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The role of anions in the electrochemical behaviour of thick 
palladium oxide layers-Effect of chloride ions 
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The Influence of chloride inns on the electrochemical hehaviour of pa ll adium ox ide films grow n at 2 .()() V in I M 

II ~SO-l + x M IICI (0 < x < 10 ' ) is in ves ti gat ed by means o f vo itamille try. rotating ring-di sk and poten tial step techniques. 

Bot h v() ltammetri c and current tran sients electroredueti on data show thaI the presence o f cr ions a 'celerate the 
eicClroreduct iun or pa llndiulll ox ide films. The poten ti al o f the (, Iec troreducti on vo ltammetric peak in c rea ~ es w ith the 
chloride cnnce illrati on. Catlh ld ic current transients show current max ima related 10 the presence of a nucleat ion and growth 
process. The mechilni sm o f palladium ox ide layer electroreducti on can be interpreted through the fornwtion o f chloride
containi ng complex spec ie, which fa vours the elec trored ucti on by dec reasing the time needed to stan the ,wcieation and 
grow th o f the neW eicctroreduced phase. T hi s crfect is achieved by the breakdown o f the anodic layer. T he result s an:' 
di ,cusseci w ithil! the frame o f da ta prev iously obtained for perchlorale . phosphate and sulphate ion-coilla ining ,() Iution, . 

The growth or thick pal ladium oxide films at high 
p()~i ti ve potential ~ can be achi eved by applying fas t 
repe titive either triang ular l ' ~ or ~qua re5 wave pntential 
routines. They ca ll al so be obtained under 
pOieniinstatic conditions6 though the thicknesses 
a"ainecl uncler such arc usuall y lower than those 
nbtainec\ by potentiodynalllic rou tines . The structure 
or the palladiulll ox ide rilms rnrmeJ at high pos iti ve 
potentials has been described as an outer hydrous 

ox ide layer. usuall y denoted as ~- I ayer. which grows 
above an inner mure compact anhyd roll s layer. 

u." uall y denoted as a-layer l.7 The growth o f the 

fi-Iayer is accompanied by the electroronnation of a 
reversible electrochemical system which is embedded 
in the ox ide lllat ri x6 

Some allempts have been made us ing ex-sitll 
mcthods, like X PS and UPS, to inves ti gate the nature, 

. ' 1 I . . c' I ' tC) I h' kl o pnman y tlC compos lttOn , O J t l tn ' anc t I C ' 

elec trochemicall y formed Pd ox ide ri I ms. T EM views 
or B-paIl Ll(jiulll oxide rilmsl l indicated that th is type of 
film ex hibit s a porous structure. Otherwise, AFM 
imaging showed the fo rlllati on or a colu mnar- like 
stnl cturc of the pallad ium surface resulting frolTl the 
c1cCirnrcd uct ion or the hydrous oxide layer). The 
appearance or ~ D struct ures corre lates with 
eicctrocilem tcal data derived rrom current transients. 
wl lich Indicate that the elcctrored uction of the 

fi-oxic/c layer ronned at relat i vel y iligh potentials can 
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be described in term s of an installlancous nucleation 
and 3D growth process with nuclei dC'ath ' ~ . One point 
which is . till not clear is how the electro lyte 
compos ition influences the electro t"ormati on of the 
palladium ox ide layer or its elect roreductl on. In 
alkaline so lutions the voltammetri c eleetroreducti on 

of the ~- I ayer takes place at poten tials lower than that 
corresponding to the a .. layer7 On the oth er hanet. in 
acid soluti ons the elcctroreduction poten ti al for the 

~- Iayer depends on the sol ution p H. the poten ti al 
sweep rate and the nature of rhe ;lllillnS present at the 
ox idelsolution interphase6

. 1.
1

. In HClO~ or Hd)O~ 
sol utions the palladium ox ide f i lm layers arc 
electrored uced at remarkable less po. iti ve potenti als 
than in H2S04 so lutions. Furthennllre, a\ low pH the 
electrorecluct ion th reshold potential fo r th e cuter thick 
ox ide f ilm moves pos itively as rh SO/ -/l-I ' O~
concentration is increased, while <I I high p H the 
presence or SO..) ~- ions do not exert a major effect on 
the vojtammetric elcctroreduction or Ihe palladlLllll 
ox ide film (' ·I ~ . Elec tro lyte compositi on and p H also 
play an importan t rol e in the dissolutiDn or the ox ide 
layer, wh ich increases as pH c1ecrease~ and anion 
adsorbability increases('. Thus, it is apparen t that the 
electroreduetion of relatively thick pa lladium oxide 
films is a complex process which might be strongly 
influenced by the nature or the anion, present in the 
solutioll. 

Thi s work examines the effect or (' I !ons on the 
electrochcmical behav iour (II' palLld iulli ox ide fi lms 
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fo rmed at relati vely high pos iti ve potential s. It is well 

known that cr ions are strongly adsorbable on metal 
electrodes , and posses the capac ity o f forming 
aqueous meta l, in the present case pall adium l4. 

complex spec ies. Both features make CI - ions suitable 
for examining the role played by the ox ide-anion 
in terac ti ons during both thc elec troreducti on and the 
elec tro formati on of pall adium ox ide films. As base 
electro ly tc, I M H 2S0~ So luli on has been chosen as it 
al lows a fac il e growth o f the thi ck ox ide film , and the 
vo ltammetric profi les and th e elec troreducti on current 
transients exhi bit a c lear di stincti on o f the different 
electrochemica l processes invo lved during the 
elcc troreducti on. Results are discussed in relati on to 
tho. e obtained for sulphate, phosphate and perchlorale 
ion-CC'l nta ining soluti ons. 

Materials and Methods 
T he work ing elec trode was a pall adium wire (J . 

M atthcy Chem. Co., Specpure) w ith a geometri c area 
of about 0.1 4 cm". The elec trode was electropoli shed 
before each experiment using a LiCi /methano l 
so l uti on 15. A fter the electropo l ishing the electrode 
was thoroughl y rinsed w ith Milli -Q water and pl aced 
in the electrochemical ce ll. The working so lutions I 

M H2S0~ + .r M HCI (0 .s .\' .s I O-~) were prepared 
from M erck (p.a.) chemica ls and Milli -Q water. 

T he experimcntal routine consisted of introducing 
the elec trode at E = 0 .5 V to avoid interfe rences from 
eithcr H absorpti on or ox ide elec troformati on. T hen. 
the potenti al was stepped to 2.0 V in order to grow a 
rela ti ve ly thi ck pall ad ium ox ide film during a preset 

time T= 300 s. Afterwards, either a pOlentios tati c or a 
potentiodynam ic rout ine were per fo rmed to 
electroreduced the anodic oxide fi lm . 
Voltammograms were obta ined with a slow potential 

. can at v = 0.005 V S- I ru n between 2.00 V and 0.3 V . 
Thi s v va luc was selected as it all owed to separate the 
current peaks related to the different stages of th e 
elec trorcduclion of thc pallad ium oxidc fi lm6 Current 
transients were recorded by steppi ng the potential 
from 2.00 V to 0.7 V . i .c. a potential where onl y the 

electm reduction o f the B-oxicie layer takes place. I t 
should he pointed out that each potentiosta tic 
measurement was repeatcd fi ve times and the average 
va lue was tak en for the calculations . 

A ro tatin g pa lladium-disc/go ld-ring c lec trode, 

mech,lIlicall y poli shed wi th O.3p m alumina. was 
occasionally employed to detec t th e i'ormati on of 
so lub le spec ies during the voltammetri c 
elcc troreducti on o f the pall adium ox ide layer. The 

elec trochemica l setup compri ses a conventional 
potenti os tat and w ave form generator. T he 
electroreducti on vo ltammograms and the curren t 
transients were recorded on a Houston Omnigraph ic 
recorder and on a model 140L L eCroy osc i Il osC'ope. 
respectively. RRDE experiments were perfo rmed 
using a type BI -PA D Tacussel bipotentiostal. 

A II the potentials in the tex t are referred to the 
reversible hydrogen electrode in the sa me so lut ion . 

Run s were carried out under puri f ied 2 at 25 °C. 

Results 
VO/la ll1l1l clric scalls 

T he vo ltammetri c electroreduction scan at v = 

0.005 V S- I from 2.0 V to 0 .3 V of a palladium oxide 

fi I m formed at 2.00 V duri ng 300 s in I M H2S0 4 

ex hibits f ive current peaks (Fi g. I a) . A t ca. 1.4 V 
peak I appears w hich has been related \0 a fas t 
elec trochemica l sys tem embedded in the thi ck ox ide 
matri x6 In the 1.3 V to 0 .9 V range the 
vo ltamlTlogram exhibi ts an asymmetri c current peak 
( III) with a hump ( II ) on the ascending branch, both 
related to the elec troreducti on of the outer ox ide f ilm 
taking pl ace through a nucleation and growth 
processo. A t potentials lower than 0.8 V , peaks I V and 
V appear overl apping a background di ffusional 
current contri but ion. Thi s di ffusional CUl'rent is due to 
the elec troreducti on o f traces o f O2 and Pd2~ so luble 
spec ies fo rmed during the <.! nodisati on of thc 
pa ll adium elec trode5.1 6.1 7 Peaks IV and V are main ly 

related to the electroreducti on of the innermost. or (X- . 

ox ide layer6
.
7 T he elec troreducti on vo l tam metric 

profil e changes as x, the concentrat ion o f cr ion. in 
the base elec tro ly te, is i ncreased. T hus, for x 
increasing from 6.8x 10-4 M to 3.7 x I 0-3 M. peak III 
shifts pos iti ve ly and at the same time hump II 
disappe:1rs, seeming ly overl appeJ by peak III 
(Figs I b-d) . Incidentall y , peaks I , IV and V exh ibi t no 

signifi cant infl uence of the increas ing cr 
concentrati on. 

It should be noted that the di ffusional current 
con tri bution formerl y recorded at potenti als lower 
than 0.8 V (Fig . I a) slight ly decreases with the 

addi tion of CI - ions. Wh il st a net li miting current is 
observed in the 0.7 V -0 .8 V range duri ng the 
subsequen t positive p0tential scan in the absence of 

CI- ions, such current contribution docs not aprear in 
the presence o f them. Instead. an increasing positive 
curren t shows up from ca. 0.7 V upwards. 

The potential of pC<Jk Iii fulfill a linear relationship 
with log CII (,1. wi th a slope o f ca. 0 .245 ± 0.0 15 V 
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Fig. I- Elcc lron:duction vo ltdll1lllograll1s o f palladiull1 ox ide 
fi lill s grown at 2.00 V during 300 s in I M H2S04 +.r M HCI. v = 
0.00.') V S I 

decade- I, a va lue appreciably hi gher than that 

report ed for th e case of I M HCl04 + .\ M Na2S04 
(0 . I 10 V decade- I) , where a I i near dependence of E"III 

. I I ,- I f' 111 Wit 1 og cS()~ - was a so ounc ' . 
The cathod ic charge recorded between 1.0 V and 

1.55 V. i, e. that related to the electroreduction of the 
outer thi ck ox ide layer ( in volving peaks I, II and II I), 

decreases abruptly when the CI- ion concentrati on 

exceeds I x 10-.
1 M . apparent ly due to the di sso lution 

of the anod ic fi lm (Fig. 2). The apparent changes 
observed can be due to an effec t of chloride ions on 
either the elec troreduction process or the formation of 
the anodi c ox ide film. In the first case, it means th at 
there ex ists an interacti on between the ox ide surface 
and the anion specifically ad sorbed, which affects the 
kinet ics of the elec troreduct ion process. In the second 
case. a change in the nature of the ox ide film is 

produced by the presence of CI- ions during its 
fo rmati on at 2.00 V. 

To elucidate thi s point the following experiments 
were performed. In a first set of experiments (Fig. 3), 
the pall ad ium elec trode was immersed in I M H2S04 

and anodi sed at 2.00 V during 300 s in order to grow 
the ox ide layer, and afterwards the anodic ri I m was 
vo ltam metri ca ll y electroreduced through a potential 

sca n i'ro m 2.00 V to 0.3 V at v = 0 .005 V S- I (Fig . 3, 
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Fig. 2- Dependence of the electroreduction charge recordcd 
between 1.6 V and 1.0 V (peaks I and III ) wi th HCI concenlration 
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Fig . 3- Electroreduction voltammogra ms of palladium ox ide 
films grown al 2.00 V during 300 s under the follow ing 
conditi ons: eleclro forrncd and electroreduceci in I M H 2S04 C- ): 
eleclro formed in I M H 2S04• washed w ith wdter and [hen 
electroreduced in Ihc s;)me electrolYle (- - - ): r.: lecimforilled in I M 
H2S04. washed with waleI' <I nd then electroredu C'cd in I M H2S04 

+ 1.23x 1W ' M HCI (- ). 



BOLZAN EFFECT OF CI - IONS IN TH E BEHA VIOUR OF PA LLA DI UM OXIDE LA YERS 777 

dOlled trace). Thi s was considered as the blank 
ex periment. In a second run, the electrode was 
subjec ted to the same procedure but before reducing 
the ox ide fi lm. the elec trode was taken out of the cell 
at constant potential (E = 2.00 V), washed and 
immersed for 300 s in Mill i -Q water in order to 
remove as far as poss ible, traces of sulphate ions from 
the ox ide layer. A fterwards. the electrode was 
immersed at E; = 2.00 V in the cell containing I M 

H2S0~+ 1.23 x I cr3 M HC!' and an electroreduction 
scan was immediately started from the immersion 
potential E; downwards. The resulting voltammogram 
(Fi g. 3. fu ll trace) shows that in the presence of CI
ions. peak III is no longer observed and instead a 
double peak is recorded in the range 1.3 V -1.4 V in 
g.ood agreement with the results depicted in Fig. I. At 
the same ti me the voltammogram shows that the 
potential region related to peaks IV and V exhibits no 
maj or changes, just a decrease in the base diffusional 
cathodic current. To disregard any influence of the 
washing procedure on the resulting voltammograms, a 
third experiment consisting o f introducing the 
electrode in pl ain I M H2S04 after the washing stage, 
was performed. The vo ltammogram (Fig. 3, dashed 
trace) shows that the effect o f washing the oxide film 
with Mil l i-Q water exerts a very l ittle influence on 
peak III and rather promotes a small potenti al shift of 
peak I to less pos iti ve va lues, increasing, at the same 
time. ils height-to-width rati o. In a second set of 
ex periments. the procedure was in verted (Fig. 4). The 
palladium ox ide f ilm was fi rs t grown and reduced in I 
M H 2S0~ + 1.23 x 10- ' M HCI (Fig. 4, dotted trace) . 
A l'terwards. the pall adium ox ide film was first built 
up in thi s solut ion, washed in Milli-Q water as before, 
and finall y elec troreduced in pl ain I M H2S04 (Fig. 4, 
full trace). As blank ex perimcnt once again the ox ide 
film grown in the CI- ion-containing H2S04 solution 
was elec troreduced in the same electrolyte after the 
washing procedure formerl y described (Fig. 4. dashed 
trace). These results clearl y show that peaks II and III 
are originated fro m a speci fic ef fec l ur HS0 4/S0} 
ions. as reported elsewherel

' . 

T herefore, fro m the above sets of ex periments it 
can be concluded th at the main influence o f chloride 
ions appears during the elec troreducti on process and 
not during the growth of the ox ide layer. 

RRDE do lO 

The vo ltammogram of a pa lladiu m RRD E recorded 
al ()J = 2000 rpm and 'v = 0.005 V S- I for the 
clec troreducti on or an oxidc fil m grown at 2.00 V 
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co ndili~n s: eleclrnformed and eleclroreduced in I !VI I-I ~SO~ + 
1.23x IW.1 !V1 HCI C' ): cleclro formed in I !VI H ~S04 + I .~~x l () -l !vl 
HC!. washed Wilh waler and Ihcn eiecl rorcd uced in Ihe samc 
cleclrol yle (- - -): electrn fonned in I !VI H2SO.1 + 1.23x I () I !VI 
HC!. washed in waler andlhen elecl roreduccd in I !VI 1-1 2 S0~ (- ). 

during 300 s in I M H 2S0~ + 3 X 10-.1 M HC!' shows a 
net anodic current which decreases as the negati ve 
potential scan goes from 2.00 V to 1.6 V . Then. the 
current increases exhibiting an anodic peak at co. 
1.55 V, and afterwards decreases steadil y to reach a 
cathodic peak at co . 1.37 V . From 1.25 V to 0 .8 V a 
practi call y null current is recorded. which is followed 
by the appearance o f two ca thodic peaks at ca . 0,65 V 
and 0.35 V. During the subsequent pos iti ve potenti al 
scan the current remains cathodic up to 0. 7 V. where 
an abrupt anodic current increase is observed (Fig. 5). 
By setting ER = 0.4 V. the ring current response 
closely follows th at of the disk (Fig. 5. full trace). i.c. 
fi rstl y there is a progress ive ca thodic current dec rease 
for 2.0 S Eo S 1.7 V followed by the appearance of a 
cathodic peak at ca. 1.45 V concom itantl y w ith the 
anodic peak at the disk. A fterwards. J shoulder at co 
1.35 V . concomitantly w ith the appearance of the 
cathodi c peak at 1.37 V at the disk, is recorded . 
Subsequently. the ca thod ic ring current tends to a 
limiting va lue th at decreases to zero for En < 0.5 V. 
During the fo llow ing pos it ive potential scan the 
current at the ring remai ns at zero but increases fro1ll 
ED = 0.7 V upwards . 
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By selling ER = 1. 15 V (Fig. 5, dotted trace) the 
current profile at the ring shows a plateau from 2.00 V 
10 1.6 V and a cathod ic peak at ca . 1.5 V which is 
much lower than that previ ously recorded for E I~ = 0.4 
V . It should be noted that in thi s case no shoulder is 
observed at ca. 1. 35 V and no cu rrent increase is 
observed in lhe range 0.3 to 0.9 V during the 
subsequent pos iti ve potenti al scan. 

POI£' lIlio.l' IOIic c llrrenllransienls 

As cr ions produce dramatic changes in the 
vo ltammetric response for the elec troreducti on of 
thi ck palladium oxide fi lms compared to that 
observed for plain sulphuri c ac id solution, it is worth 
to know whether they refl ec t a change in the 
electroreducti on mechanism prev ious ly found for 
sulphuri c acid solutions in lhe absence o f chloride 

12 Ions . 
For thi s pu rpose, potentios tati c: current tra n ~ i e nt s at 

E = 0 .7 V for the elec troreduction of the palladium 
ox ide film grown at 2.00 V in I M H2S04 + X M HCI 

(0 ~ x ~ 10- 2
) were recorded . 

For plain I M H2S04 , the current transient ex hibits 
an initial current decay fo ll owed by two current peaks 
(Ftg. 6. full trace) that are characteri sti c of an 
elec trochemical react ion undergoing under a ph ase 
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change process IX, On the other hand. for I M H2S04 + 

3.7 x 10 3 M HC I also the current transien t shows two 
maxima, but the time ( till) for reach1l1g the maximum 
i. apprec iably shorter and he curren t at the max imum 

(1111 ) hi gher than th at recorded in the absence o f CI 
ions (Fig. 6. dolled lrace). 

As the chlori de concentrat ion i . increased in the 

range I x 10-5 M ~ e ll t'l ~ 5 x 10 .1 M . till decreases 

linearl y w ith the logarith m of CII (,I "vh ile IIll increases 
linearly with CHe l. 

Discussion 
The growth of thi ck palladium ox ide f ilms at high 

pos iti ve potential s involves three main 
I I · I I () I i A h b " e ec troc l emlca process " . t t every eg tnnlng 

the ox idation of the pa ll adi um surface produces the • formati on of a thi n. compact. allhydrous fi I m. usually 

denoted as a -l ayer. which is built up th ro ugh a place 
exchange mechanism l

. " . The further ox idati on of the 
surface resu lts in the growth of an outer. thick. 

hydrous ox ide layer. usuall y denoted as ~- l ayer l.7, 
accompan ied by the fo rmat ion of the fo llowing 
reversi bl e electrochemica l sys temO 

iCxPd
4
+ /y Pd2+)(OW)(.Jx+2y).nH20J + 2I-I ,O+ 

+ 2e - =r {(x- I )Pd
4
+ /(y+ I )Pd "+») (OW)I.h+2~ CI 

(n+4)H20I .. . ( I ) 



BOLZA N: EFFECT OF CI- IONS IN TH E BEHA VIOUR OF PALLADI UM OXIDE LA YERS 779 

Thi s reaction in vo lves changes in the oxidatio n 
state o f Pd as well as changes in the amount o f 
bounded OH species and wate r molecules in the o xide 
layer. A similar redox sys tem has al so been fo und 
during the formatio n of thick oxide films o n pt l 9

. 

Thi s reversible e lectrochemi cal system, which is 
related to presence of peak )6, is not influenced by the 

presence o f CI - io ns (Fi g. I ). T he lack o f any 
significant effec t of the anio ns o f the e lectrochemi cal 
behav iour o f peak I supports the fo rmer assumptio n 
that thi s reversible e lectrochemical system is 
embedded in the ox ide matri x. 

The comparati ve vo ltammograms run in different 
ac id solutions (Figs 5 and 6) clearl y show that the 
e lectroreduction of the ox ide film and not its anodic 

fo rmati on, is intluenced by the adsorptio n of cr ions . 
Thi s effec t agrees with data previ o us ly reported for I 
M H2S04 and I M HC I04 so luti ons ' ] By washing the 
anodi c film a redi stributi on of the cathodic charge 
takes pl ace, but does not a lte r the ox ide film in such a 
way to modify the potenti a l w indows where the 
diffe rent electroreducti on processes take place. The 
comparative ly minor changes observed in the 
e lectroreducti o n vo ltammograms can be ass igned , in 
princ ipl e, to local changes of pH and anion content in 
the ox ide film . 

The e lectroreductio n o f the ox ide films IS 
accompanied by the fo rmati o n o f so lubl e species as 
shown by the RRDE ex periments. When ER is set at 
0.4 V, the CUITent at the ring ex hibi ts an exponenti a l 
decay while for ER = 1. 15 the ring current is rathe r 
constant. Thi s di fference ari ses from the fac t that at 
0.4 V the oxygen fo rmed at the pall adium e lec trode 
during the anodi sati on process can be' e lectro reduced , 
whil e fo r ER = 1.1 5 V thi s reacti on is precluded . 

At first sight. it should be ex pected that for ER = 
1. 15 V the e lec trochemi cal reac ti o n 

... (2) 

should be observed as it has a standard potenti a l EO = 
1.395 V20

, and if C I2 evolves at the potenti a ls where 
the pa ll adium e lectrode is anodi sed, the fo rmatio n of 
CI- ion. at the ring e lectrode should be detected . 
However, tho ugh the contributi on of thi s reacti on 
cannot be di sregarded , the simultaneous appearance 
of current peaks at both the di sk and the ring 
electrodes, and the fac t that the appearance o f the ring 
current peak depends on ED, ind icates that the ri ng 
co llects main ly products coming fro m the 
elec lroreducti on of the ox ide fi 1m produced at the 

di sk. Thus, the appearance of an anodic peak at ca. 
1.6 V at the di sk can be ass igned to the formation of 
soluble pa lladium chloride-complex spec ies such as 

PdCI6
2

- . For ER = 1.15 V, these ions are reduced 
according to 

. .. (3) 

This reaction has a standard potential EO = 1.47 V20
. 

On the other hand, for ER = 0 .4 V, the 

e lectroreduction of the PdCl/ - spec ies can proceed 
furthe r to Pd(O) according to 

. . . (4) 

the corresponding standard potenti a l be ing EO = 0.62 
V20

. 

Therefore, the inc rease in the he ight o f the peak 
recorded at the ring at ca . 1.5 V when ER is changed 
fro m 1.15 V to 0.4 V can be expl ained by an inc rease 
in the base current due to the e lectroreducti on of O2, 

and probably Cl 2 species a lso, and the 
e lectroreducti on of soluble Pd(lV) and Pd( lI ) 
chloride-co mplexes. 

The e lectroreducti on process of the thick pa ll ad ium 
ox ide layer can then be schemati ca ll y ex press as : 

PdxPd02.xH20 (s)+ nX-(aq) --7 [PdxPd(O)(X)Il ]"-(') 
+ xH20 ... (5 ) 

[Pd xPd(O )(X)Ilr-(S) +2 W + 2e- --7[ Pd(X)IlLq 

+ Pdx + H20 .. . (6) 

The value of /I depends o n the type of ani on 

considered . For the case of CI - io ns, it can take the 
va lues o f 4 or 6 depending on the e lec trode potenti a l. 
Converse ly, for non-complexing or weak adsorbabl e 
ani ons, the e lectroreductio n reacti o n operates 
schemati ca lly as: 

The Pd02 x H20 spec ies here represents in a lax way 

the ~ o r outer pa ll adium ox ide layer, the 
e lectroreducti on of whi ch takes pl ace under peak III. 

According to the presence o f strong inte rac ti o ns 
between anio ns and the pa lladium ox ide layer. the 
e lectroreduc tio n potcnti a l should be affected by the 
concentrati on of ani o ns and move in the d irec ti on o f 
the s tandard potenti a l o f the compl ex fo rmati on. as 
ex perimentall y observed . Thi s potenti a l shift tends to 
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a limiting va lue related to the standard potential for 
the redox couple [Pd(C I)6]2-/ [Pd(CI )4 ]2- , and peak II1 
eventually overlaps the potential related to peak I 
(Fig. I ). 

Therefore, it seems that the decrease of the 
threshold potential for the electroreduction of the 
palladium ox ide layer is assisted by the specifi c 

adsorption of cr ions which favours the formati on of 

CI- -containing complexes. Thi s effect can be 

correlated w ith data reported for HS04 - -containing 
I · 61 1 h h i d ' . I so utIons . . , were t ee ectrore uctl on potentia 

shifted pos iti ve ly as the HS04 - concentration was 
increased. supporting the poss ible formation of a 
sur face complex of the type Pd(0 )(HS04 )21.22. 

The potenti os tati c current transients recorded in the 

presence and in the absence of CI- ions '}how that, 

though CI- ions accelerate the elec troreduction 
process, they do not change the electroreduction 
mechani sm. From potenti os tat ic current transients and 
vo ltammetric measurements, it has been shown that 
the electroreduction of relati ve ly thick palladium 
ox ide layers proceeds through an instantaneous 
nucleation and 3D growth process w ith nuclei death 
due to the depletion of the reacting spec ies5

. '2 . 
For thi s type of mechanism, the time dependence of 

the transient current can be written as6.12 : 

. .. (8) 

where PI = zFk l, P2 = IT M 2k2
2 n/p2, being kl and k2 

the rate constants perpendicular and parallel to the 
reacting sur face. respectively, No the number of acti ve 

sites per cm2. M and p the molecular weight and the 
dens ity of the new phase. The second exponential in 
the rh s term accounts for the depletion of reactants in 
the palladium oxide layer2.' and P, represents and 
induction time for beginning the growth of tile new 

I " phase -. 
This equation f its very well the transi ents obtained 

in Cr- ion-containing so lutions (Fig. 7), suggesting 
that the elec troreducti on mechanism in ac id media is 
independent on the so lution compos iti on . The 
parameters PI and P2 in Eq. (7) are re lated to the 
curren t density maximu m (j/ll) and the time to reach 
the maxi mum ( //11) in the potentiostatic tran sients, 
according to: 

PI = 4jlll ... (9) 

. .. ( 10) 
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Fig. 7- Selecled numerical fi ls ( full Irace) of the calhodic 
Irans ien ts recorded at Ec = 0.7 V in I M HcS04 + x 111M HCI . 
accord ing to eq uati on (9) using the fo ll owing se l of parameters: 
(o)P I = 11. 14mAem- 2.P2 =O. 16s' .P, =O.1 s:(o) PI =4.85 mA 
cm- 2

• P2 = 0.01 2 S2 . PJ = I .:n s . 

As CHel is increased, 1/11 decreases and P2 increases. i .e. 
the product k22 xNo increases. On the other hand j,II, 
i .e. PI increases linearl y w ith CIICI . The different 
dependencies of PI and P2 on CHCI should be ass igned 
to the fact that in the fonner case the influence shows 
up through the va lue of kl while in the latter. the 
increase in CHel is refl ected in No. Assuming that k l 
obey. a Butler-Vo lmer type relat ionship. then k l 
should be proportional to exp(- K E), and E being 

DC 10gcHch k I should be proportional to CIICI as found 
ex peri men ta II y . 

Comparing the present results wi th previously 
reported data6

, it can be observed that the ti me needed 
to reach the current peak decreases in the order HCI < 
H2S0~ < H .l PO~ < HClO~. The thresho ld potential for 
the elec troreduct ion process also shi fts negati ve ly as 
the adsorbability of the anion decreases ' 2. Therefore, 
it can be concluded that strong adsorbab le an ions 
promotes the electroreduction of the thick outer oxide 
layer by breaking this layer th rough the format ion of a 
surface complex. Transient current peaks at potentials 
as high as 1.2 V or 1.4 V have been recorded fo r 
H2S04 so luti ons l2. A t these high potenti als trans ient 
current peaks can hardl y be related to the growth of 
an elec troreduced palladium phase. Seemingly. as 
dissolution of the ox ide phase takes place through the 
fo rmati on of a palladium comp lex species. negati ve 
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nucleation, i .e. nucleation of holes could also take 
place. From a phenomenological point of view thi s 
type of process cannot be differentiated from a proper 
nucleati on and growth of a new phase. The 
dependence of 0 with CHCI probably indicates that at 
the surface of the ox ide layer the adsorpti on of anions 
produce the nucleati on of pits which grow in the 
perpendicular direction to the base metal. 

Peaks IV and V do not exhibit an appreciable 
influence of the anions, neither for CI- nor for S04 - or 
CIO.j- ions-contai ning so lutions13

. The absence of a 
significant effect of the solution composi tion in the 
electroreduction current peaks appearing at lower 
potentials, i. e. below 0.8 V in the present work, is 
consistent with the two- layer model 1.1 I which assumes 
that they are related to the electroreduction of the 
innermost part of the ox ide film grown on the 
pall ad ium surface.There is some decrease in the base 
limiting diffusion current onto which the proper ox ide 
electroreduct ion currents are surmounted. Thi s change 
is probably due to a change in the current effic iency 
for the elec troformation of O2 due to the evo lution of 
ch lorine as the CI- ion concentration is increased. 

Finally, it is apparent that the formation of the 
surface ox ide fi lm is independent of the cr ion 
concentration in the CI2 evolution potential region. 
Thi s suggests that both , cr adsorption and OH and 0 
elec trosorption, follow a potential-dependent 
adsorption isotherm with the same argument of the 
exponent in VF/RT, so that their relative 
(competi ti ve) adsorpti on IS almost potential 
independent24 The Cl 2 evolution reacti on proceeds 
with a low yie ld in the case of very di luted CI - ion
containing solu tion. 25, allow ing the evo lution of O2 

during the ox ide film formation at high potential s. 

Conclusions 
The voltammetri c and potentrostati c results 

obtained in low CI --containing I M H2S04 so lutions, 
ind icate that the adsorpti on of CI - ions produce a 
breakdown of the outer ox ide layer. This produces a 
time decrease and a pos i tive shift of the threshold 
potential for the elec troreducti on of the outer thi ck 
ox ide layer. Both time and electroreduct ion potenti al 
decrease linearly with the logarithm of CI
concentration. The structure and nature of the thick 
palladium ox ide film formed at high potentials 
appears independent of the nature of the anions 
pre. ent in the solution. Furthermore, the mechanism 
of electroreduct ion is apparent ly independent of the 

solution composition. The voltammetric and 
potentiostatic results support the model of an outer 
hydrous ox ide layer, embedd ing a fast 
electrochemical system, located above a compact 
anhydrous ox ide fi lm. 

Acknowledgement 
This work was financially supported by the 

Consej o Nacional de Investigaciones Cientfficas y 
Tecnicas (CONICET) of Argentina and the Comisi6n 
de Investigaciones Cientffi cas de la Provincia de 
Buenos Aires (CIC). 

References 
Burke L D & Lyon M EG ( 1986) In Modem aspects of 
electrochemislry (R E While. J 0 M Boc kri s, and B E 
Conway. eds.). vo l. 18 (Plenum Press, New York ). 169- 248 

2 Burke L D & Roche M B C. J electroallal Chem. 186 ( 1985 ) 
139 

3 Burke L D & Casey J K. J electrochem Soc. 140 ( 1993) 1284 
4 Burke L D & Casey J K. J electrochelll Soc, 140 ( 1993) 1292 
5 Kess ler T. Vi sinlin A. Bolzan A E. Andreasen G. Sa lvarezza 

R C, Triaca W E. & Arvia A J. Lallgmllir, 12 ( 1996) 6587 
6 Bolzan A E & Arvia A J. J eleClroallal Chem. 322 ( 1992 ) 

247 
7 Zhang A J. Gaur M & Birss VI. J eleclroallcll Chem. 3 9 

( 1995) 
8 Kim K S. Gossman n A F & Winograd N. Allal Chem. 46 

( 1980) 197 
9 Peucken M. J phys Chem. 89 ( 1985) 248 1 

10 Chausse V. Regull P& Victorf L. J electroanal Chem. 23 
« 1987) I 15 

II Bi rss V I. Thomas S C & Zhang A J. £leClrochim Acra . ..+0 
( 1995) 155 1 

12 Bolza n A E. J eleclroanal Chell/. 437 ( 1997) 199 
13 Bolza n A E & Arvia A J. J electroallol Chem, 354 ( 1993) 

243 
14 Cohen A J and David'son . J Am chem Soc. 73 ( 1955) 1955 
15 Schober T. Sorajic V & Meisenberg A. Mewllography. 8 

(1975) 359 
16 Cadl e S H. J eleclroc hem Soc. 121 ( 1974) 645 
17 Bolza n A E, Martins M E & Arv ia A J. J eleclroallal Chem. 

172( 1984)221 
18 Fleischmann M & Thirsk H R ( 1963) In Advances in 

electrochemistry alld ele'ctrochemical engilleerillg (P 
Delahay. ed. ). vo l. 3 (Wi ley. New York) 

19 Bolzan A E & Arvia A J. J elecrroallal Chem. 341 ( 1992) 93 
20 Bard A J. Parsons R. & Jordan J ( 1985) Srandard pOlenlials 

in aqueolls sollllions (Marcel Dekker. Inc .. New York ) 
21 Solomun T. J eieclroallal Chem. 217 ( 1987) 435 
22 Solomun T, J eleclroanal Chem. 255 ( 1988) 163 
23 Armslrong R D. Fleischmann M & Thi rsk H R. J electroallal 

Chem. II ( 1966) 208 
24 Conway B E & Novak D M. J chem Soc Farado,l' TraIlS I . 

75 ( 1979) 2454 
25 Trassali S & Lodi G ( 1980) In Eleclrodes (!l C(Jlldllcti l'e 

metallic oxides (S Trasatli. ed.). vo l. Pan B. chap. II 
(Elsev ier. Amslerdam) 


