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Abstract

The impedance of the anodically formed hydrous Ru oxide in the systeéaxi@a film|1 M HCIO, solution has been studied in the range
of potentials where the electrode process occurs by a double electron and proton exchange between the oxide film and the solution. The results
allowed us to clearly distinguish between the surface process at higher frequency and the bulk process at lower frequency. The high-frequency
charging is found to be coupled to Faradaic charging at the film/solution interface. Evaluation of the impedance data at lower frequency, using
diffusion equations for the finite boundary conditions, yields an effective proton diffusion coefficient to ¥ad. @0 ! cn? s

Oxygen reduction on the spontaneously oxidized ruthenium electrode was discussed on the basis of a rotating ring-disk voltammetry.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction electrolyte§9-11]. The electrocatalytic reduction of oxygen
plays a major role in several industrial processes and in corro-
There has been a growing interest in the electrochemicalsion and corrosion protecti¢h,12]. Pt—Ru alloy is preferred
properties of the ruthenium, especially due to the electro- over platinum as a better promoter of the oxidation of small
catalytic properties of anodes based on Ru alloys with Pt organic moleculegl3]. For many of the above applications,
or ruthenium oxides. Ru&films on Ti substrate, prepared the ruthenium or ruthenium oxide coatings appear to be more
by thermal decomposition of ruthenium salts, are known as desirable and suitab[@] than the bulk metal. Electrochemi-
dimensionally stable RuOx TiO2 anodes of excellent sta- cal deposition of ruthenium on various substrates and anodic
bility and low overvoltage for the evolution of chlorir#]. oxidation of deposited ruthenium is a well-known method
Ruthenium hydrous oxides, especially those formed by the for the preparation of ruthenium oxide coatifig5,14—25]
sol-gel or the electrochemical processes, distinguish them-Conway et al[14—16] Burke and co-workerd.7,18,25]Jand
selves from other transition metal oxides by their excep- Michell et al.[19] frequently used cyclic voltammetry (CV)
tionally high-charge storage capacj+5], due to the high and other polarization techniques to investigate the surface
electron and proton conductivity, together with a high degree properties of electrodeposited ruthenium. They showed that
of reversibility of the redox processes which take place over a the continuous potential cycling into the oxide region up to
large range of potentials. Several studies of oxygen reduction1.4V led to a modification of the oxide film accompanied
on a ruthenium electrode have shown its considerable affin-by the enhanced electrocatalytic efficiency in the evolution
ity for the oxygen reduction in both ac[8-8] and alkaline of chlorine and oxygen. Vukogiet al.[20—22] have shown
that the electrodeposited ruthenium layer contains a signifi-
* Corresponding author. Tel.: +385 1 4597140; fax: +385 1 4597139. cant amount of p.h.yspally adsorbgd a.nd chemisorbed water,
E-mail address: mmetik@marie.fkit.hr (M. Metiké-Hukov). and that the modification of the oxide film caused by the con-
1 |SE member. tinuous cycling of the potential is due to an increase in the
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number of hydroxyl groups in the film. The electrochemical at—0.13V for 60 sin orderto remove completely the possible
impedance spectroscopy (EIS), which has been consideredsurface oxides. Finally, the samples were potentiodynami-
a powerful in situ diagnostic technique in separating differ- cally polarized (10 mVs?) to the potential of 0.05 V, which
ent rate processes in the frequency domain, has been used iwas the initial potential for CV measurements. Forimpedance
studying the electrochemical properties of the hydrous ruthe- measurements, the samples were potentiodynamically polar-
nium oxide film[23,24] ized (10 mV s1) to the desired potential and after a 60 s wait
The electrochemical behavior of the electrodeposited period, impedance data were collected. Measurements were
Ru/HCIOy solution (1 moldnt3), in the range of potentials  performed with the ac voltage amplitudes mV in the fre-
between hydrogen and oxygen evolution, was studied underquency range from 40 mHz to 50kHz. Both CV and EIS
potentiodynamic and potentiostatic experimental conditions measurements were performed in a standard three-electrode
using CV and EIS. In this work, we aimed at studying the electrochemical cell. A thin platinum electrode was used as
interfacial and bulk solid-state redox charging processes inthe counter electrode and a saturated Hg/Hg8lectrode,
the investigated system using EIS. Potentiostatic experimentswhose potential was 0.658V versus SHE, as the standard
conducted in the frequency domain of 6 decades enable us teelectrode. A PAR EG&G potentiostat (model 273) and a PAR
clearly distinguish the slower potential-dependent charging EG&G lock-in amplifier (model 5301A) controlled by a PC
processes, i.e. the variations of the proton transport rate withwere used.
applied potential in Ru oxide films from the faster processes
related to the charging at the film/solution interface. 2.2. RRDE measurements
The electrocatalytic affinity of the electrodeposited Ru
films towards the oxygen reduction reaction (ORR) was RRDE measurements were carried out using the ring-
investigated using the ring-disk electrode. The study was adisk electrode assembly, Model EAD 10000. Both the disk
part of our broader investigation of the ORR on Pt, Pt—-Ru and ring were made of platinum. The disk surface area
electrodes as well as on Pt—Ru/Vulcan fuel cell catalysts.  was 0.1257 crh Ruthenium deposition on the disk was per-
formed under the same condition as on the gold electrode.
During ruthenium deposition on the disk electrode, the ring

2. Experimental electrode was held at 0.84V versus SHE in order to pre-
vent ruthenium underpotential deposition on it. The RRDE
2.1. Cyclic voltammetry and EIS measurements collection efficiencyN, was determined to be 0.24 from the

slope of the disk currentgp, against ring currentgr, at

A disk-shaped electrode, made from spectrographically different rotation rates using I8 mol dm3 KzFe(CN) in
pure gold (Johnson & Matthey) with a geometrical sur- 0.5moldnT3 K,SOy. The potentiostat used for the ring-disk
face of 0.071crh served as the support for deposition of measurements was a Electrolab BPG-200 bipotentiostat with
ruthenium films. Before electrodeposition, the gold electrode a built-in sweep generator. A platinum foil was used as a
was mechanically and electrochemically treated. Mechanical counter electrode and the saturated calomel electrode as the
treatment consisted of polishing usingp@®k granules of fine reference electrode. The disk was polarized over the potential
sizes (1, 0.3 and 0.Q6m) up to a mirror finish. The electrode  range 0.80-0.10V with a scan rate 5 mV*sand a rotation
was degreased with ethanol and rinsed with deionized waterrate from 1000 to 6000 rpm. The ring potential was kept at
in an ultrasound bath. The electrochemical treatment con-1.2V versus SHE to oxidize peroxide at the mass transport
sisted of potential cycling, within the potential range from 0 limiting rate.
to 1.8V versus SHE, with a scan rate of 100 mVsuntil All measurements were performed at room temperature
a reproducible potentiodynamic profile was reached for the (21+ 2°C) and potential values in the paper refer to the SHE.
Au electrode.

Ruthenium deposition was performed fromx40-3
mol dm2 RuCk in 1 mol dn3 HCIO4 at a constant poten- 3. Results and discussion
tial of 0.05V versus SHE for a period of 1500s. The ref-
erence electrode during deposition was Ag/AgCI electrode 3.1. Cyclic voltammetry
immersed in 3moldm3 KNO3 solution (Radiometer ana-
lytical), while the platinum foil served as the counter elec- A family of the cyclic voltammograms of the deposited
trode. Freshly deposited electrodes were rinsed in order toruthenium electrode taken at a sweep rate of 10 mVia
remove the rest of the deposition solution and transferred to 1 mol dm? HCIO, is shown inFig. 1a and b. The anodic
an electrochemical cell containing 1 mol dfHCIO,4 (pH limit was increased progressively with each sweep from 0.80
0) deaerated by continual flow 0foN99.99%). The elec- to 1.30V and the electrode was held at the cathodic limit
trodes were treated by repetitive cycling (50 cycles) over the (E=—0.13 V) to allow the complete reduction between each
potential range 0.05-0.85V versus SHE with a scan rate of sweep. The CV features in figures are in agreement with
100mV s'1 with the objective of cleaning the surface and literature datg[14—19,25] which indicate that the overall
reaching stationary conditions. Then, the electrode was heldelectro-oxidation/electro-reduction can be splitinto a number
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0.05V). When anodic limit potential equals 1.05V, merg-

o1 ing of both cathodic current maxima into one maximum is
000k observed in the cathodic cycle.
Fig. 1b shows that the anodic current decreases beyond
E o5l 1.05V due to the electrode passivation and formation of
= hydrous Ru@. After oxidation of the deposited ruthenium
from 1.05 to 1.15V, the cathodic sweep shows a well pro-
-0.301 nounced current peak corresponding to the oxide film reduc-
tion, which shifts towards cathodic potential values with the
0451 . ) . ) ) ) shift of the anodic limit to more positive potentials. Beyond
02 00 02 04 06 08 10 1.2V, the anodic current starts to increase due to both oxy-
(@ E/Vvs. NHE gen evolution and ruthenium dissolution, where ruthenium
species bearing Ru oxidation states up to +8 (Ru&re
0.15 - involved [27,28] When the electrode has been oxidized to
000k o >1.35YV, there is almost no oxide film reduction peak on the
cathodic sweep; the oxide film reduction is only completed
< 0151 in the hydrogen region. Since the current, during the forward
E o030k and reversal potential scan, is not influenced by the electrode

rotation, it is proposed that the hydrogen and oxygen species
0451 diffuse into and out of the oxide layer. Details to this point will
be discussed along with the results of the EIS experiments.
The irreversibility in the formation and reduction of
-0.75 oo 0a 08 75 the ruthenium oxide films, which increases with increasing
(b) E/Vvs. NHE anodic potepual, is linked to their intrinsic structures. XPS
results obtained by Hu et §b] showed that the irreducible
Fig. 1. CVsforaplated Ru deposit measured in 1 M HM®varioussweep  oXide was composed of an aggregate consisting of Ru in var-
reversals: (a) from 0.8 to 1.05V and (b) from 1.05 to 1.3¥;10 mvVs1l ious oxidation states, br|dged oxygen, OH and water in a
3D-like structure which is relatively ordered and compact.
of reactions. They will be presented in short. On the pos-
itive going potential sweep, there is the hydrogen region 3.2. Electrochemical impedance spectroscopy
which overlaps with ruthenium oxidatiqi4,15,18,19,26]
The slightly pronounced current plateau between ca. 0.2and A typical set of impedance spectra recorded on the
0.7V formed during the electrode linear polarization is due deposited ruthenium electrode potentiostatically oxidized
to the formation of a surface oxide filfh4—19,25,27]Since at potentials between 0.3 and 1.1V, presented as Bode
the corresponding cathodic branch of the CV shows two cur- plots, is shown inFig. 2 The modeling procedure for the
rent maxima, it seems that the anodic plateau was formedimpedance frequency responses is given in the appropriate
by overlapping two stages of the surface oxidation (Ru(l) description of relevant surface and bulk redox processes
and Ru(ll)) as was suggested by Conway and co-workersinvolved in the system investigated. The Faradaic process
[14,15] The oxidation state of ruthenium in the oxide is two
at the end of this potential region, i.e. ruthenium oxide exists 109
as hydrated Ru@19], Ru(OH) or RuOx H»0 [28]. Fur- :
ther increase in current, which occurs by increasing anodic- [
potential limit, corresponds to the formation of ruthenium 102k
oxides where ruthenium is of higher oxidation states. Burke ;
and co-workerg17,18] proposed that the slight increase in
oxidation current from 0.7 to ca. 1.0V is possible due to
the formation of RUOOH (RiO3). The standard electrode
potential of Ru/RyO3 couple equals to 0.738 29]. Its for- [
mation in that potential range on the deposited ruthenium 100k
electrode was proposed also by other autf20s22,28,30] :
Fig. 1a shows that the oxide layers formed on the ruthenium- [ ,
deposited electrode in the potential range 0.8-1.0V give 107 Loprssmut s it sttt s 450
cathodic sweeps with two current maxima. The first, slightly 107 107 1en Aor 1eR 10T 0T 0
. . ; Frequency / Hz
pronounced current peak shifts to more cathodic values with
increasing anodic-potential limit, while the second and more Fig. 2. Bode plots for a plated Ru deposit in 1M HGI@t specified
pronounced current peak remains at the same potential (capotentials.
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of the electrochemical reactivity of hydrous oxides in the

investigated potential range varies strongly, depending on
the extent of coupling between the internal redox system
of the oxide and the redox system at the oxide/solution
interface. The activity of this redox system depends, in turn, ‘\N\/\/—
on the rate of double electron—proton injection process into R,

a hydrous Ru oxide according to H4.):

Qrss

A —

Ress

RuO(H(;)(HzO)(y,(;)—}-ZSH* + 20" & RUOX(Hzo)y, Q)
i.e. a hydrogen atom is incorporated into a hydrous oxide
by injection of an electron from the ohmic contact and a Fig. 3. The electrical equivalent circuit used to fit the impedance spectra.
proton from solution, thus lowering the formal oxidation
state of Ru by one unit. The reverse electro-oxidative process
involves the double ejection of an electron and a proton from (ii) the x? error is suitably low g2 < 10~%) and the errors
a hydrous oxide. While this process is very fast for surface associated with each element are up to 5%. Many EEC were
sites located in easily accessible regions, the proton incorpo-examined, but only the one shownfig. 3obeyed these cri-
ration in regions with difficult access creates a slow diffusion- teria. Also, this EEC fits well to the impedance data obtained
controlled process. Slow diffusion-controlled proton penetra- at various potentials in 1 mol dni HCIO,4 solution. Fig. 2
tion has been shown to occur using diverse techniques suctepicts the overlay of the experimental (at the selected poten-
as potential pulsg81,32] current puls¢33] spectroelectro-  tials) and the calculated Bode data showiTable 1, using
chemistry[34] and impedance analydid3,24] the EEC inFig. 3. The EEC inFig. 3is also applicable to the

In order to model the impedance data for the above pro- thin film-modified electrodes (oxides and conducting poly-
cess Fig. 2), the following important aspects of the potential mers) if the conventional semi-infinite Warburg impedance
dependence of the Ru oxide film must be considered: (i) the is replaced with a finite Warburg terf86] or a finite length
pseudocapacitive nature of the electrode process occurring atransmission ling23,37-40] The meaning of the parameters
the surface of Ru oxide under the conditions of our experi- in the EEC is as follows:
ments according to the relati¢h); (ii) the interfacial transfer
processes, one is an electron transfer at the electrode/film R represents the serial sum of all resistance at the F/S

Zp

(M/F) and the other is an ion transfer at the solution/film
interface (F/S); (iii) the charge transport within the film. As

resistance does not appear to depend on the oxide film prop-

erties, the impact of thBz on the observations is ignored in
the present discussion.

Two approaches were taken in this work to understand
and interpret the impedance data giverFig. 2 The first

one involved identifying the best-fit electric equivalent circuit -

(EEC), based on Boucamp’s softw§B&], in order to estab-
lish the values of circuit elements. The intention of this work
was then to correlate their values with cyclic voltammetry
data as a function of the applied potential. The usual guide-
lines for the selection of the best-fit EEC were followed: (i)
a minimum number of circuit elements are to be employed,;

Table 1

interface, i.e. the charge transfer resistamig (the oxide
film resistanceRr), the proton transfer resistandg,() and

the electrolyte resistanc®d), in which theRe dominates
the serial sum.

Crssis the total film/solution interfacial capacitan@&s).
Itrepresents the parallel sum of the pseudocapacitahge (
and the double layer capacitan«gy)().

Serial combination of the surface resistang corre-
sponding to the surface redox process and the transmission
line-like impedance 4p) represents the impedance due
to a slow charging/discharging process in the bulk of the
oxide film, occurring through the Faradaic charge trans-
fer and restricted diffusion of protons within the bulk of
the film.

Impedance parameter values of the deposited ruthenium electrode at different potentials in I gy

E (V) 10° x Qs (2 Tem? s?) n 107 x Ry, (2 crP) Rp (2 cr?) 10% x 1p () 16 x CT (Fem2)
0.30 10.4 0.80 4.8 1.30 0.19 11.9
0.40 10.6 0.81 9.3 0.98 0.11 11.7
0.50 10.1 0.82 12.4 0.69 0.11 11.7
0.60 75 0.82 12.1 0.74 0.23 10.6
0.70 5.9 0.82 7.0 3.11 1.05 9.3
0.80 5.1 0.82 6.0 5.08 1.59 8.2
0.90 4.0 0.84 18.0 8.73 3.19 7.7
1.00 4.2 0.83 50.0 27.49 8.82 7.4
1.08 4.8 0.83 368.0 67.01 12.04 6.6

Ro =0.41Q cn?.
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The overall impedance of the equivalent circuit as a func-
tion of frequency was calculated according to E):
_ Rqo+(Ry + Zp)

[1+ (Ry + Zp)joCql

Z(w) (2)
wherew is the angular velocity angis (—1)Y2. It should be
noted that EIS was unable to distinguish between the dou-
ble layer capacitanceC) and the pseudocapacitanag
charging modes of the Ru oxide films. Thus, in &), instead
of Cq|, the value ofCr/s is introduced.

The high-frequency impedanc&dr) is given by Eq(3):

Ro+1

—_— 3
()" QF/s ®)

Znr(w) =

where the frequency-independent impedance parameter§ng E;

Or/s andn, describing the impedance of a constant phase
element, are introduced instead of the film/solution interfa-
cial capacitance((r/s) due to the non-ideality of the solid
electrode surface respongd].
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structural parameters are the concentration of the protons as
diffusing species and their diffusion coefficient. The oxide
films with higher thickness, lower concentration of protons
and lower diffusion coefficient will have higher values of
these parameters. An increase of these parameters generally
denotes an increase in the inhibition of the film equilibra-
tion, once the electrode has been polariZzEable 1shows

that these values, particularly thoseRy and tp increase
(except from 0.3 to 0.4V) with increasing. Oxide films
grown on Ru by constant potential anodization reach a thick-
ness of up to 30 nnfi23]. Taking into account this thick-
ness and applying the relatiory =L2/D, whereL is the
thickness of the oxide layer, the diffusion coefficient of pro-
tons (D) can be estimated. The values obtained are between
10710 and 10 cn?s~1 depending onE;. With increas-

the proton diffusion coefficient decreases due to the
change in film structure that becomes less amorphous and
more compact at higher anodic potentials. The other fac-
tor that influences the change invalues is the change in

a film thickness with increasingfs. Optical measurements

The frequency dependence of the so-called transmission[zg] as well as potentiodynamiil7] measurements indi-

line-like impedance elements is given by KE4):

Zp(w) = Rp(jwtp) Y2cmh (jwtp)Y/?

(4)

whererp represents the diffusion time constant related to the
diffusion resistanceRp, and the internal capacitanc€p,
0 =RpCp.

According to Egs(2)—(4), the overall electrode impedance

cate that the film thickness increases with increasindror

the oxide film on ruthenized gold, Rishpon and Gottesfeld
[23] calculated an effective diffusion coefficient of protons
to be between 101 and 16 2cn?s~1. For thermally pre-
pared RuQ films, the experimentally determined values for
diffusion coefficient of protons differ significantly, depend-
ing upon the layer preparation. Using ac impedance studies

is described by six frequency-independent parameters, threeRaistrick and ShermgA 3] and Tsai and Rajeshwig4] esti-

of which (Rq, Of/s andn) describe the fast electrode pro-

mated a diffusion coefficient of protons to be #0cn? s~ 1.

cess dominating at higher frequencies, while the other threeConway et al., investigating a self-discharge of a thermally

(R4, Rp and tp) describe the slow electrode process that
dominates at low frequencies. Their values, as a function
of film formation potential £5), are given inTable 1 The
high-frequency resistand@y, that is equal to 0.4Q cn?,

prepared electrode, estimated the proton diffusion coefficient
to be around 102 cn?s~1, while Weston and Stee[82],

using current transient measurements, obtained the values
between 104 and 1015 cn? s~1. Generally, the charging of

does not depend on the electrode potential and presents théhe grain surface, which requires only the transport of protons
electrolyte resistance. The high-frequency capacitance is pre-along aqueous pores, may be associated with a much higher
sented by a constant phase element (CPE) which generates aproton diffusion coefficient than the charging of the bulk of

impedanceZcpg= [Q,:/S(ja))”]‘l. The CPE has no physical

oxide grains. The proton diffusion coefficient estimated in

meaning, but allows an evaluation that indicates the degreethis work correlates well with values given in literature. Our
of system complexity. Hence, the CPE represents the devia-results suggest that the main reason for the observed increase
tions observed from the ideal capacitor, such as slope in plotof Rp andzp is a change in the oxide structure and a decreas-

log |Z| versus logf smaller than—1 and a phase angle in
plot6 versus log'smaller than-90°, respectively. The value

ing concentration of the protons inside the oxide layer due to
the lower content of the proton-donating species suchp@&s H

of n associated with CPE, greater than 0.80, indicates thatand OH. The values a&¥p andzp can be grouped into three
CPE behaves as a capacitor, hence it can be assumed thakgions: the first one with very low values®f andzp in the

Or/s= Crss. Data inTable 1show thatCg/s values are rather
high (4-11 mF cm?) and decrease with increasing anodic
potential. SinceCg/s values are much higher than ordinary
Cq) values for plane, compact oxide electrod2], it may
be assumed thalr;s= Cy. The decrease afy, values with
increasingks points to a certain extent of surface area reduc-
tion due to the formation of less hydrous and more compact
oxide films.

The values ofRy,, Tp and Rp depend on the thickness
and the structure of the oxide film. The most important

potential range from 0.3 to 0.6 V, where the oxide layer exists
as hydrated RuO. An increase Rp andzp is observed in
the potential region from 0.7 to 0.9V, where hydrated RuO
undergoes further oxidation to RUOOH (#Rg). Finally, oxi-
dation of Ru(lll) oxide layer to Ru@is accompanied with
a significant increase in all three impedance parameReys,
Rp andzp.

An insight into the content of proton-donating species
could also be obtained from the values of total capacitance,
Cr, equal to:Ct = Cy, + Cp. The Ct values were calculated
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under the assumption thatr;s~ Cy becauseQr/s>> Cq, mixed activation—diffusion control at all rotation rates exam-
while Cp values were calculated from thg andRp values. ined. The ring currenjr, which corresponds to the diffusion-
The value of”t is also presented ifable 1las a function ofs. controlled oxidation of peroxide is very small indicating that

TheCt decreases with increasifigsuggesting aloss ofreac- the G reduction on the disk proceeds as a four-electron pro-
tion sites caused by the formation of the oxide films in which cess. The amount of hydrogen peroxide can be calculated
the oxidation state of Ru increases. Our results also show thatusing the detected ring currents and disk currents normalized
the Faradaic pseudocapacitanCg)dominates the total film  for the collection efficiencyy:

capacitance of oxide layers prepared at lower potential val- 100jr

ues; when increasing the film formation potential, its fraction %H;02 = ———— (5)

in the total capacitance decreases. Allimpedance results indi- Jr+ Njp

cate that anodic oxidation at lower potential values produces The calculation shows that the amount of®} decreases
more porous and more open oxide films, i.e. the films that are with increasing cathodic potential: &0.6 V, it approaches
more hydrous or amorphous, at least in their surface region.6% and drops te-2% at 0.1 V. Thus, the main reaction at the
Oxide films formed at higher anodic potentials are character- disk electrode involves the four-electron overall reduction.
ized by a reduced surface area, they are less hydrous and/oFor a rotating disk electrode experiment involving an elec-

their structure is more crystalline. trode process, which is first order in reactant, the observed
current is given by Koutecky—Levich E(5) [45]:

3.3. Oxygen reduction 1 1 1
—=—+— (6)

Rotating ring-disk experiments were performed to mea- JooJk
sure the amount of $0, species formed as an intermediate Wherej is the kinetic current angl is the corresponding
or to confirm that @ is directly reduced to water in a four-  diffusion limiting current equal tBw/2, wheres is the con-
electron processig. 4 shows a typical result obtained on a  stant. The plots of fersuso'/2, assuming a uniform current
rotating ruthenium-deposited electrode as a function of the distribution, should yield parallel straight lines with the inter-
potential and rotation rate. A platinum ring, potentiostated at cepts corresponding t and the slope yielding the value
E=1.2V, was used to monitor the formation of the hydrogen 0f B.
peroxide. The S-shaped disk curret, and its dependence The parameteB can be calculated from E7) [45]:

upon the rotation rate indicates that the reaction is underB — 0.621FD?/3y~15:(0y) 7)
where F is the Faraday constant (96,490 Cmbl D the
20 molecular diffusion coefficient of oxygen in 1mol drh
18 perchloric acid (1.k 10~°cn?s™1), v the kinematic vis-
16 cosity (0.01 cris™1) andc(0,) is the bulk concentration of
141 dissolved oxygen (1.& 10-% molcm™3) [46]. Whenn=4,
< '2r B=0.132mAcm? (rpm) 12,
Z 1o0f The linearity and parallelism of the plots obtained when
< osf data fromFig. 4 were plotted as 1iersusw 2 confirm
0.6 that the kinetics are first order with respect to oxygen and
0.4 e that Eq.(6) is applicable. The average experimental value
02 ' of B obtained from these plots is 0.13 mA ci(rpm) 12,
0.0 —— 1 s - I which is in good agreement with the calculated value. This
0.0l indicates that the oxygen reduction proceeds by an overall
oal four-electron transfer process, i.e; ®4H" + 4e~ — 2H,0.
The Tafel slope could be obtained from the mass transfer-
< 04r v corrected plof versus log fji /(i —j)] [47]. The value for
g 06 v Tafel slope that equals124 mV dec! is obtained from this
08 ; plot in the potential range from 0.77 to 0.64 V. The obtained
1.0 . value is not far from-118 mV dec! (—2.3 x 2RT/F), which
A2l R corresponds to the mechanism that involves one-electron
14l A discharge-determining step. Such data allow us to con-
el l . . . clude that the product of the rate-determining step in the
' 0.0 0.2 0.4 0.6 0.8 ORR is the electro-reduced adsorbed (Qgs species, i.e.
E/Vvs.NHE (02)adgs* € — (027 )ags Between 0.6 and 0.4V, the slope

o 1
Fig. 4. Rotating disk-ring currents during the ORR on a plated Ru deposit at :S . ;I_90 ml\/ dec:rhandbbe.lové 0'71 v, the culrrent apr?roa?hesd
specified rotation rates (rpm) in 1M HCIOv=5mV s L. Ring potential, 'm't'”g va U?S' . €o tglne values are close to t o;e oun
E=1.2V vs. SHE. on platinum in acid medigt6]. However, Tafel slopes higher



M. Metikos-Hukovic et al. / Electrochimica Acta 51 (2006) 1157-1164 1163

than—120V dec! are often observed in reactions through ,  2Zim2 (10)

some adsorbed layers at the surface. It is quite clear that 2= (1N +1)

a thin layer of ruthenium oxide, which exists in the men-

tioned potential range, could cause an increase in the TafeI]<3 — Z2Nmy

slope. (1N + 1)
To gain more insight into the kinetics of oxygen reduction

on ruthenium-deposited electrode, the RRDE measurementdVheréZi = 0.62D?%(0y) v~%; Z,=0.62D%3(H20,) v,

— 6 —1. H
were analyzed on the basis of the simple model proposed by?(H202) =6.8x 10~ cfs andmllzare the intercepts
Damjanovic et al[48]. and slope of the plot gb/jr versusw—12, respectivelym,

is the slope of the plofpL/(joL —jp) versuso Y2 and N

11

k, is the electrode collection factor. The results showed that
| k, KoV when jpljr versusw 12 is plotted at different electrode
0,(aq) — Oj(ads) — H.0,(ads) — H,0 potentials (in the range from 0.4 to 0.6 V), a linear behavior
l is obtained with both the intercept and slope being depen-
H0,(aq) dent upon the electrode potential. At potentials below 0.4V,

the reproducibility of the experiments was relatively poor,

The model assumes: (i) no catalytic decomposition of \yhich prevented us from analyzing such data. According
hydrogen peroxide; (ii) adsorption/desorption of hydrogen tq Damjanovic et al[48], the type ofjp/jr Versusw =12
peroxide is fast and in equilibrium; (iii) the rate constant gependence obtained suggests that all three reactions occur
for the hydrogen peroxide oxidation is negligible. The disk- jn the model. Within the above mentioned potential rakge,
ring data analysis reported by Hsueh et[4lf] could be  exponentially decreases from 4810 2to4x 10-3cms?,
used to derive a mathematical expression which would per-hile k, does not depend upon the potential and is equal to
mit the calculation of the rate constants for the intermedi- 5+« 10-4cmst. Since thek; is much larger thaky over the
ate steps for the ORR. The main feature of the analysis is potential range explored, oxygen is mainly reduced to water
plotting jo /(o —jb) versusw~ Y2 at a constant potential,  through the four-electron transfer reaction. The valuézof
wherejpL is the limiting current at the disk electrode. This s of the order of 163cm st and slightly increases with the
plot is linear and adopts the same form, independently of potential. It is larger thaky, indicating that the formation of

the reaction scheme, provided that no catalytic decomposi-hydrogen peroxide is a slow process in the series of the ORR
tion of hydrogen peroxide occurs at the electrode surface. sieps,

Fig. 5 shows that there is a linear dependence of the plot
joL/(joL —jp) versusw~Y2 upon the electrode potentials.
Such dependence suggests that the ORR proceeds withoujo Conclusions
catalytic decomposition of the hydrogen peroxide and that the
model proposed by Damjanovic et p8] could be applied.

Oxide films anodically formed on electrodeposited ruthe-
The rate constants according to Hsueh gti#] are given by y P

nium are investigated by impedance spectroscopy. The results

Eas.(9)-(11) are discussed in terms of the formation and reduction of the

maZi(ILN — 1) phase oxides in the anodic film by mechanism involving the

k1= W 9) double ejection and injection of electrons and protons, with
1

corresponding changes in the valence state of the ruthenium
atom. The time-dependent information obtained from in situ
6 EIS measurements showed that the processes in the system
Ru/oxide film/solution are kinetically limited by diffusion of
protons within the hydrous oxide film. Using equations for
the finite boundary conditions, which is equivalent from an
electrical point of view to the impedance of a finite trans-
mission line, an effective diffusion coefficient of 1% to
10~ cn? st is obtained. The high-frequency charging is
found to be coupled to Faradaic charging at the film/solution
interface.

The ORR was investigated on sponataneosly oxidized
- X ) . ) electrodeposited ruthenium using ring-disk technique. The
%5 60 65 70 75 80 8 90 95 ORR proceeds mostly via four-electron transfer reaction to

108 f-122 / (rpm)-1/2 . .
water with the formation of a small percentage of hydro-

Fig.5. ThepL/(joL —jp) as afunction of rotation rate at different potentials: gen peroxide. The rate constants for the oxygen reduc-

(1) 0.400V, (2) 0.425V, (3) 0.450V, (4) 0.475V, (5) 0.500V, (6) 0.525V, tion according to the Damjanovic reaction scheme were
(7) 0.550VV, (8) 0.575V, (9) 0.600 V. evaluated.

Io./ (lpL-Ip)
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NY,

Editor’s Note

After correcting the proofs and with the corrected paper
available on the web, the Authors of this work realized that
appropriate reference to two previous papers was missing.

The two papers are:

A V. Horvat-Rad&evic, K. Kvastek, M. Vukow, D.
Cukman, J. Electroanal. Chem. 482 (2000) 188.

B K. Kvastek, V. Horvat-Radgevic, J. Electroanal. Chem.
511 (2001) 65.

These two references are to be introduced as follows:

-p. 1 right, line 10....[4,5,14-5+ A+ B]

-p. 2 left, line 6. . ..[23,24 + A + B]

-p. 4 left, line 14....a hydrous oxide [19,23]. While..

-p. 4 left, line 21. . ..impedance analysis [2312 A + B]

-p. 4 right, line 9....in Fig. 3, which was developed for
electrodeposition of Ru [24]

-p. 4 right, line 14....EEC is as follows [24]:

The Authors apologize for the inconvenience.

S. Trasatti
Editor-in-Chief
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