then 
conducted through the micropores containing the electrolyte to the bulk of the 
electrolyte. To obtain optimum electrochemical activity, it is necessary to have a 
critical ratio of the total cross-section of the micropores to tlie surface area of the 
macropores. 

The current was expressed in terms of the effective electric conductivity 
(e.) and the specific reaction area (SF). I t  was assumed that diffusion of reactants in 
the gas phase and migration of ions in solution are fast. Q, and S, were expressed in 
terms of the pore radii using a statistical method. Tlle maximum current density is 
given by 

where 13 is the length of the reaction zone, vl and 7 ) ~  are the liquitl and gas porosities, 
respectively, /I' is the mean tortuosity factor in the micropores, ra is the mean radius of 
the gas pores and k is a constant. 

Suppose vz = v l =  v, the electrocl~emical rate is proportional to 21312. The 
current is also inversely proportional to the square-root of the mean radius of the gas 
pores. Using eqn. (69) BURSHTEIN et al. arrived a t  values of current densities ranging 
from 10-~-3 A cm-2 when r decreases from 10 to 10-". 

(d) Analysis of behavior of single pore. Because of the complexity of structure 
of the porous electrodes commonly used, an exact theoretical analysis appears rather 
difficult. In the elucidation of the mode of operation of a porous electrode, two types 
of study are essential-the behavior of single pores and that of the complex porous 
electrode itself. From the first alone, useful information can be obtained concerning 
the mode of operation of the complex structure. The study of the behavior of a 
single pore is being carried out by BOCKRIS, NANIS ANI) C A H A N ~ ~  using the following 
arrangement. A narrow gap is introduced between a working planar electrode and a 
non-conductive plane which is the axis of symmetry (Fig. 23). The reactant is in- 
troduced at the top of the slit and the electrolyte joins a large reservoir a t  the bottom. 
The reservoir compartment contains the counter electrode and the reference elec- 
trode. The volume in the reservoir compartment is so controllable that the height in 
the slit can be varied to any desired value (to within 0.1 mm). 

The working electrode and the plane opposite it are optical flats and the width 
between them can be controlled and reproduced. The widths may vary from 0.003 
mm upwards which correspond to equivalent pore sizes. The reaction being studied 
is the dissolution of hydrogen on Pt  in sulfuric acid. Platinum sputtered on to a 
tantalum film on an optical flat glass (thickness of Pt,  I p) ,  serves as the working 
electrode. This model can be used for study under a variety of experimental con- 
ditions. For example, the pore width and the depth of electrolyte penetration can be 
varied simultaneously. Further, it is possible to study both wetted and non-wetted 
electrodes, since the electrolyte can be forced into or withdrawn from the pores. 
Because of the one-dimensional configuration of the electrode, a considerably higher 
current can be drawn from it than from a cylindrical pore. Steady-state current- 
potential measurement and non steady-state potentiostatic measurements have been 
carried out for the hydrogen dissolution reaction varying the height and width of the 
pore. 
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Optical examination of the meniscus indicates a finite contact angle. Micro- 
scopical examination of the meniscus in the pore showed an unusual behavior. The 
gas-solution-electrode boundary shifted and microscopical droplets covered the 
electrode; they subsequently grew in size and moved downwards to join the main 
liquid. Had a film been present on the electrode, it would not have been possible to 
make this observation. This behavior was interpreted as due to local heating effects. 
These effects would arise from the fact that the current is localized in a very small 
area near the meniscus and hence sufficient heat is generated in this area to cause 
water evaporation and condensation on the wider part of the electrode above the 
meniscus. 

Current (mA) 

Fig. 24. Current-potential bchavior on an unactivatcd P t  electrode in thc single pore. 

Fig. 25. Modcl for mathcmatical analysis of cxpcctcd current-potcntial relation in single pore. 

Steady-state measurements on non-activated electrodes show that the current- 
potential relation is linear from very low potentials to about 600 mV (Fig. 24). 
C A H A N ~ ~  has carried out a mathematical analysis for the expected current-potential 
behavior, assuming that the meniscus makes an angle of 45" with the electrode 
(Fig. 25). I t  was also assumed that activation processes are fast compared to the 
diffusion of the dissolved gas and the transport of ions through the electrolyte. Under 
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steady-state conditions, the applied potential is ql at  x=l .  The potential decreases 
from x =l to x = o and may be assumed to be zero at  x = o. The total current (It) that 
leaves the electrode is the sum of the currents due to  hydrogen dissolution on the 
electrode from x = o  to x=l.  The potential drop (dy) across a thin slice of thickness 
dx (Fig. 25 )is given by 

dy = I dR = I ~ ( d x / x )  (70) 

where I is the total current from x = o  to x=x,  Q is the specific resistivity of the solu- 
tion and x x I is the area of the thin slice. 

Since I is the integral of the local current from x = o  to x = . ~ ,  it is possible to 
write 

dI/dx = i (71) 

Since the activation processes were assumed to be fast, it is possible to express the 
local current, i, which is due to the hydrogen dissolution reaction between x = x  and 
x=x+dx,  by the rate of hydrogen diffusion to the electrode from the gas-solution 
interface. Assuming the diffusion-layer thickness is equal to the shortest distance 
from the gas-solution interface to the electrode at  x = r ,  the local current, i, is given 

by 
I1 Fc, 

i = Z ~ / Z  - 1 1  -exp(-z IIF/RT) 1 
X 

Using eqns. (70) to (72), it follows that 

I t  is necessary to solve this differential equation in order that the local current 
or total current (IT at  x=l) may be evaluated. An analytical solution of this equation 
is possible only if the exponential term is approximated. A suitable approximation is 

where with b=o.3925, the approximation is valid for z I;y/liT< I .  

Using eqn. (74) in eqn. (73) and assuming the boundary conditions that at  
x = o , y = o , a n d a t x = L , q = q ~ .  

where 

Using eqns. (70) and (75), 
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The total current is obtained by putting x = l  in the last equation. 
Thus, 

The local current a t  x=x,  is given from eqns. (71) and (77) by 

With L)= 10-QmQec-1, F=105 C, c,,=Io-~, Q= I CZ cm and F/RT=4o, S 
is of the order of 10-? Thus the above analysis shows that (a) the total current ( I t )  
varies linearly with the applied potential ( q ~ )  as is observed experimentally and (b) 
the local current (i) tends to very large values as x+o. However, due to activation 
limitations, which were assumed to be absent in the present analysis, the current 
does not rise very high. 

The work of  WILL^^ showed that the current density is spread out over a 
considerable range in a thin film when the electrodes of high roughness factor were 
used and when they were pre-wetted. However, when smooth unwetted electrodes 
were used, the current-potential observed by WILL was similar to that of the present 
work. 

(iii) Jet  electrode 
(a) Model .  A second possible arrangement to facilitate mass transport con- 

ditions to the electrode is the use of a jet-electrode system. This method, also, should 
prove useful in the case of liquid hydrocarbons. The model suggested is as follows. 
The electrolyte saturated with the hydrocarbon is forced through a jet a t  high speeds 

I:ig. 26. Cross section of model of jet electrode. 

Fig. 27. Variation of diffusion-layer thicltncss wit11 distance from center of projection of jet on 
metal plate. 

on a metal plate which acts as the anode. Alternate tubes are the jets while the 
remaining tubes also contain the electrolyte, oxidant (e.g., 0 2 )  and the electrocatalyst 
for the reduction process. A horizontal cross-section of the jet electrode model is 
shown in Fig. 26. This arrangement should minimize ohmic polarization losses. 

The diffusion layer for the transfer o f  the hydrocarbon to the metal electrode 
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is considerably reduced, due to the high velocity of the impinging electrolyte through 
the jet. A layer adjacent to the metal electrode plane is not affected by the turbulence 
caused by the streaming jet. This layer is more or less stationary. The thickness of 
this layer depends on the velocity of the streaming jet. Beyond this layer, there is 
perfect turbulence and the concentration of the hydrocarbon can be assumed to be 
effectively constant and equal to the saturation value. The diffusion-layer thickness 
may therefore be assumed to  be equal to the thickness of the stationary sublayer. The 
thickness of this sublayer is not altered by rotating the metal electrode. 

(b) Calculatiofi of limitiag curre?zt. Suppose the inner radius of the tubes is ri 
and the outer radius 70.  Let the distance between the centers of two adjacent tubes be 
equal to 4 ro. Thus the closest distance between the centers of two fuel jets or two 
cathode compartments is 8 r,. A cross-section of the tubes is in the form of a cubic array. 

It is assumed that the effective anodic area caused by one jet is the projection 
of the inner area of the tube on the metal plate, i.e., nri3. This assumption is valid, 
since the stationary layer outside this area on the metal plate increases rapidly 
(Fig. 27). The number of jets (N), which may be arranged a t  a closest distance of 8 ri 
apart, to cover a metal electrode of radius R is given by 

Thus, the effective anodic area (A, )  is 

The limiting current for the jet model is therefore given by 

The limiting current for a planar electrode of area equal to that of the disk in 
the presence of stirring is 

Thus, the ratio of the currents obtainable from a jet model to those from a planar 
model is 

Assuming rl-- Y O ,  8, = I O - ~  cm, 63 = 1o-Qm 
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An improvement of about ~ o o  times over the planar situation is obtained. A 
further increase by a factor of four may be obtained by having the tubes practically 
touching each other. 

(v) Spaghetti tube model 
The model consists of a number of parallel tubes, through which the fuel and 

oxidant flow in adjacent tubes (Fig. 28). On the outside of each tube is a catalyst. At 
present, these permeable spaghetti sticks with metallic conduction are not available. 
However, research is directed a t  obtaining them. 

Fig. 2 8 .  The spaghetti tubc model 

Tlie outer diameter of the tubes is R,  and the inner diameter is Y .  The current 
drawn from each pair of tubes is 2 nRLi where i is the current density of operation a t  
a reasonably small polarization loss and I, is the length of the cubic module. The 
number of electrocle pairslnodule (N) is given by 

Thus, the total current clrawn from the nodule (IT) is 

Thus, the current /cn~~(i , )  is 

Using i= 10-2 A cm-2 and R= ~ o - % m ,  iv+z . 10-1 cm3+5 103 amp ft.-3. This value 
of i, compares favorably with almost the best available fuel-cell systems. Losses due 
to ohmic polarization in the solution and in the electrodes were considered but shown 
to be negligible for this arrangement. To maintain the assumed value of current 
density, it is necessary to have a pressure differential of about 3 atm for a tube of 
length 10 cm. 
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SUMMARY 

The basic similarities and dissimilarities among the three electrochemical 
devices-electrochemical substance producer, electrochemical electricity producer 
and electrochemical electricity storer- are presented. Expressions are derived for the 
terminal cell potential, differential resistance, efficiency and power of an electro- 
chemical electricity producer as a function of the current drawn from it. These 
expressions have been used in numerical calculations to examine the effect of the 
various factors (e.g., exchange currents, limiting currents, ohmic internal resistance) 
on the performance of the electrochemical energy converter. Analytical expressions 
for the maximum power, the terminal cell potential and the current, when the power 
is a maximum, are derived for two special cases. 

The importance of electrocatalysis from the point of view of improving the 
performance of electrochemical electricity producers is stressed. Recent work on the 
kinetics of the important oxygen electrode reaction and on the mechanism of electro- 
organic oxidation is discussed. Some models of electrode design for increasing the 
apparent current density (and thereby reduce efficiency and power losses) are dealt 
with theoretically. 

R E F E R E N C E S  

I D. B. MATTHEWS, Ph.D. Thesis, University of I'cnnsplvnnia, 1965. 
2 B. E. CONWAY AND J .  O'M. BOCKRIS, J. Chem.  Phys . ,  2 0  (1957) 532. 
3 A. DAMJANOVIC, J .  O'M. BOCKRIS A N D  I<. JAHAN, to  hc publishetl. 
4 B. E. CONWAY, E. M. BEATTY AND P. A. U. DEMAINE, Eler t~~ork im .  :lrta, 7 (1902) 39. 
5 R. PIONTELLI, L. PERALDO BICELLI A N D  A. LAVECCHIA, l i c~zd .  Arcad. A'az. r-incci, 1,'[11, 27 

(1959) 312. 
6 A. I<. N. REDDY, A. PAUNOVIC A N D  J .  O'M. I~OCI<RIS,  University of T'cnnsylvania 12cport 

(NASA Contract No. NsG 325). 
7 M. L. B. RAO, A. DAMJANOVIC AND J .  O'M. BOCKRIS, J .  Phys .  Chem. ,  07 (190.3) 2508. 
8 A. DAMJANOVIC, V. BRUSICAND J. O'M. ROCIZRIS, t o  bc publishctl. 
g H .  DAHMS AND J. O'M. BOCKRIS, J. Elrrtr,i)ckenz. Sor.,  I I I  (1904) 728. 

10 A. T. KUHN AND J. O'M. BOCKRIS, to  be publ i sh~~d.  
11 J.  O'M. BOCKRIS AND A. I<. M. S. HUQ, Pror. Roy .  Sor .  I-ondow, ti237 (1950) 277. 
12 N. WATANABE AND M. A. V. DEVANATHAN, J .  Elertrorhrm. Soc., I I I (1905) b15. 
13 M. GENSHAW, t o  be published. 
14 J. 1'. HOARE, J. Electrochem. Soc., I 10 (1964) 1019. 
15 H. WRORLOWA, M. L. B. RAO, A. DAMJANOVIC A N D  J .  O'M. ROCKRIS, to  be published. 
16 W. VISSCHER AND M. A. V. DEVANATHAN, J. Blectroanal. C l ~ e m . ,  8 (1904) 127. 
17 H. A.  LAITENEN A N D  C. A. ENKE,  J .  Electroclz~m. Sor., 107 (1900) 7 7 3  
18 M. D. MORRIS, J. Ekctroanal .  Chem., 8 (1964) 305. 
19 A. I<. N. KEDDY, M. GENSHAW A N D  J .  O'M. HOCKRIS, J. Elrrtroanal. C I I P ? ~ . ,  7 (1904) 487. 
20 L. NEKRASSOV AND L. MULLER, Elecfvochim. ,4cla, 9 (1904) 1015. 
21 M. GENSIIAW, A. DAMJANOVIC AND J .  O'M. ~ O C I C R I S ,  t o  be published. 
22 V. G. LEVICH, Physicochemical Hydvodynamics, translation b y  I'renticc Hall. Inc., Englcwootl 

Cliffs, N. J., 1962. 
23 J .  O'M. BOCKRIS, hl. A. V. DEVANATHAN A N D  I<. MWLLER, PYOC. Roy .  SOC.  London,  A274 

(1963) 55. 

J .  Electroanal. Chew. ,  11 (1966) 350-389 



ELECTROCHEMICAL E N E R G Y  CONVERSION. E L E C T R O D E  K I N E T I C S  

24 E. RLOMGREN A N D  J. O'M. BOCKRIS, Natuve, 186 (1960) 305. 
25 J .  O'h4. ROCKRIS, M. GREEN A N D  I). A. J .  SWINKELS, Rev. Sri .  Inst. ,  in press. 
26 1%'. N. HEILAND, E. GILEADI A N D  J .  O'M. ~ O C I ~ R I S ,  to  be published. 
27 H. DAHMS A N D  M. GREEN, , I .  I< l~ ( . t rorh~m.  .Sot., 110 (1963) 466. 
28 E. GILEADI, B. T. l i u n r ~  A N D  J .  O ' h l .  BOCKRIS, J .  Pays .  Chem. ,  t o  be published. 
29 J .  O ' h l .  BOCICRIS, D. A .  J. SWINKELS A N D  M. GREEN, ,I. Elrc t~ochem.  Soc., 111 (1964) 743. 
30 J .  O'R. BOCKRIS A N D  I). A .  J.  SWINKELS, , I .  Elecfvorhrm. Soc., I I I (1964) 736. 
;I H. WROIILOWA, B. J .  PIERSMA A N D  J .  O'RI. BOCKRIS, J .  Electroanal. Chem. ,  6 (1963) 401. 
32 P. DELAHAY A N D  1. TRACHTENRERG, , I .  .4m. Chevn. Soc., 79 (1957) 23.55. 
33 E. A. BLOMGREN, J. O'M. ROCKRIS A N D  C. JISSCFI, J. Phys .  Chcm., 65 (1961) 2000. 
34 H. WROBLOWA, E. GILBADI, J .  O'M. UOCKRIS AND R. J. PIERSMA, Trans .  Favaday Soc., t o  be 

published. 
35 E. GILEADI A N D  S. SRINIVASAN, J .  Eler t~oanal .  Chem., 7 (1964) 452. 
30 F. G. WILL, ,/. E l e r t ~ o c J ~ ~ m .  SOC., I I0 (19h3) 145. 
37 Ibid.,  I I O  (1963) 152. 
j 8  L. C;. AUSTIN, M. ARIET, I<.  D. WALKER,  C;. B. WOOD AND R. H. COMYN, Penn. State Univer- 

sity, Report No. 7 t o  H1)I. (Contract No. DA 49-186-ARfC-146(D)). 
39 11. I<H. BURSFITISIN, V. S. MARKIN, A. G. PSHII.NICIINIIIOV, Yu. A. ~ H I S M A D Z H E V  A N D  Yu. G. 

CHIRI~OV, Paper presented a t  14th C.I.T.C.1'. Mecting. 
40 J.  O ' M .  BOCKRIS, la. NANIS A N D  1%. CAHAN, J .  Elrrtvoanal. Chem., 9 (1965) 474. 
41 U. CAHAN, t o  b r  published. 
4 r  I<. SCHWARE, %. Elektrochem., O r  (1957) 744. 
43 M. 1'. BOUTRY, 0. BLOCH A N D  J. C. I ~ A L A C E N U ,  Compt .  Rend.  Sci., 254 (1962) 2583  
44 H. GERISCHER, HCY. H~~nsetzgess.,  07 (1903) 104. 
45 J. VAN HELD A N D  H. GERISCHPR, ihid., 67 (1963) 921. 
46 H. D. HURWITZ, S. SRINIVASAN A N D  J. O'M. UOCKRIS, t o  be published. 

I .  Electroanal. Chem. ,  11 (1966) 350-389 



39" JOURNAL OF ELECTROANALYTICAL CHEMISTRY 

S H O R T  C O M M U N I C A T I O N S  

Polarography of europium in formamide 

The polarographic reduction process of the rare earths is of two types. The rare 
earths in one group are directly reduced to the metallic state in a three-electron 
reaction and those of the other group (samarium, europium ancl ytterbium) are 
characterised by a single-electron reduction. HOLLECK~ and LA IT IN EN"^^^^ demon- 
strated that the reduction of Eu3+ in 0.1 M ammonium chloride gives a well-defined 
single wave with a half-wave potential of -0.67 V us. S.C.E. Similar results have been 
obtained by HIBRITS et a1.3 in a polarographic study of Eu3+ in lithium chloride, am- 
monium chloride and tetramethylammonium bromide supporting electrolytes. 
MISUMI Anrn IDE* have studied the polarography of europium in lithium iodide, 
lithium chloride and lithium perchlorate solutions. In all these cases, they obtained 
two irreversible waves, the first for a one-electron and the second for a two-electron 
reduction. The aqueous polarography of Eu3+ has been carried out in these labora- 
tories in sodium chloride, ammonium chloride and sodium perchlorate supporting 
electrolytes. In the pH range 2.9-4, two waves were obtained in every case. The first 
wave indicated a one-electron reduction from Eu3+ to Eu" with a half-wave potential 
of -0.67 V vs. S.C.E. The second wave was founcl to be a hydrogen wave which clis- 
appeared above pH 4.0. 

A study of the literature and our own results indicate that there is little evi- 
dence for reduction to the metallic state and that reproducible results are difficult to 
obtain. In view of the conflicting results in aqueous medium, the polwographv of 
Eu3+ has been studied in non-aqueous media. 

The polarography of Eu3+ iin acetonitrile and acetone media. has been studied 
by KOLTHOFF AND COETZEE~ and by COETZEE ANI)  S I A O ~ I I  various supporting elec- 
trolytes. The present paper reports the results of the polarograpllic study of Eu3+ in 
formamide medium at the D.M.E. 

Ex$erirnental 
The polarographic set-up used was the same a? describeci earlier7. The D.M.E. 

had the following characteristics: m =  1.76 mg/sec and. t=4.7 sec. The diffusion cur- 
rents were corrected for the residual currents. The i R  drop correction was nlacle by 
measuring the resistance of the cell with the help of a L.P. 024 conduscope. All 
experiments were carried out at  a temperature of 25 f 0.2" by means of Haake-type 
NGr~q/ultra thermostat. The temperature coefficient was determined by raising the 
temperature from 25" to 35'. Purified nitrogen was used for removing the dissolved 
oxygen. The gas was pre-saturated by passing it through a solution of the same 
composition as that of the experimental mixture. 

The europium solution was prepared by dissolving 99.99'); europium oxide 
(Euz03) in the minimum quantity of A.R.-grade perchloric acid; pure sodium per- 
chlorate was used as supporting electrolyte. A maxima suppressor was found to be 
unnecessary. Formamide (E. Merck) driecl with sodium sulpl~ate was used in all cases. 
Solutions containing o, 10, 20, 40, 60, 80 and 100% fornlamicle were prepared. The 
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diffusion current ( i d )  was plotted against i h  after making correction for the back 
pressure. 

Results and discussion 
Europium gives a single well-defined wave in aqueous solution and in mixtures 

containing zo, 40, 60, 80 and 100% of formamide. The half-wave potential shifts to 
the negative side with increasing concentration of formamide up to 60% and then 
decreases in 80% formamide. The wave height decreases as the concentration of 
formamide is increased. The plot of the wave height ( i d )  V S .  jh is linear and passes 
through the origin indicating that the current is diffusion-controlled. This is further 
confirmed by the temperature coefficient determination. The plot of log i / ( i d - i )  us. 
E0.e. is linear in all cases. The values of the slopes indicate that the reduction is 
irreversible in mixtures containing 0-6oX formamide. At higher concentrations of 
formamide the reduction is reversible. 

TABLE 1 

Formamidc id E ,  
(% u / u )  ( P A )  ( V 71s. S.C.E.) 

-~ - 

I mAt Eu3+ in 0.2 M NaC104 
o 5.34 -0.08 

20 5.14 -0.698 
40 4.339 -0.706 
60 4,005 -0.717 
80 3.471 -0.713 

I00  2.937 0 . 7 4  

Slope 
( 1') 

* K, 
(cm sec -1) 

* Kf0 
(cm sec-1) 

* K,- and I(/o-values reported are 7)s. N.H.E. 

The kinetic parameters for the reaction a t  the D.M.E. have been calculated by 
I<outeck$'s method for irreversible processes. The mathematical solution for the 
electrode reactions a t  the D.M.E. which are controlled by the kinetics of electron 
transfer, is given in the form 

where 3~ = K f ( 1 z t / 7 D ) 1 1 2 ,  E = 50.4 D 1 1 2 m - 1 1 3 t 1 1 6 ,  i l  the maximum limiting current 
along the polarogram, i d  the maximum diffusion current, t the drop time, D the 
diffusion coefficient and I C f  the rate constant for the forward reaction in the irrevet-5- 
ible process which varies with the electrode potential, E, according to the equation 

where a is the transfer coefficient. n the number of electrons involved in the 
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rate-determining step and KfO the rate constant of the electron transfer a t  zero volts 
vs. N.H.E. 

The plot of -log Kf vs. E (-volt N.H.E.) gave a straight line the slope of 
which is equal to otnF/z.303RT from which the nn-values have been calculated. 
Extrapolation to the values of E l  ando Vgave the values of I<, and respectively, 
where K,  is the standard rate constant. The results have been summarised in Table I. 

The decrease in id with the increasing concentration of formamide is due to the 
increase in the viscosity. The polarographic reduction of Eu3+ in formamide affords an 
interesting method for the determination of europium. 
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Polarographisches Halbstufenpotential des 1. angeregten 
Singulettzustandes 

In der Natur spielen Redoxreaktionen angeregter Molekiile eine bedeutende 
Rolle, so dass ein grosses Interesse an der Ermittlung des Halbstufenpotentials in den 
verschiedenen Anregungszustanden besteht. Obwohl bis zu den kurzen Lebenszeiten 
des I. angeregten Singulettzustandes (10-"10-8 sec) diffusionsbedingte IZeaktionen 
durchaus moglich sindl, ist schon bei den wesentlich langerlebigen Triplettmolekiilen 
( I O - ~  sec bis einige Sekunden) eine experimentelle polarographische Ermittlung nicht 
einfach2.3. Niedrige Konzentrationen angeregter Moleliiile, Sekundfureaktionen mit 
dem Losungsmittel und dynamische Loschung an der Quecksilbertropfelektrode4 er- 
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schweren die Messbedingungen. Fiir angeregte Singulettzustiinde ist eine direkte, po- 
larographische Ermittlung unseres Wissens nach noch nicht moglich gewesen, so dass 
man auf indirekte Methoden, insbesondere in Verbindung mit der Spektroskopie, 
angewiesen ist. 

Rereits in anderen Mitteilungen5tfi wurde gezeigt, dass zwischen der Desakti- 
vierung des Anregungszustandes und dem polarographischen Halbstufenpotential 
einer Reihe von Chinolderivaten mit Merocyaningruppierung (I) eine Beziehung be- 
steht. Dieser Zusammenhang kann jedoch, wie aus den Abb. I und 2 zu entnehmen 
ist, nicht einfacher Art sein. Wghrend namlich nach Abb. 2 der Desaktivierungspro- 
zess, ausgedriickt durch desscn Aktivierungsenergie, vorwiegend von der veranderten 
Elektronenverteilung des Anregungszustandes abhgngig ist, wird das polarographi- 
sche Halbstufenpotential zumindest durch einen elektronischen und einen sterischen 
Anteil bedingts. Der elel<tronische Anteil uberwiegt bei der Kernsubstitution. Zur In- 
terpretation wurde vorgeschlagen, dem Cl~inol mit seinem Aminosubstituenten eine 
Reaktionskonstante zuzuordnen und die Verinderung der nl-Werte bei Kernsub- 
stitution durch induktiven Einfluss der Methylgruppen zu deuten5. Dafur spricht, 
dass die Verbindungen I ,  I1 und I11 und IV, V und VI auf annahernd parallel zuein- 
ander verlaufenden Geraden liegen. Reide Gruppen haben Seitenkettensubstituenten 
extrem verschiedener Lange (Verbindungen mit Phenylresten in der Seitenketteliegen 
nicht auf den (;eraden). Ein qualitativer Vergleich der in Abb. I gegeneinander auf- 

V I I :  H,  11, CxHs S :  H ,  H,  CHa-GHs 
V I I I :  H ,  H ,  C:tllv I :  I ,  H, CHr-CHs-CeHs 

I S :  H,  I ,  CeH5 

Xbb. I .  l J n  als  1;unktion von n: ; L20sungsmittcl: ~ ~ t h y l a l k o h o l  (1:luorcszenz) bzs. 60% Athylalko- 
hol + 4oL%, I'hosphatpuffer o. I M, p H  7 (l'olarographie) ; c = 5 . 10 -"M (F) und  c = I . I O - ~  

.w (1'). 
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getragenen Messgrossen n l  und UA (Aktivierungsenergie des strahlungslosen Prozes- 
ses, Definition nach ROWEN U N D  SAHU*) erscheint zunachst sinnvoll, da sowohl die 
Desaktivierung des Anregungszustandes als auch die Reduktion der Carbonylgruppe 
durch die Elektronenverteilung in der Merocyaningruppierung bestimmt werden. 
n l -  und UA-Werte beziehen sich jedoch auf verschiedene Energiezustiinde des Mole- 

Abb. 2.  (p,-p,) als Funktion von U A ;  pe = D i p o l n ~ o ~ n ~ n t  clcs 12nrcgungszustandes, p, = Dipol- 
moment dcs G r u n d z ~ s t a n d e s l l ~ ~ ~ .  

kuls und der nachgewiesene, stiirker polare Charakter des ersten angeregten Singulett- 
zustandesg lasst eine Positivierung des Halbstufenpotentials n*$ gegeniiber n 1  erwar- 
ten. Es kann nun in folgender Weise auf den*+-Werte geschlossen werden: 
Nach Abb. I gilt fur die Geradcn I, 11,111 bzw. IV, V, VI 

Wenn der sterische Einfluss auf die Halbstufenpotentiale des Grund- und Anregungs- 
zustandes gleich ist, so folgt einfach 

: 
oder ausgerechnet 

Dabei ist UA,,,=,, die Aktivierungsenergie fur den Fall, wenn das Dipolmoment sich 
beim Ubergang in den Anregungszustand nicht iindcrt. Diese hypothetische Grosse 
kann bei Giiltigkeit einer linearen Reziehung zwischen (~e-p , )  und U A  durch Extra- 
polation bestimmt werden. (Niiheres hierzu inlo.) 

Tabelle I enthiilt eine Zusammenstellung der Ergebnisse. Folgende Abschxt- 
zung zeigt, dass die so ermittelten Ank-Werte zu erwarten sind. Wird niimlich die 
Anderung der freien Enthalpie allein durch die zugefiihrte Lichtenergie bedingt, so 
1" asst . sich fur den reversiblen und isentropen Prozess An! nach (5) berechnen. 

AG = n-  Fa Anl (5) 
Da der 0-0-Ubergang aller hier untersucllten Substanzen zwischen 24 und 25. 103 
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cm-1 liegt, ergibt sich dementsprechend fur n= 2 eine Positivierung um 1.5-1.6 V. Die 
Werte der Tabelle I liegen etwas niedriger, da die Annahme der Reversibilitat nicht 
fiir den gesamten Reduktionsvorgang gultig ist. Versuche an einfacheren, reversiblen 
Systemen sind vorgesehen. 

TABELLE 1 

n: und An* = zl* - nk fur cine Rcihe von Vcrbindungcn dcr angcgcbcncn Formel: zur Berech- 
nung von Ant nach GI. 4 wurden folgende Daten verwendet : 

3 kcal . a = -  -- 
kcal 

V .  , U A , ~ ~ = ~ ~  = (4.8 & 0.8) - M 

-- 

Nr. n:  ( V )  An,( [I) NV. n, ( v )  L I Z ~ ( ~  

Die Polarogramme zur Bestimmung der Halbstufenpotentiale des Grundzu- 
standes wurden mit dem HeyrovskJi-Polarographen LP 55 gegen NCE aufgenommen. 
Eine ausfiihrliche Mitteilung, vor allem der spektroskopischen Versuche, wird an 
anderen Stelle erfolgenlo. 

Herrn Dr. H. BERG sei fiir Diskussionen herzlich gedankt. 
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Introduction to Electroa~zalysis by L. I.. I,EVESON, Rutterworths, London, 1964, ~ z o  
pages, 15 s. 

This small paperback aims a t  providing an elcrnentary introduction, a t  the 
undergraduate level, to the various electrochemical methods of analysis. The scope of 
its 120 pages, covering potentiometry, voltammetry, amperometric titrations, coulo- 
metry and conductometry, is a fair indication of the conciseness of presentation. I t  
doubtless fulfils a need for an inexpensive text in this area but suffers unduly from 
the compression of material, from a considerable amount of incorrect (e.g., the account 
of polarographic charging currents) or misleading (e.g., the paragraph headed "Vol- 
tammetry with continuously changing voltage or anodic dissolution voltammetry") 
information and from a lack of the clear, accurate outlines of the principles of each 
method that one would expect to find in a work of this nature. Some of the diagrams, 
such as that showing a polarographic maximum leaning over, are carelessly drawn ; 
others, including one of a dropping mercury electrode, convey the sense poorly. An 
unhelpful bibliography contains nearly every text-book of electrochemistry in the 
English language. 

T. RIEGLER,  University of Bristol 

J .  Electroanal. Chem., 1 1  (196G) 396 

A N N O U N C E M E N T  

CHEMICAL INSTIlliMENTATION COUI<SIS 

A course entitletl "Introduction to  Chemical Instrunicntation" is being offcrctl in the 
Department of Chemistry a t  I'urcluc Ilnivcrsity. July 10-30, 19OO. The course is dcsignctl to give 
research scientists in chemistry and related areas a \vorlting knowledge of electronic circuits and 
their application in instruments. Atltlitional infornlation is available fro111 I'rofcssor H. L. PARDUE. 
Department of Chemistry, Purcluc Univcrsitv. Lafayettc, Ind., 47907. 
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With the permission of the Medical Research Council, the original publication 
(now out of print) has formed the basis of the present volume. But this is by 
no means merely a revised edition; it is, as agreed with the M.R.C., an entirely new 
book with an entirely new title. The introduction of the word metabolism in the new 
section headings draws attention to  the importance of this aspect of the subject, 
since i t  is now universally recognised that the toxic effects of certain chemical 
substances depend almost entirely on their fate in the organism under the influence 
of enzymes. 
The main purpose of this book is to make available a comprehensive account of the 
nature, uses and potential and actual toxicity of well-known and lesser-known 
solvents used in industry as judged from animal experiments and human experience. 
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