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Deactivation of Thermally Formed RuÕTi Oxide Electrodes
An AC Impedance Characterization Study

B. V. Tilak, a,* V. I. Birss,b,* , z J. Wang,b C.-P. Chen,c and S. K. Rangarajand

aGrand Island, New York 14072, USA
bDepartment of Chemistry, University of Calgary, Calgary T2N 1N4, Canada
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Freshly formed Ru/Ti oxide anodes, containing between 5 and 40 atom % Ru, have been examined for their Tafel behavior during
chlorine evolution, as well as their cyclic voltammetric~CV! and ac impedance response at the open-circuit potential, in chlorine-
free NaCl solutions. Also, 30 atom % Ru electrodes have been electrochemically deactivated, as seen by an increase in the anode
potential and the Tafel slope for the chlorine evolution reaction during long-term electrolysis. A comparison of the data for the
fresh and the deactivated anodes suggests that the deactivated anodes have similar electrochemical characteristics as freshly
formed, low-Ru-content~ca. 5 atom %! oxide films. To understand this better, the experimentally obtained ac impedance data were
compared to the calculated impedance, based on a porous film model in which a one-electron surface redox reaction occurs. While
the fit is good at medium-to-high frequencies, the inclusion of a diffusion-controlled process for the low atom percent Ru films is
required to achieve a good fit also at low frequencies. Taken together, these results support the hypothesis that the deactivation of
originally high atom percent Ru anodes is due to the depletion of Ru from the oxide film, causing its electrochemical behavior to
become more similar to that of freshly formed low atom percent Ru oxide films.
© 2001 The Electrochemical Society.@DOI: 10.1149/1.1388630# All rights reserved.
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Ru/Ti oxide anodes, formed by thermal decomposition te
niques on titanium substrates and used in the chlor-alkali indu
typically contain.30 atom % RuO2, the remaining being TiO2.

1,2

The Ru metal loading in these oxide mixtures is generally in
range of 4-10 g/m2, depending on whether their use is in diaphrag
or in membrane~or chlorate! cells. Ru/Ti oxides of this composition
typically exhibit chlorine evolution overpotentials of 40-60 mV
200-250 mA/cm2 in 5 M NaCl solutions at 80-90°C. However, with
extended usage in cells in practice, the chlorine overpotential so
times increases to 300-400 mV, and the anode is considered to
become ‘‘deactivated.’’ This is clearly an undesirable situation, a
hence, the focus in this paper is to understand the origin of an
deactivation more clearly.

The possible mechanisms relevant to the deactivation
RuO2 /TiO2-based anodes during the course of the chlorine~and
oxygen! evolution reactions have been the subject of several re
reviews1-3 and various publications.4-24 One possible cause of anod
deactivation is a loss of active sites for chlorine evolution by blo
age of insoluble surface layers~e.g.,MnO2, BaSO4, Fe oxides, etc.!
or impurities~e.g.,organics! which arise from impurities in the feed
brine to the cells.

Another possibility is the formation of an insulating TiO2 layer at
the Ti/coating interface with time of anodic polarization,8-10,24 al-
though there is no direct supporting evidence for this hypothesi
further option is that a loss of Ru occurs from the coating, eit
throughout the film or only at its outer surface.9,12,20,23,25This may
take place by erosion and/or dissolution, or via the loss of Ru-ba
adsorbed intermediates participating in the chlorine and oxygen
lution reactions. In support of the suggested loss of Ru, it is kno
that a notable increase in the resistivity of mixed Ru/Ti oxid
occurs26-30 when the RuO2 content is,20 atom %.

Focusing on the latter explanation, it is unequivocally agreed
during electrolysis some RuO2 does dissolve electrochemically~al-
though the magnitude of the rate of dissolution is not known w
certainty! and that some of it is also lost by erosion.4,6 The corrosion
rate of RuO2 is minimal at pH 1-212,16 and increases below a pH o
ca. 0.2 ~forming RuOHCL5

22)12 and above a pH ofca. 4 ~forming
RuO4

22 and gaseous RuO4.
7,8,19,31 The RuO2 dissolution rate in-
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creases with increasing current density,7,9 increasing the percentag
of O2 generation,5,18,19 decreasing NaCl concentration,11,21 and an
increasing number of shutdowns of operating cells.7,17 TiO2 disso-
lution is believed to be chemical,15 resulting in the formation of
TiO21.

The purpose of the present communication is to provide a be
understanding of the causal factors leading to the large chlo
evolution overpotentials seen at deactivated anodes, with the
mate hope of developing preventive measures which would ex
their operating life in practice. Another objective of this work is
demonstrate that the impedance response of a Ru/Ti oxide film
a wide range of frequencies may serve as an excellent indicatio
the extent of its deactivation. In this paper, the electrochemical
havior of freshly formed Ru/Ti oxides containing varying amoun
of Ru was established. This was achieved by collecting the chlo
evolution Tafel data and comparing this to the cyclic voltamme
and ac impedance response in chlorine-free NaCl solutions. Ano
which were 30-40% in their original Ru content were then dea
vated using a range of aggressive current/potential/time regime
various solutions. It is shown by modeling of the ac impedance d
for both fresh and deactivated oxide electrodes, and assumin
porous film structure, that the deactivated 40 atom % Ru electro
behave very similarly to freshly formed Ru/Ti oxide electrodes co
taining small amounts of Ru~,5%!. This suggests that the depletio
of Ru from the mixed oxide is indeed responsible for the high an
potentials following the deactivation of the electrodes. Complem
tary data presented elsewhere,32 based on the use of nonelectro
chemical techniques such as secondary-ion mass spectrom
~SIMS! and scanning tunneling microscopy~STM!,33 have also sup-
ported the dissolution of Ru32 as the explanation for anode deac
vation.

Experimental

Electrodes for cyclic voltammetry and ac impedance exp
ments.—The working electrodes~WEs! consisted of Ti wire sub-
strates~99.99%, Johnson-Matthey, Inc., 2 mm diam!, upon which
the Ru/Ti oxide films were deposited. The cross-sectional end
each bare Ti wire~0.0314 cm2! was polished with 600 grit paper
rinsed with acetone, dried, rinsed with methylene chloride, dr
again, and then rinsed with triply distilled water before coating w
oxide. Ru~III ! chloride ~18.2 g, Johnson Matthey, Mallory, Ltd.!
Ti~IV ! butoxide~45 mL, Aldrich!, and 37% HCl~6 mL! were mixed
together to make the stock coating solution. Solutions of differ
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Ru and Ti content were made by adding the appropriate amoun
Ti butoxide to the stock solution. The Ti electrodes were dipped i
this solution and allowed to air-dry to form a single layer of oxi
film. The electrodes were then heated atca. 5°C per min to 100°C,
remaining there forca. 15 min to remove the solvent. The temper
ture was then increased at 10°C/min to 440°C in air and mainta
at 440°C for 30 min to decompose the Ru/Ti compounds, thus fo
ing the mixed Ru/Ti oxide,ca. 2 mm thick. Afterward, the length of
the oxide-coated Ti wire was wrapped in Teflon tape, leaving o
the cross-sectional end as the WE for immersion in solution.

The counter electrode~CE! was a 40 atom % Ru~the remainder
being Ti oxide! oxide electrode, having more than 100 times t
apparent surface area of the WE. It was positioned inside a Te
tube to promote the release of hydrogen gas from the cell. An
AgCl electrode was employed as the reference electrode~RE! at
high temperatures, while a standard calomel electrode~SCE! gener-
ally served as the RE at room temperature.

Equipment.—An EG&G PARC 273 potentiostat/galvanostat w
used in both the electrolysis and the CV experiments, coupled
an HP 7044 B X-Y recorder. A Solartron 1255 HF frequency
sponse analyzer and a Solartron 1286 electrochemical interface
employed for the ac impedance measurements, using freque
from 0.1 to 65 kHz and a 10 mV ac amplitude~effective! at either
the open circuit potential~OCP! or at various applied potentials. A
the RE can introduce a time delay at high frequencies, observed
phase shift due to its resistance and capacitance characteristic
additional Pt wire electrode was placed in the cell and was c
nected via a 6.8mF capacitor to the RE lead.34-36

Solutions and general experimental conditions.—The solution
used for all experimentation was 5 M NaCl, made up using tri
distilled water. Electrolysis experiments were carried out in a o
compartment cell at either room temperature or at 90°C. All CV a
impedance experiments were carried out using a two-compartm
cell, with the RE compartment connected to the WE and CE co
partments via a Luggin capillary.

Ru/Ti oxide deactivation procedures.—It was found that anode
deactivation by the application of a constant anodic current den
of between 200 and 250 mA/cm2 in 5 M NaCl ~pH maintained at
3-5! required many days. Therefore, it was found to be more ef
tive to deactivate the anodes in an acidified salt solution~5 M NaCl
1 0.1 M HCl!. This was done either by applying a constant ano
current density, by square wave current cycling (1320 to 2130
mA/cm2, 30 s for each pulse!, by cycling ~100 mV/s! the overpo-
tential betweenca. 11 andca. 20.5 vs. the OCP, or by the appli-
cation of square wave~30 s! potential cycles~1.35 to 20.3 V vs.
SCE!.

Results

Tafel data for fresh and deactivated Ru/Ti oxide electrod
during chlorine evolution.—Figure 1 depicts the time dependence
the chlorine overpotential~measured intermittently at 230 mA/cm2!,
observed when a 40 atom % Ru electrode was subjected to ove
tential cycling in the range 900 to2600 mV in 5 M NaCl at 90°C.
The overpotential was found to increase from an initial value ofca.
70 mV ~often lower values close to 40 mV are seen! to more than
400 mV. Similar phenomena were also observed by using squ
wave current cycling from 320 mA/cm2 to 2130 mA/cm2 ~30 s
pulse duration! in 5 M NaCl 1 0.1 M HCl solutions at 90°C.

To better understand Fig. 1, the chlorine evolution Tafel plots
freshly 5-40 atom % Ru/Ti oxide electrodes, prior to deactivati
are shown in Fig. 2a at room temperature. These plots show
observed previously,13,37 increasing Tafel slopes and a decrease
the i o values for the chlorine evolution reaction as the Ru conten
the oxide coating is lowered. The Tafel slope isca.30-40 mV for the
30-40 atom % Ru electrodes, while for the 5 atom % Ru oxide
has increased toca. 130 mV. The reasons for this behavior are d
cussed in detail in Ref. 37, in terms of a decreasing number of ac
of

d
-

n
/

h

re
ies

a
an
-

-

nt
-

y

-

o-

e-

t
,
s

f

t

e

Ru sites with decreasing atom percent Ru, resulting in a decreas
i o values for the chlorine evolution reaction. The increasing Ta
slope may be due to an increasing surface coverage of the adso
intermediate, varying from close to zero on a 40 atom % Ru ele
trode to unity on a 5 or 10atom % Ru oxide electrode. Alternatively
this change in slope may arise from an increase in the film resista
of the Ru/Ti electrodes with time of chlorine evolution.

The Tafel plots for the chlorine evolution reaction, collected
various times between deactivation by periods of square-wave
tential cycling~1.35 to20.32 V vs. SCE, 60 s/cycle! are shown in
Fig. 2b. Overall, it can be seen that the activity of these electrod
decreases with time of deactivation. At early times, some increas
activity is sometimes seen, arising, at least in part, from an increa
electrode surface area as loosely attached oxide particles are
from the surface. Subsequent profiles show a slowly increasing Ta
slope and a decreasingi o value with increasing time of electrolysis.
At between 33 and 37 h of electrolysis, a sharp increase in thb
value is seen, reachingca. 150 mV.

A comparison of the data in Fig. 2a and b, summed up in Fig.
and b, shows that after the anode is subjected to long times
potential or current cycling, a 40 atom % Ru electrode behav
similarly to a,5 atom % Ru electrode. This already strongly sug
gests that Ru dissolution is occurring from the coating in these
periments.

CV response of fresh and deactivated electrodes.—The CV fea-
tures ~Fig. 4a! of the 40 atom % Ru/Ti oxide electrodes before
during, and after deactivation~achieved by current pulsing between
0 and 0.955 A/cm2! were monitored from 0.5 to 1.0 Vvs.Ag/AgCl
at 100 mV/s in fresh 5 M NaCl solution ~pH 3-5! at 90°C. These
potential limits were chosen to avoid any faradaic interference d
to the occurrence of the chlorine, oxygen, and hydrogen evoluti
reduction reactions.

It can be seen that the fresh electrode~ ! gives the typical
pseudocapacitive response of Ru oxide,38,39 changing reversibly

Figure 1. Time dependence of overpotential of 40 atom % Ru electrode~ca.
2 mm in thickness! at 230 mA/cm2 in 5 M NaCl at 90°C. Electrode subjected
to overpotential cycling from 900 to2600 mV at 10 mV/s.
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Figure 2. ~a, top! Effect of Ru content on Tafel plot of fresh Ru/Ti elec
trodes in 5 M NaCl~pH;3.5! at room temperature~with IR compensation!.
~b, bottom! Time dependence of chlorine evolution Tafel data at 40 atom
Ru electrode at room temperature~without IR compensation!, subjected to
deactivation by square-wave potential cycling~1.35 to20.32 V vs. SCE at
60 s/cycle! in 5 M NaCl10.1 M HCl. The numbers in the figure refer to th
time of deactivation in hours. Each Tafel plot is shifted to the right by 20 m
to avoid overlap.
when the direction of potential cycling is changed. A decrease o
to a factor of 5 is observed in the response afterca. 70 h of deacti-
vation. The CV response of fresh electrodes of various Ru cont
at 90°C is shown in Fig. 4b for comparison. Consistent with
literature,13 the pseudocapacitive response decreases sharply w
the Ru content of the oxide is belowca. 10 atom %, while there are
no significant differences in the response of electrodes contai
20-40 atom % Ru, other than a loss of capacity. By comparing
CV response of fresh electrodes of relatively low Ru content~Fig.
4b! with the response of the 40 atom % Ru electrode after lo
times of electrolysis~Fig. 4a!, there is again strong evidence that th
Ru concentration decreases substantially with time of electroly
This may occur either only at the oxide surface or throughout
bulk.

AC impedance behavior of fresh and deactivated Ru
oxides.—To further understand and characterize the oxide deact
tion process, ac impedance studies were carried out, focusing pr
rily on a 30 atom % Ru/Ti electrode at various stages of deact
tion. These data were compared to those obtained for freshly for
Ru/Ti oxide films, ranging in Ru content from 5 to 40 atom %
Impedance data were collected at the oxide OCP~ca.0.9 V vs.SCE!

Figure 3. ~a, top! ~d! Tafel slope variation with atom % Ru on fresh ele
trodes and~s! of a 40 atom % Ru electrode subjected to deactivation.~b,
bottom! ~d! Exchange current density with atom % Ru on fresh electro
and ~s! of a 40 atom % Ru electrode subjected to deactivation.
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in chlorine-free NaCl solutions. Under these conditions, no chlor
reactions can occur and the OCP is defined by the Ru/Ti ox
surface electrochemistry. In these experiments, deactivation
generally accomplished by square-wave potential cycling, us
overpotentialsvs. the chlorine/chloride potential ofca. 1.6 to 20.1
V ~60 s/cycle! in 5 M NaCl 1 0.1 M HCl solutions at room tem-
perature.

The impedance and phase angle Bode plots, obtained durin
course of deactivation of a 30 atom % Ru electrode, are present
Fig. 5. For comparison, the impedance response37 for freshly formed
Ru/Ti oxide electrodes containing varying amounts of Ru is sho
in Fig. 6. It is seen that the phase angle plots are the most sens
to the Ru content of the films, as compared to the impedance B
plots or to Nyquist plots. During the initial stages of deactivatio
the phase angle plot of the 30 atom % Ru electrode~Fig. 5! shows
the close-to-ideal capacitive behavior seen for freshly formed 3
40 atom % Ru electrodes~Fig. 6!, as expected. However, after ove
1 h of deactivation, the phase angle plots~Fig. 5! begin to reveal a
peak in the high-frequency range, and a phase angle of 50-70
velops at lower frequencies. The impedance increases significa
as seen at low frequencies, fromca. 10 V to more than 500V after
ca. 2 h of deactivation by potential cycling. A comparison of th
results of Fig. 5~after more than 1 h of deactivation! with those of
Fig. 6 indicates clearly that the impedance response of the fres

Figure 4. ~a, top! Cyclic voltammograms~CVs, at 100 mV/S, 0.1 cm2 elec-
trode area! of a 40 atom % Ru-Ti electrode in 5 M NaCl (pH; 3.50) after
various times of deactivation at 90°C.~b, bottom! CVs of fresh Ru-Ti elec-
trodes with different Ru content~ca.2 mm thick! in 5 M NaCl ~pH ; 3.5) at
100 mV/s at 90°C.
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atom % Ru electrode becomes more similar to that of freshly p
pared 5-10 atom % Ru oxide coatings with time of deactivation

The most important aspect of Fig. 6 is that the impedance p
for freshly formed Ru/Ti oxide films reveal ‘‘the signature’’ of th
Ru content of the electrodes, indicating their possible use as a
agnostic’’ tool for partially or fully deactivated electrodes. The d
agnostics include

1. The monotonic decrease of the impedance amplitudeuZu as a
function of frequency,v.

2. The transition from convexity to concavity in theuZu vs. v
plots as a function of increasing Ru content.

3. The appearance of a pronounced maximum at low Ru cont
in the phase anglevs.v plots.

4. The tendency for capacitive behavior at lowv for higher Ru
content.

5. The tendency for Warburg-like behavior at lowv for low-Ru-
content electrodes.

6. Asymptotically, forv→0 and low Ru content,uZu ; 1/Av.
7. Asymptotically, for high Ru content,uZu ; 1/v asv → 0.
It is clear that the impedance response arises from several d

ent processes, which are dominant in different frequency or t
domains. Separation of these processes is difficult, and hence
treatment described is intended to analyze the data in approxim
ranges of frequency/parameter space.

Theory

In order to model the impedance data shown in Fig. 5 and
three important aspects of the Ru/Ti oxide film must be kept

Figure 5. Impedance response of 30% Ru electrodes after various time
deactivation in 5 M NaCl1 0.1 M HCl at room temperature. Electrod
subjected to square potential cycling from 1.35 to20.32 V vs. SCE at 60
cycles/s. Impedance measured in 5 M NaCl at room temperature at OCP.

Figure 6. Impedance response of fresh electrodes of different Ru conten
5 M NaCl at room temperature at OCP.
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mind: ~i! the pseudocapacitive nature of the electrode process oc
ring at the surface of the Ru oxide under the conditions of
experiment, as described by

2RuO2 1 2H 1 1 2e2 ↔ Ru2O3 1 H2O @1#

~ii ! the spatial distribution of the potential with depth into the fil
~moreso once the Ru content drops belowca. 20%, when its con-
ductivity decreases rapidly!; and ~iii ! the heterogeneous nature
the active sites in the film~describing the compositional and poro
ity variations across the thickness of the film!. The important phe-
nomenological components of the system under study are the do
layer at the oxide/solution interface, the electrochemical activity
the Ru sites~in the absence of other reactions such as chlor
evolution!, and the distribution of potential in the film. The prima
variables are, then, the specific double-layer capacitance,Cd ; the
exchange current density associated with Reaction 1 and the
centration of the Ru~IV !/Ru~III ! species in the film~cf. Eq. 1!; and
the specific conductivity of the film (r f) and of the solution (re).

We assume that during the impedance experiments at the OC
chlorine-free chloride solutions, there is no pH variation in or n
the oxide film, and that the diffusion of Ru~IV !/Ru~III ! sites in the
film via exchange mechanisms is extremely slow at the frequen
studied. However, the Ru~IV !/Ru~II ! ratio in the film is influenced
by the potential change during impedance measurements, as
from Reaction 1. We term the Ru~IV ! and Ru~III ! surface activities
asGO andGR , respectively, and the overpotential of the electro
h, is definedvs. the OCP during impedance measurements. T
faradaic current,i G , associated with Reaction 1, may be written

i G 5 i oS GO

GO
o eanfh 2

GR

GR
o e2~12a!nfhD @2#

where i o , the exchange current density, is pH-dependentf
5 F/RT, anda is the familiar transfer coefficient. With alternatin
signal perturbation, we may write Eq. 2 in a linearized form,
shown in

d i G 5 i oS dGO

GO
o 2

dGR

GR
o 1 n fdh D @3#

Because

d i G 5 2nF
ddGO

dt
5 nF

ddGR

dt
~ i.e., dG 5 2dGR! @4#

Eq. 3 can be recast as

d i G 5 i oF S 1

GO
o 1

1

GR
o D dGO 1 n fdhG @5#

The frequency dependence ofdGO is given through Eq. 4 and 5
after Laplace transformation, as

dGO 5 2i on fdhF S 1

GO
o 1

1

GR
o D i o 1 nFPG21

@6#

wherep 5 j v, j 5 A21, andv is the angular frequency. Equatio
6 implies that the dominant spatial variation ofdGO is via its depen-
dence ondh(x) and not via a ‘‘diffusion’’ path. It follows from Eq.
6, using the proper sign convention, that

Cf 5 nFS dGO

dh D
p → 0

5
n2F2

RT F S 1

GO
o 1

1

GR
o D i oG21

@7#

whereCf is the pseudocapacitance associated with Reaction 1
Equation 6, when substituted into Eq. 5, gives the linear respo

valid for a planar electrode for Reaction 1. Figure 7~circuit A!
shows the appropriate equivalent circuit~also see Ref. 40! for this
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case; however, since Ru/Ti oxide films are three dimensional
porous, our analysis must reflect this feature. Therefore, the floo
porous model~see Ref. 40-44 for details!, which includes the poten-
tial distribution across the film, is employed here. The equation g
ing the potential distribution across the film,dh(x), for a porous
electrode for the sinusoidal case is now given, wherex is the dis-
tance into the film from the film/solution interface

pdh 5
s8

Cd

]2dh

]x2 2
d i G

Cd
@8#

In this equation,Cd and s8 denote the specific capacity of th
double layer and the total conductivity of the medium~sum of elec-
trode matrix and electrolyte!, respectively. The local current,d i G ,at
depthx into the film, due to Eq. 1, is therefore

d i G~x! 5
pnF

Rt
FpnF 1 i oS 1

GO
o 1

1

GR
o D G21

dh~x! @9#

whereRt 5 RT/nFiO . Equation 9 is then substituted into Eq. 8 an
the differential equation fordh(x) is solved, using the following
boundary conditions atx 5 0 ~at the outer film/solution interface!
and 1~at the film/underlying metal interface!

]dh

]x
5 0 at x 5 0 @10#

]dh

]x
5

1

s8S
dI at x 5 l @11#

wheredI is the sinusoidal current amplitude andS is the specific
surface area of the oxide film. The overall impedance for the por
Ru/Ti oxide electrode is therefore obtained, following the proc
dures in Ref. 40, as

Zp~p! 5 Re

cothU~p!

U~p!
@12#

whereRe 5 l/s8S. In Eq. 12,U(p) is given by

U~p! 5 A 1

s9 S pt1 1
pt2

pt3 1 1D @13#

wheres9 5 l /S. The time constants,t1 , t2 , andt3 , are defined as

t1 5 ReCd t2 5 ReCf t3 5 RtCf @14#

where Re, Rt , Cf , and Cd have their previous definitions. Th
equivalent circuit corresponding to the impedance function in Eq
for a porous electrode is shown in Fig. 7~circuit B!.40

Figure 7. Theoretical equivalent circuits for Reaction 1 at a planar electro
@A# and a porous electrode@B#.
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The experimentally measured impedance,ZT , includes an addi-
tional series resistance component,Rx ~the resistance between th
WE and the RE, which is external to the porous electrode!, and thus

ZT 5 Rx 1 Zp @15#

Discussion

The rich features which are observed in the impedance d
especially in the phase angle plots~Fig. 5 and 6!, are a reflection of
the interplay of processes which are occurring in different time~or
frequency! domains. Unfortunately, there is no simple equati
which arises from the impedance function~Eq. 12!, which yields the
maxima and minima in the phase angle plots. Therefore, we il
trate how the presence of the three time constants described can
to the distinct features in the phase angle plots. This is done
examining the effect of two limiting cases on Eq. 12 in the followi
treatment.

Dependence of impedance response on frequency.—Ca
(t3 5 RtCf ! 1).—Whent3 is small, i.e., whenCw ! 1 or when
the charge-transfer resistance for Reaction 1 is small~these condi-
tions could be met for thin, conducting Ru-rich oxide films!, Eq. 15
becomes

ZT 5 Rx when the impedance is resistive asv → ` @16#

and

ZT 5 Rx 1
Re

p~Cd 1 Cf!

when the impedance is capacitive asv → 0 @17#

This behavior is illustrated in Fig. 8, for various values ofCd and
Cf , while maintainingRtCf ! 1. It can be seen that as the ma
nitude of (Cd 1 Cf) increases, the time constant increases, and
result, the phase angle reaches 90° at longer times or at lower
quencies, as is observed for 30 and 40 atom % Ru electrodes in
6.

Case 2.—Here the limiting results are presented when the rela
magnitudes of the time constants are such that the following

Figure 8. Calculated phase angle impedance data using Eq. 12 and 1
Re 5 1022.

Cd Cw Rt

~a! 1027 1028 1021

~b! 1026 1028 1021

~c! 1026 1025 1021

~d! 1026 1023 1021
a,

-
ad
y

1

a
e-
ig.

-

equalities apply,va @ vc @ vb , i.e., when @Re(Cd 1 Cf)#21

@ (RtCd)
21 @ (RtCf)21, where

va 5 ~t1 1 t2!21, vb 5 t3
21, vc 5 ~t1t3 /t2!21 @18#

This situation is possible when the charge-transfer resistanc
large, as would be the case for lower~,20! atom % Ru electrodes

1. At very low frequencies,i.e., for v ! vb

ZT ; Rx 1
Re

p~t1 1 t2!
; Rx 1

1

p~Cd 1 Cf!
@19#

and the impedance is capacitive.
2. For the same sequence of time constant magnitudes b

intermediate frequencies,i.e., whenvb , v ! vc ! va, then

ZT ; Rx 1 Re/Apt1 1 t2 /t3

5 Rx 1 Rt /Ap/vc 1 1 ~whent2 /t3 , 1)

; Rx 1 Rt @20#

As v increases to satisfy the inequality,vb ! vc ! v ! va8
5 t1

21

ZT ; Rx 1 Re/pt1 ; Re/pt1

@Capacitive forv ! ~RxCd!
21# @21#

ZT ; Rx @Resistive forv @ ~RxCd!
21# @22#

3. Finally, at high frequencies, such thatv @ va8 , this leads to

ZT ; Rx 1 Re/Apt1 ; Re/Apt1 if v ! ~Re/Rx!
2/t1

@23#

ZT ; Rx if v @ ~Re/Rx!
2/t1 @24#

The phase angles predicted by the limits described through
19-24 are depicted in the following schematic. These results s
that the phase angles are predicted to change, from 0, to 45, 9
and then to 90° again, as the frequency,v, is lowered.

It should be noted here that the phase angle of 45°, while p
dicted by Eq. 23, can also arise whenRtCw @ 1, i.e., when

U~p! 5 ApReCd 1
Re

Rt
@25#

WhenRe/Rt is small compared toReCd and whenv is high,Z(p) is
proportional to 1/Aj v, which is p/4. However, it should be noted
that while this feature is theoretically possible, it may not be exp
mentally accessible.

Their phase angle/frequency schematic presented shows th
the frequency decreases, a maximum appears in the phase
plots in the intermediate frequency region as a result of the inte
sitioning of the various time constants with respect to frequency
other words, the appearance of maxima in the phase angle plots
consequence of the charging of the porous oxide film double la
first and then the pseudocapacitance, at different times in the po
matrix. At high frequencies, the double layer is charged, the ti

or
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constant associated with it beingRtCd . As the frequency is lowered
the pseudocapacitor is charged, with the time constant for this
cess beingRtCf , ultimately resulting in the phase angle of 90°
v → 0, These variations are depicted in Fig. 9 and 10, as a func
of a variety of combinations of magnitudes of the circuit elemen
for the inequalities in thet values stated.

It should be noted that the inequalities indicated in the ca
presented must be satisfied~even if the@ or ! conditions are not
strictly satisfied! for the appearance of maxima or minima in th
phase angle plots. It should also be emphasized here again tha
development of peaks in the phase angle plots is a consequen

Figure 9. Theoretical phase angle plots using Eq. 12 and 13 forRe

5 1022 andRt 5 100, along with the relevantv values.
Cd Cw va vb vc

~a! 1024 1023 105 10 102

~b! 1025 1024 106 102 103

~c! 1026 1025 107 103 104

Figure 10. Theoretical phase angle plots using Eq. 12 and 13 forRe

5 1022, Cd 5 1024, andCf 5 0.1, along with the pertinentv values.
Rt va vb vc

~a! 50 103 0.2 200
~b! 100 103 0.1 100
~c! 500 103 0.02 20
~d! 5,000 103 0.01 10
~e! 10,000 103 0.001 1
-

n
,

s

the
of

the interplay of the time constants, dictated by the impedance fu
tion given in Eq. 12 and 13.

Dependence of impedance response on Ru content of film.—The
comparison of the calculated and experimental impedance p
must also be carried out in terms of the Ru content in the film. T
brings in the question of the parametric dependence onuRuO2

~where

uRuO2
is the surface coverage by redox-active Ru surface sites!. The

termsCd , Cf , Rt , andRe in Eq. 13 can all be assumed to be relat
to the number of active RuO2 sites in the Ru/Ti oxide coating, al
though this must be accepted with some caution, as the fundam
relationships are more complex and nonlinear. Nevertheless,
usual to assume that the following parameters,Cf , 1/Rt , andCd are
all proportional touRuO2

. This is based on the assumptions that t

only source of pseudocapacitance is the Ru31/Ru41 surface redox
process and thati o varies linearly withuRuO2

. In addition,Re also

varies with uRuO2
, since ln sm 5 (uRuO2

/uTiO2
ln sRuO2

), where

sm 5 1/Rm andsRuO2
andsTiOx

refer to the conductivity of RuO2
and TiOx , respectively. The suggested linear relationship betw
Cd } uRuO2

implies that the double-layer capacity of RuO2 is very

different ~higher! than that of TiOx , so that the number of Ru sur
face sites dominate the measured interfacial capacitance. It sh
also be noted thatRe, the overall matrix resistance, increases, wh
the Cd and Cf terms decrease, with a decrease in the numbe
active Ru sites in the film.

Figure 11 ~curves a-c! depicts the calculated phase angle da
~Eq. 12! using circuit element values which might be typical
freshly formed 40, 30, and 20 atom % Ru coatings.Re is very small,
as these oxides are expected to be very conductive, so that the
trix resistance is very low. TheCd and Cw values are both quite
high, as the Ru content is high. TheRt value of 0.03V andCf of
0.01 F ~curve a, 40% Ru!, chosen for these calculations, is cons
tent with the values reported27 for high Ru atomic percent elec
trodes. When the Ru content in the coating decreases, the adsor
pseudocapacitance decreases, and the charge-transfer resistan

Figure 11. Theoretical phase angle plots using Eq. 12 and 13 for a, b, an
and Eq. 12 and 29 for d and e.

Re Cd Cw Rt D

~a! 1022 1024 1022 3 3 1022 0
~b! 1022 1024 5 3 1023 1021 0
~c! 1022 1024 1023 10 0
~d!a 15 1026 1027 2 3 102 6.5 3 1025

~e!a 20 1027 1028 103 6.5 3 1025

a Cw for these cases is equal to the value noted divided by (a1 1 1).
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sociated with the faradaic process of Eq. 1 increases. This is co
tent with the rationale of the lowered number of active Ru sites
hence lower faradaic currents under these conditions.

Inclusion of diffusion-controlled process in simulation.—It can
be seen that Eq. 12 cannot completely describe the behavior o
low Ru atomic percent electrodes, which show a phase angl
45-60° at very low frequencies~Fig. 6! and a broad hump in the
mid- to high-frequency region. It should be noted that Eq. 12
account only for the phase angle variations in the frequency re
of 106-102 Hz. Therefore, some modifications to the model we
explored and a search for additional phenomenological and/or r
tion steps, which may have been missed in the simple assu
mechanism, was undertaken. This led to the consideration of
other possible reactions.

The first is that of a parasitic or poisoning step, involving t
poisoning of the surface by species Z* , specifically of one of the two
surface redox states (Ru13 5 R; Ru14 5 O) of Ru oxide. As a re-
sult, Oad 1 ne 1 Z* � R*, for example, would occur in paralle
with Oad 1 ne
 Rad. The analysis for this situation leads to a
impedance expression which is similar to Eq. 12, but withU(p)
given by

U~p! 5 A 1

s9S pA 1
pB* 1 D*

1 1 pC* 1 k/pD @26#

where

A 5 ReCd

B* 5
n2F2

RT
~b i o* 1 i o!z

C* 5 nFZ

D* 5
nF

RT

b i oi o*

GR
o Z

k 5
i oi o*

nFGO
oGR

o Z

Z 5 F i oS 1

GO
o 1

1

GR
o D 1

i o*

GO
o G21

and whereb is the transfer coefficient for the forward rate of th
parasitic reaction, andi o* is the exchange current density of th
parasitic reaction.

A second possible explanation for the observed phase angle
40-60° at low frequencies~see Fig. 5 and 6! involves concentration
polarization effects. These could be associated with transport co
of the H1 reacting with the Ru41 sites, or to diffusion control of
oxygen to the electrode surface, prior to its reduction on low at
percent Ru electrodes. This presents additional difficulties in
analysis, and the coupling of concentration and potential variat
leads to complex expressions, so that a detailed analysis is not
sented here. An approximatee analysis,45 which relates the concen
tration changes to the potential, leads to

DCX

CX
o '

nF

RT
DfS ao

Ap
1 a1 1 a2Ap 1 . . . D @27#

When Eq. 27 is substituted into the linearized rate Eq. 28 for Re
tion 1, the impedance expression can be shown to be the same a
12, with theU(p) term expressed by Eq. 29

e It is interesting to note that the results obtained here can be deduced from
given in Ref. 43 and 44 by allowing the diffusion coefficient→0. Thus, the generali-
zation of Eq. 12 to account for the presence of a diffusion-controlled process at
frequencies is possible.
is-
d

e
f

n

c-
d

o

of

ol

e
s
e-

-
Eq.

2 nF
dDGO

dt
5 i oFDCX

CX
o 1 S 1

GO
o 1

1

GR
o DDGO 1

nF

RT
DEG

@28#

U~p! 5 A 1

s9
S pA 1

pB8 1 DAp

1 1 pC
D @29#

where

A 5 ReCd

B8 5 ReCf~1 1 a1!

C 5 RtCf

D 5 ReCfao

The expressions appropriate to poisoning of the surface and
inclusion of a diffusion-controlled process have been tested fo
with the experimental phase angle plots. It is found that allowing
concentration polarization effects duplicates the experimental B
plots well, as shown later. The exact nature of the diffusion proc
and the identify of the species contributing to this Warburg-li
behavior will be discussed elsewhere.

The simulation results, shown in Fig. 11~curves d and e!, dem-
onstrate that the incorporation of a diffusional process in the cas
freshly formed, low atom percent Ru coatings does indeed desc
the experimental phase angle behavior~cf. Fig. 6! well. The results
in Fig. 11, thus, show that as the atom percent Ru decreases
freshly formed films,Cf decreases andRt increases, and a maxi
mum develops in the phase angle plots. At low atom percent
levels, diffusion of either H1 in the Ru/Ti oxide solid state, or dif-
fusion of trace species, such as oxygen, to the electrode surface
now be detected in the impedance data, and the phase angle
approaches 45° at low frequencies.

An analogous approach was made to attempt a good simula
of the impedance data for deactivated electrodes using the data

se

Figure 12. Theoretical phase angle plots simulating the experimental B
plots during deactivation using Eq. 12 and 29.

Re Cd Cw Rt D

~a! 1022 1024 1022 3 3 1022 0
~b! 1022 1024 5 3 1023 1021 0
~c!a 15 1026 1027 2 3 102 6.5 3 1025

~d!a 18 1026 1027 5 3 102 6.5 3 1025

~e!a 20 1026 5 3 1027 103 67.53 1025

~f!a 20 1027 1028 103 6.5 3 1025

a Cw for these cases is equal to the value noted divided by (a1 1 1).
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30 atom percent Ru film~Fig. 5!. Figure 12 shows the phase ang
Bode plots, based on a range of circuit element values and inclu
the low-frequency diffusional term,D. These results show that, wit
time of electrode deactivation, the 30 atom percent Ru electr
increasingly behaves like a low atom percent Ru electrode~Fig. 6!.
The appearance of a maximum in the phase angle plots at
frequencies as deactivation begins to occur is the result ofa decreas-
ing Cf and an increasingRt . This demonstrates clearly that R
depletion has occurred, as these changes in the circuit elem
could not be the result of a resistance buildup at the Ti/coa
interface.

Overall, the Tafel, the cyclic voltammetric rresults, and the
impedance data all suggest that when a RuO2 /TiO2 anode exhibits
high overpotential, this is a direct consequence of the surface de
tion of Ru. This is also consistent with the estimatedRe values of
;20 V for the failed electrodes, in contrast to the known high s
cific resistivity of TiO2 of 1013 V cm, which would suggest the
absence of any buildup of a TiO2 layer at the Ti and the Ru/T
coating when anode deactivation occurs. It should particularly
noted, as a piece of additional evidence supporting the absen
the buildup of a TiO2 layer, that a failed electrode gives the sam
frequency response as a fresh 5% Ru electrode at low frequen

The University of Calgary assisted in meeting the publication costs
this article.

List of Symbols

Cd double-layer capacitance, F/cm2

Cf pseudocapacitance, F/cm2

F Faraday constant
j A21
l pore length
n number of electrons involved in the overall reaction
p Laplace transfer variable5j Ã

Re matrix resistance,V
Rt charge-transfer resistance,V
s surface area of porous electrode per unit length
x distance coordinate in the direction normal to the electrode surface

Greek

f electrode potential
Ã ac frequency
u surface coverage of the species in the subscript
G surface excess of the species in the subscript

Subscripts

O oxidant
R reductant

Superscripts

o value atf 5 0
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