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ABSTRACT 

Two almost reversible electrochemical systems are detected during the potentiodynamic anodization of 
polycrystalline palladium in 1 M H2SO 4 and 1 M HC104 by applying the triangular modulated triangular 
potential sweep technique. The first electrochemical system which appears in the 0.7-0.9 V range (vs. 
RHE) corresponds to the reaction Pd + H20 = PdOH + H ÷ + e- whose reversible potential is estimated 
as 0.80 + 0.02 V and the average half-life time of PdOH species is estimated as 6 X 10 -3 s. 

The second electrochemical system appears when the anodizing potential sweep extends to the oxygen 
evolution potential region. The appearance of the second electrochemical system is accompanied by a 
change in colour of the electrode surface, a shift of the current potential curve of the oxygen evolution 
reaction and an increase in thickness of the oxide anodic layer, The reversible response is tentatively 
assigned to the PdO2/PdO 3 redox couple. 

INTRODUCTION 

In  recent years the applicat ion of t r iangular ly modula ted  either l inear  (TMLPS)  
or t r iangular  (TMTPS)  potent ial  sweep technique was found  to be very useful for the 

detection and  est imation of the degree of reversibility of the different indiv idual  
stages of an electrochemical reaction [1,2]. This technique through the systematic 
ad jus tment  of the per turba t ion  condi t ions  is in some cases suitable for separat ing the 
stages of a complex electrochemical reaction and  gaining in format ion  about  the half  

life time of reaction intermediates par t ic ipat ing in  faradaic processes [1-4]. Most  of 
the data reported in the l i terature about  the appl icat ion of the T M P S  technique 
refers to the electrosorption of O- and  H-ada toms  on noble  metals in the monolayer  
range, al though it has also been applied to invest igat ing the early stages of the 
corrosion and  passivation of the iron group metals [5] and  to the adsorpt ion  and  
electrooxidation of carbon monoxide  on  polycrystal l ine p l a t inum [6,7]. 

This work deals with the appl ica t ion of the T M P S  technique to polycrystal l ine 
pa l lad ium electrodes in acid to investigate the characteristics of the ini t ia l  charge 
transfer step related to O-electroadsorpt ion and  of the different stages involved in 
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the potential range of the anodic oxide layer electroformation including the oxygen 
evolution reaction potential region. 

EXPERIMENTAL 

Polycrystalline palladium working electrodes were made from a palladium wire 
(Johnson Matthey Chem. Co., spec. pure; 0.1 cm dia., 0.16 c m  2 apparent  area) 
mounted on a PTFE holder. Before each run the electrode was electropolished in 0.5 
M lithium chloride + methanol solution [8], rinsed with double distilled water, 
immersed for 10 rain in concentrated sulphuric acid, and rinsed with thrice distilled 
water. After immersing the electrode in the electrolysis cell solution (either 1 M 
H z S O  4 o r  1 M HC104) it was subjected to a triangular potential cycling at 2 V s -1 
within the 0.3-1.55 V range until a stabilized vol tammogram was obtained. A 
palladium ancillary electrode and a hydrogen reversible reference electrode in either 
1 M H2SO 4 or 1 M HC104 were used. Potentials in the text are referred to the R H E  
scale. The electrolyte was prepared from either 98% (Merck p.a.) sulphuric acid or 
70% (Merck p.a.) perchloric acid and thrice distilled water which satisfied the usually 
accepted purity criteria [9]. Runs were made at 25 °C in a purified nitrogen gas 
atmosphere. The perturbation signals applied to the working electrode were obtained 
from GRM3 LYP function generator coupled to a fast rise time O" < 5/~s) LYP M5 
potentiostat and a Tektronik oscilloscope (type 536). The guide triangular potential 
sweep was applied at the potential sweep rate % (0.1 ~< % ~< 2 V s -~) between the 
switching potentials E~,c = 0.3 V and E~,, (1.55 ~< E,,, ~< 2.3 V). The modulated 
triangular potential sweep covered the amplitude A m (20  ~< A m ~< 100 m V )  a t  the 
potential sweep rate u m (5 ~ U m ~ 100 V S--l). For the sake of comparison conven- 
tional repetitive triangular potential sweep (RTPS) vol tammograms at the potential 
sweep v = % were also recorded. 

RESULTS 

Vol tammetr ic  runs covering up to Es, . = 1.55 V 

There is a good correspondence between the RTPS vol tammogram run at 2 V s-- 1 
and the vol tammograms run under a TMTPS from Esx = 0.3 V to 1.55 V at Vg = 2 V 
s -1, v m = 10 V s -a and A m = 50 mV (Fig. 1). For the latter the positive potential 
scan exhibits an anodic current envelope with a net peak at 0.82 V (peak I(a)) and a 
complementary cathodic current envelope defining a peak (peak I(c)) at 0.76 V (first 
electrochemical system). The peak potential difference, AE w between peaks I(a) and 
I(c) is close to 60 mV. In the 1.0-1.2 V range a relatively large anodic current which 
continuously increases beyond 1.2 V is observed. In this potential range no cathodic 
current is recorded. The potential range of the conjugated current peaks I(a) and I(c) 
is related to underpotential discharge of water on palladium in acid electrolyte 
yielding adsorbed OH on the metal [10-12]. 
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It should be noticed, however, that under the perturbation conditions indicated in 
Fig. 1, the charge (Q~) associated with peak I(a) is greater than that of peak I(c), 
(QI). The systematic change of the perturbation parameters under a constant A m 
and switching potential values shows that the i Qa/Qc ratio depends on the frequency, 
f ,  of the modulating signal, approaching two limiting values either i i Q J Q c  ~ ~ as 
f ~ 0  or Q ] / Q ~  1 as f ~  oo (Fig. 2). The detailed structure of the positive 
potential going voltammogram in relation to each cycle of the modulating signal 
(Fig. 3) shows a break in the corresponding E-I  profile which indicates the 
occurrence of two successive anodic reactions. Tentatively, the points in the E-I  
plane where the change in the slope of the E-I  profile of each modulating sweep is 
observed, can be used as a criterion for evaluating the anodic charges Q~' and Q~'- of 
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Fig. 1. (a) Repetitive triangular potential sweep (RTPS) stabilized vol tammogram run at 2 V s - l ;  l M 
HESO 4. (b) TMTPS E - I  profile; % = 2 V s -1, Om=10 V s -1,  A m = 50 mV; 1 M H2SO 4. PPS; positive 
potential scan. NPS; negative potential scan. 
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Fig. 2. Dependence  of the Qa/Qc ra t io  on the f requency  of the m o d u l a t i n g  s ignal  ( f =  v,~/Am). ( X ) ;  
A m = 40 mV, ( 0 ) ;  A m =  80 mY, (O); A m = 1 0 0  mY. 
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Fig. 3. (a) RTPS stabi l ized v o l t a m m o g r a m  run  at  2 V s 1; I M n 2 s o  4. (b) T M T P S  E - I  profi le;  vg = 2 V 
S -1,  V m = 1 0  V S -1,  .4 m = 50 mV; 1 M H 2 S O  4. 
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each anodic reaction on the basis that: 

I Qa = Q~a 1 + Qia2 (1) 

Independently of the parameters of the modulating signal, the l i Q a / Q c  charge ratio 
remains always practically equal to one. 

The E - I  envelope recorded in the negative potential going direction starting from 
Es. a < 1.55 V, exhibits the characteristics of an irreversible electrochemical process 
[2] (Figs. l(b) and 3(b)). Nevertheless, when Es, a < 1.0 V, a slight anodic current 
contribution which gradually increases as E~.~ decreases downwards from 1.0 V is 
recorded. The latter extends over the potential range where detectable amounts of 
OH adsorbed species are produced (Fig. l(b)). 

Voltammetr ic  runs covering f rom Es. a = 1.8 V to Es. ~ = 2.3 V 

In these experiments the Es, a value of the base signal extends beyond the potential 
range usually assigned to the formation of an O-electroadsorbed monolayer. The 
conventional RTPS voltammogram run from 0.3 V up to 2.3 V at 1 Vs-~ (Fig. 4(a)) 
as compared to that shown in Fig. l(a), exhibits during the negative potential going 
scan a new cathodic current contribution at ca. 1.4 V and a remarkable hysteresis 
between the positive and the negative potential going scans in the 1.4-2.0 V range. 

The TMTPS run in the positive potential going direction shows another 
anodic-cathodic current envelope resembling that of a fast faradaic process (Fig. 
4(b)). This second electrochemical system is considerably enhanced during the 
negative potential going scan and extends in the 1.2-1.8 V range and the corre- 
sponding anodic (Q]I) and cathodic (Q~l) charges are about twice the charge of 
peaks I(a) and I(c). It seems likely that the reversible processess undergone in the 
1.2-1.8 V range and the oxygen evolution reaction (OER) occurring from 1.6 V 
upwards are mutually influenced, as it is suggested by the net polarization increase 
of the OER in going from the positive to the negative going potential scan. In any 
case, the corresponding charge ratio n n ( Q a / Q c  ) gives results equal to one, although 
the overall charge in the 1.2-1.8 V range increases accordingly to Es. a up to a 
limiting value. This effect should be attributed to the growth in thickness of the 
oxide layer taking place in the OER potential range. The second electrochemical 
system in the TMTPS voltammogram appears in the same potential range, where a 
plateau is observed during the open circuit potential decay of a palladium electrode 
anodized at potentials greater than 1.8 V (Fig. 5). Furthermore, in this case, after 
polarization the electrode at ca. 2 V it is covered with an anodic film exhibiting a 
golden hue. At higher positive potentials the colour of the anodic film changes to 
black. 

To investigate this aspect of the reaction, the electrode was held at 2.0 V for 5 min 
before running the TMLPS at different % / v  m ratios from E~. a downwards at 
different values of %, v m and A m (Fig. 6). In this case a large electroreduction charge 
is observed in the 1.0-1.8 V range where apparently at least three different 
components, namely, the most reversible one at ca. 1.6 V which resembles that 
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shown in Fig. 4, and another two more irreversible processes at ca. 1.1 and 1.3 V, 
respectively (Figs. 6(b) and 6(c)) can be distinguished. However, the characteristics 
of the TMLPS vol tammogram (Fig. 6(d)) become more reversible as vg decreases and 
o m increase (Figs. 6(b), (c) and (d)). Thus, at u m = 100 Vs -1 fast faradaic processes 
are only detected through the TMLPS vol tammogram (Fig. 6(d)). The resulting E - I  

profiles for each modulating cycle at v m = 5 Vs-1 along the 1.7-1.1 V range exhibit 
at least two linear portions which indicate different reaction resistances in the 
1.7-1.1 V range (Fig. 7). The latter can be associated with the various stages 
involved in the electroreduction of the oxide layer which was built up at a constant 
potential in the oxygen evolution potential range. 
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Fig. 4. (a) RTPS stabi l ized v o l t a m m o g r a m  run  at  1 V s - l ;  1 M H2SO 4. (b) T M T P S  E - I  profi le;  % : 1 V 

s -1 ,  v m = 1 0 0  Vs - l ,  A m = 20 mV; 1 M HESO 4. 
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When the electrolyte is changed from 1 M H2SO 4 to 1 M HC104, TMLPS 
voltammograms run with the latter under comparable conditions show an enhance- 
ment of the reversibility of the second electrochemical system occurring in the range 
1.50-1.60 V (compare Figs. 6(b) and 6(c) to Figs. 8(a) and 8(b), respectively). Under 
the same experimental conditions the charge involved in 1 M HC104 is considerably 
greater than that found in 1 M H2SO 4. 

DISCUSSION 

The TMPS voltammograms detect two almost reversible electrochemical processes 
when polycrystalline palladium is polarized in acid electrolyte. One of these processes 
is observed during anodization in the 0.7-0.9 V range, while another one is found 
during cathodization from a potential greater than 1.8 V when an oxide layer was 
anodically formed on palladium. 

The fast surface electrochemical reaction observed in the 0.7-0.9 V range corre- 
sponds to the initial stages of the O-electroadsorption on polycrystalline palladium 
in acid [10-12] as represented by the following reversible reaction (first electrochem- 
ical system) 

Pd(s) + H20  = Pd(OH) + H + + e -  (2) 

which corresponds to the underpotential discharge of water yielding the adsorbed 
OH radical. The equilibrium potential (E~') of reaction (2) estimated from the 
TMLPS voltammograms is 0.80 + 0.02 V. 

The potentiodynamic behaviour of the early stages of O-electroadsorption on 
palladium in acid results similar to that of other noble metals in different acid 
electrolytes [3,4,13]. Each modulation cycle of the TMTPS voltammogram run in the 
positive potential going direction exhibits the characteristics expected for the contri- 
bution of two consecutive electron transfer steps, with its proper reaction resistance 
(AE/AI) and equilibrium potential (E~' and E~), where E~ - E~' < 0 [2]. Thus, step 
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Fig. 5. Open circuit potential decay after anodizing at Es, a = 2 V for 5 min; 1 M H2SO 4. 
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(3)  is f o l l o w e d  b y  t he  i r r e v e r s i b l e  d e p r o t o n a t i o n  of  P d ( O H )  y i e l d i n g  u n s t a b l e  P d ( 0 ) *  

a c c o r d i n g  to  

P d ( O H )  ~ P d ( O ) *  + H + + e -  (3)  

w h o s e  c o r r e s p o n d i n g  e q u i l i b r i u m  p o t e n t i a l  ( E ~ )  s h o u l d  b e  m o r e  n e g a t i v e  t h a n  E ~ .  

-2 

-4 

-6 

m~Hm~,m~am 
mLmmmamm 
mkLmmmmmmmm 
mlmnnmmmmmm 
mlmmmmmmmmm 
m)mmmmmmmmm 

2 

i 

m l n l m ,  L I  
IIIIIIL  ,11  

ml 
_6 I I  I I I I I I I I I  

0 0.4 0.8 1.2 1.6 2.0 0 

POTENTIAL/V 

-4 

Fig. 6. (a) Single potential sweep voltammogram run from Es,  a = 2 V after holding the potential at 
Es. a = 2 V for 5 min; vg = 2 V s - l ;  1 M H2SO 4. (b) Single triangular modulated potential sweep 
voltammogram run from YEs, a = 2 V after holding the potential at Es, a = 2 V for 5 rain; vg = 2 V s -1, 
/)m = l0 V S 1 A m  = 2 0  m V ;  l M H2SO 4. (c) Single triangular modulated potential sweep voltammogram 
run from Es ,  a = 2 V after holding the potential a t  Es ,  a = 2 V for 5 min; vg = 2 V s 1 vr n = 100 V s -~, 
A m = 2 0  m Y ;  1 M H2SO 4. (d) Single triangular modulated potential sweep voltammogram run from 
Es, a = 2 V after holding the potential at Es,a.= 2 V for 5 min; vg = 0.1 V s 1, /)m =100 V S - 1 ,  A m = 20 
mV; 1 MH2SO 4. 
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Fig. 7. Single triangular modulated potential sweep voltammogram run from Es, a = 2 V after holding the 
potential atEs, a = 2 V f o r 5  m i n ; U g = 2 V s  1 V r o = 5 V s  - 1 , A  m = 5 0 m V ;  1 M H 2 S O  4. 
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Fig. 8. (a) Single triangular modulated potential sweep voltammogram run from Es, a = 2 V after holding 
the potential at Es, a = 2 V for 5 min; t,g = 2 V s -1, v m =10  V s - k  A m =  20 mV; 1 M HC104. (b) Single 
triangular modulated potential sweep voltammogram run from E~,a = 2 V after holding the potential at 
Es, a = 2 V for 5 min; vg = 2 V s 1,/)m =100 W S - l ,  A m = 20 mV; 1 M HC104. 
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Step (3) is followed by the ageing of Pd(O)* represented by: 

Pd(O)* = Pd(O) (4) 

Reaction (4) should be related to a place exchange mechanism as already discussed 
for other noble metals in acid [14,15]. 

On the basis of reactions (2)-(4) the average half-life time of the adsorbed OH on 
polycrystalline palladium can be estimated from the i Q J Q c  ratio vs. f plot (Fig. 2). 
Thus, as a limiting case as f approaches infinity, if only reaction (2) follows the 
potential perturbation, then the ~ i Qa/Qc ratio tends to one. On the other hand, as 
A m ~ 0 and v m ~ vg, the voltammogram should approach the characteristics of the 
RTPS voltammogram of reactions (3) and (4). Likewise, when i l Q J Q c  = 2, it means 
that the rate of reaction (3) in the anodic direction is equal to the rate of reaction (2) 
in the cathodic direction. Therefore, the f value which determines i i Q, /Qc  = 2 ( f*) ,  
implies the fullfilment of the following average rate equations for step (2) 

v_ 2 = k 20paoHCH + e x p [ -  (1 -- f l ) F E / R T ]  (5) 

and for step (3) 

v 3 = k3OpaoH exp[ f l ' F E / R  r ] (6) 

so that, at f* 

v _  2 = v 3 ( 7 )  

where cH+ is the hydrogen ion concentration at the metal-solution interface, 0PdOH 
is the degree of surface coverage by OH species, and fl and fl' are the symmetry 
factors of steps (2) and (3) for the corresponding anodic reactions which are assumed 
equal to 0.5 for each single step. The f*  value for l i Q J Q ~  = 2 is 0.17 kUz (Fig. 2). 
The average half-life time of adsorbed OH on polycrystalline palladium estimated 
from that figure is 6 × 10  - 3  S. From this value and eqns. (4)-(6), the value of k 3 is 
smaller than that of k 2 by the factor e x p ( F E ~ / R T ) ,  ( k 3 ) E ~  = 3.6 × 10 - 6  A cm -2. 

The voltammetric response of another fast reaction (second electrochemical 
system) is detected in the 1.4-2.0 V range when the palladium electrode is polarized 
at potentials greater than 1.8 V. This response, which correlates with the characteris- 
tics of the open circuit potential decay of the electrode polarized at Es, a (Fig. 5), is 
enhanced in the TMLPS voltammogram run from Es, ~ downwards, when the latter 
exceeds the oxygen evolution threshold potential (Fig. 4). The appearance of the 
second electrochemical system is accompanied by a change in colour of the electrode 
surface and a shift of the oxygen evolution voltammogram towards more positive 
potentials. Likewise, when the potential is held at Es, a for a certain time to thicken 
the anodic oxide layer, another more irreversible electrochemical process, probably 
involving the partial electrodissolution of the anodic oxide layer, takes place showing 
good correlation with previous results reported by Rand and Woods [16]. The 
voltammetric response of this faradaic process partially overlaps the response of the 
second electrochemical system and extends towards more negative potentials (Fig. 
6). 
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The second reversible system can be attributed to the formation of hydrous 
palladium oxides higher than PdO z. However, there is little information in the 
literature on the higher oxides of palladium as recently reviewed in ref. 17. Thus, 
PdO 3 was postulated as an intermediate in the OER [18,19] and the dubious 
possibility of the existence of a PdOz/PdO 3 redox system was considered in the 
calculation of the potent ia l -pH diagram of palladium [20]. The standard potential of 
the PdO2/PdO 3 redox couple, as represented by the equilibrium: 

PdO 3 + 2 H + + 2 e = PdO 2 + 2 H20  (8) 

is E ° (NHE) = 2.03 V [20]. If one assigns the second electrochemical system located 
in the 1.2-1.8 V range to reaction (8) and the corresponding equilibrium potential 
estimated from the current peak potentials is 1.5 V (Fig. 4), one may conclude that 
during the OER, the anodic PdO 2 layer growth is accompanied by PdO 3 formation 
yielding a PdO 2 anodic layer containing a small concentration of PdO 3 species. This 
conclusion is coherent with previous data obtained with iridium and ruthenium 
electrodes in acid [21,22] and with charge values and charge distributions resulting 
when either a potential holding at Es. a is including during the potential sweep or 
when it is not (Fig. 6). Furthermore, to admit the electroformation of PdO 3 should 
be related to the formation of peroxide structures during sufficiently high anodic 
polarizations. It should also be considered that above 1.77 V the electrooxidation of 
water to H202 according to [20] 

2 8 2 0  = H202 "4- 2 H + + 2 e-  (9) 

E ° ( N H E ) =  1.77 V, becomes thermodynamically possible and H202 formation at 
this potential has certainly been detected [23]. Reaction (9) can participate in the 
formation of peroxide structures. There is evidence that these types of structures are 
voltammetrically formed on other noble metals in acid electrolytes [24,25] and 
probably act as intermediates in the OER. Therefore, the composition of the anodic 
layer obtained after an anodic polarization in the OER potential range should 
consist of PdO and PdO 2, as demonstrated for palladium electrodes anodized at 1.28 
V [26], and small amounts of PdO 3. The change of both the anodic layer composi- 
tion, and the solution composition in contact with the electrode surface during the 
OER, explains the increase of anodic polarization in the voltammogram run from 
Es, downwards as compared to that run from Es, c upwards. It is likely that the 
second electrochemical process found in the thick hydrous oxide layer potential 
range involves a relatively fast electron and proton transfer process as it was already 
postulated in a quasi-three dimensional ruthenium and iridium hydrous oxides 
structure [27]. 

In conclusion, the anodic processes occurring at sufficiently high anodic poten- 
tials can be represented in a more general way by admitting the formation of an 
anodic hydrous oxide layer PdxOy • n H 2 0  whose stoichiometry changes according to 
the applied potential, so that y --+ 3x as a limiting case as the potential increases. 

Furthermore, at potentials in the OER potential range, PdO 2 is partially electro- 
chemically transformed into PdO3, probably involving some peroxidic structure 
which becomes a reaction intermediate in the OER. 
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