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Dependence of potentiometric oxygen sensing
characteristics on the nature of electrodes
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Abstract

A comparative study of gas sensing response and electrical properties of three electrodes for a potentiometric YSZ-based oxygen sensor
is presented. Platinum (Pt), lanthanum strontium iron cobalt oxide (La0.6Sr0.4Fe0.8Co0.2O3: LSFCO) and chromium oxide (Cr2O3) were used
as the sensing electrodes. The microstructural features, electrochemical impedance for the charge transfer processes and oxygen sensing
characteristics were studied at different temperatures and correlated. Impedance measurements indicate that the LSFCO electrode exhibits
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ower resistance and higher capacitance by almost two to three orders of magnitude for the chemical exchange and ion transfe
ompared to the other two electrodes. The relaxation time constants of all three electrodes are comparable to each other and fo
he range of fraction of a second. But, the measured response times for oxygen sensors using these electrodes showed value
f minutes at temperatures of 500◦C and below. So, the controlling factor for oxygen response at temperatures below 500◦C seems to b
dsorption and/or surface diffusion of oxygen rather than the charge transfer process for a given morphology of the electrode.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Development and optimization of electrodes is an impor-
ant area of study for solid oxide fuel cell (SOFC) and chemi-
al gas sensor applications[1–4]. Our interest is directed pri-
arily on gas sensors and understanding why different oxide
lectrodes exhibit different sensitivities in mixed potential
Ox and CO sensors[5]. The output voltage of these sensors

s determined by the mixed potentials generated from the oxy-
en and NOx electrochemistry on the sensing electrode and
epends upon the kinetics of oxygen reduction and transport
t the electrode. Thus, understanding the kinetics of oxygen
xchange reactions at the electrode interface is a necessary
rst step towards evaluation of the sensor behavior[6].
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For devices based on oxygen ion conducting solid e
trolytes, the reactions of oxygen at the electrode cons
diffusion through the porous electrode, redox reac
involving electron transfer (1/2O2 + 2e− ↔ O2−), and the
oxygen ion transfer from the electrode to the electro
While the adsorption and charge/ion transfer proce
are controlled by the catalytic and electrical prope
of the electrodes, the diffusion of oxygen is depen
on the electrode microstructure. Amongst well-stud
electrode systems are metal (e.g., platinum) electrode
mixed ionic–electronic conducting (MIEC) electrodes (e
lanthanum strontium manganite: LSMO). In the case
metals, the charge transfer processes take place at the
phase boundaries (TPB) between the electrode, elect
and the gas-phase. Steady state current–voltage polari
measurements on porous Pt–YSZ cell under varyingpO2 by
Robertson and Michaels[7] indicate that due to low solu
bility and diffusivity of oxygen in bulk platinum, transpo
of oxygen through the bulk electrode is not feasible.
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the only path for ionic transport is through the triple phase
boundaries at the electrode–electrolyte interface. Also it is
indicated that oxygen is supplied to the TPBs by surface
diffusion of dissociatively adsorbed oxygen[7,8]. So, the
effective reaction zone (ERZ) for the chemical exchange
and ion transfer is restricted to the boundary around the
periphery of the electrode particles on the electrolyte.

On the other hand, the mixed ionic–electronic conduct-
ing electrodes, e.g., LSMO, lanthanum strontium cobaltite
(LSCO) and lanthanum strontium iron cobalt oxide (LS-
FCO) have extended reaction zone for the charge trans-
fer processes from the TPBs to the electrode surface and
bulk. As these perovskite-structured electrodes exhibit mixed
ionic–electronic conductivity and high diffusion (D) and
surface exchange (k) coefficients (D = 2.2× 10−2 �m2/s,
k = 3.4× 10−3 �m/s at 600◦C for LSFCO)[9], the chemical
exchange reaction is more dominant at the electrode surface
than at the TPBs[10]. So, the overall oxygen reaction kinetics
is faster than that at the metallic electrodes and is manifested
in the charge transfer resistance (Rct) and the double layer ca-
pacitance (Cdl) of the electrode[11–14]. LSFCO is found to
have the highest electrical conductivity among the La-based
perovskite electrodes (σ ≈ 500 S/cm at 600◦C) [15] and the
ionic conductivity is 5× 10−4 S/cm[16] and hence it is con-
sidered to be one of the best electrode materials for elec-
trochemical devices at intermediate temperatures (<800◦C)
[
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Fig. 1. Schematic diagram of the oxygen sensor cell with sensing electrodes.
The YSZ tube dimensions are: 30 cm long and 8 mm diameter. The electrodes
were pasted 3 mm wide ring.

a Cr2O3 (99%, Alfa Aesar) paste was prepared. The electrode
pastes were applied sequentially in the order Pt-colloid, LS-
FCO and Cr2O3 from the closed end of the YSZ tube and
fired at 1000◦C for 1 h in air. The order of the electrode se-
quence was chosen arbitrarily. The schematic diagram of the
sensor cell with different sensing electrodes on it is shown
in Fig. 1. Platinum wires were attached to each electrode as
connecting leads. Oxygen sensing measurements were car-
ried out at 400, 500 and 600◦C in different partial pressures
of oxygen and the sensing response time for each electrode
was estimated.

Impedance measurements were carried out on YSZ pel-
lets with identical and symmetric electrodes on both sides.
Y2O3 (8 mol%) stabilized ZrO2 (8YSZ) pellets (from Tosoh
powder, Japan) of 10 mm diameter and 1–2 mm thickness
were used. Pt-colloid, LSFCO, Cr2O3 and commercial Pt
pastes were applied on both sides of different YSZ pellets.
Impedance measurements were performed on these cells at
temperatures from 500 to 700◦C in air (21% O2), 10% and
3% O2 in balance nitrogen in the frequency range of 1 MHz
to 0.1 Hz with an ac amplitude of 10 mV. The gas flow was
set at 100 cc/min for both sensing and impedance measure-
ments. The electrode polarization resistanceR (also called the
charge transfer resistance) and the double layer capacitance
or constant phase element (CPE) (Q) values were estimated
by fitting the experimental data to the appropriate equivalent
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17,18].
As many spinel compounds with chromium[4] and

hromium oxide itself[5] exhibit significant sensitivit
o NOx gas, evaluation of the Cr2O3 electrode for oxy
en exchange reactions is worth exploring. Cr2O3 is a p-

ype semiconductor with electronic conductivity of ab
× 10−3 S/cm at 600◦C and is independent of oxygen pr
ure changes[19]. The oxygen diffusion coefficient is of th
rder of 10−9 �m2/s at 1100◦C, which leads to poor oxyge

on conduction in Cr2O3 [19].
In the present study, three electrodes, platinum, a M

LSFCO) and a semiconductor (Cr2O3), were chosen as sen
ng electrodes for a YSZ based oxygen sensor. Imped
pectroscopy and SEM were used along with the
ensing measurements at different temperatures to ex
he characteristics of the electrodes that influence the se
ehavior.

. Experimental

An oxygen sensor based on a YSZ tube, one end cl
as fabricated using three different sensing electrodes
olloid, LSFCO and Cr2O3. Commercial Pt-ink was use
or the common air-reference electrode at the inner sid
he YSZ tube. Pt-colloid was prepared by using dipo
ium tetrachloroplatinate, (poly)vinyl alcohol (PVA), NaO
nd sodium borohydride in deionized water[20]. LSFCO
aste was prepared by mixing La0.6Sr0.4Fe0.8Co0.2O3 pow-
er (supplied by SCI Inc., USA) with�-terpineol. Similarly
ircuits consisting ofR’s andQ’s. Since the electrodes a
dentical on both sides of the YSZ, the net resistance
ured is twice that of the single interface and the capacit
s half the value of the single side electrode. The micros
ure of the electrodes on the YSZ surface was studied by
EM (Philips XL30).

. Results

The experimental strategy was to examine the oxy
ensing characteristics of a YSZ based electrolyte with
hree electrodes, Pt, LSFCO and Cr2O3. Correlation of the
ensing behavior with electrode microstructure and the
rochemistry at the electrode–electrolyte interface is de
ped with the help of electron microscopy and impeda
pectroscopy.
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3.1. Oxygen sensor response

The oxygen sensing characteristics of Pt-colloid, LSFCO
and chromia electrodes on YSZ based potentiometric sensor
were examined at 400, 500 and 600◦C.Fig. 2a compares the
sensitivity for oxygen as a semi-logarithmic plot of the sen-
sor output against oxygen partial pressure at 600◦C. With
all three electrodes, a sensitivity of 43.4 mV/decade was ob-
served, consistent with the prediction of the Nernst equation
[21]. Fig. 2b shows the sensitivity plots of the electrodes at
500◦C. The chromia electrode showed a lower sensitivity
(35.9 mV/decade) than the other electrodes (Pt-colloid and
LSFCO). The corresponding values of the sensitivity for Pt
and LSFCO electrodes is 38.8 mV/decade. The theoretical
value for 500◦C is 38.3 mV/decade. At 400◦C (not shown
here), the Pt and LSFCO electrodes showed equilibrium val-
ues of sensitivity while for the chromia electrode, equilibrium
is not attained even after 10 min.

Fig. 3a compares the response transients of the sensing
electrodes upon changing thepO2 from 21% to 3% O2 (in
nitrogen) at 600◦C. The t90 response times, defined as the
time to reach 90% of the steady state value, at 600◦C were
found to be similar for all three electrodes with a value of
1 min. Fig. 3b shows the response transients at 500◦C. The
t90 values at 500◦C were found to be 1.8, 1.1 and 3.2 min for
Pt, LSFCO and CrO electrodes, respectively. At 400◦C,
t FCO
a in

F
e

Fig. 3. Oxygen response characteristics of platinum, LSFCO and Cr2O3

electrodes at (a) 600◦C and (b) 500◦C upon changing O2 from 21% to 3%.
The response time includes the apparatus time as well.

the response time is observed with Cr2O3, followed by Pt and
LSFCO.

3.2. Electrode microstructure

The electrode pastes were applied on individual YSZ sub-
strates for the SEM observations and processed the same way
as for the sensing and electrical measurements.Fig. 4shows
the cross-sectional and top views of the Pt-colloid, LSFCO
and Cr2O3 electrodes depicting the particle and porosity dis-
persion on YSZ. The colloidal platinum formed irregular ag-
gregates of groundnut shaped small particles incorporating
tiny pores within the aggregates themselves as shown in the
inset ofFig. 4a. In the LSFCO electrode, a nearly homoge-
neous distribution of the particles and the porosity is observed
throughout the sample as seen inFig. 4b. On the other hand,
the chromia electrode exhibits a relatively dense packing frac-
tion of the particles (Fig. 4c).

3.3. Impedance spectroscopy

Impedance spectroscopy has been used to understand
charge transfer mechanisms at electrode–electrolyte inter-
faces. In a typical impedance spectrum, the resistive and
capacitive components of the bulk electrolyte and the elec-
t . The
2 3
he response times increase to 5 min for Pt, 2 min for LS
nd >10 min for Cr2O3. Thus, the most significant change
ig. 2. Oxygen sensitivity characteristics of platinum, LSFCO and Cr2O3

lectrodes at (a) 600◦C and (b) 500◦C.

l ation
w olyte
rode interface are identified by the frequency dispersion
ow frequency region represents the electrode polariz
hile the high frequency component represents electr
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impedance. For this study, the electrodes were placed sym-
metrically on both sides of the YSZ pellets. The impedance
data were recorded at temperatures of 400–700◦C in 21%
O2 balance N2. The impedance spectra with Pt, LSFCO and
Cr2O3 electrodes at 600◦C are shown inFig. 5a–c. All three
electrodes show depressed semi-circles in the impedance
plane. Similar data were obtained at 700◦C. At 500◦C,
though the impedance spectra of the electrodes are incom-
plete in the given frequency range as shown inFig. 6, the
trends are similar to the observations at higher temperatures.
The slightly flattened semi-circles corresponding to the Pt
and Cr2O3 electrode impedance were fitted to a Randle circuit
consisting of the electrolyte resistanceRb, the charge trans-
fer resistanceR and the constant phase elementQ. The more
flattened impedance semi-circle of the LSFCO electrode was

F
t

Fig. 5. Electrode Impedance spectra of (a) colloidal Pt, (b) LSFCO and (c)
Cr2O3 electrodes with YSZ electrolyte at 600◦C in 21% O2.

fitted with Rb(R1Q1)(R2Q2), where the components in the
parenthesis are connected in parallel. The constant phase
element,Q can be represented byk(jω)−n = (k[cos(nπ/2)−j
sin(nπ/2)]/ωn), where j= √−1, k andn are frequency inde-
pendent parameters and 0≤ n ≤ 1. Whenn = 0, k represents
an ideal resistor (i.e.,k = R) and whenn = 1, it describes an
ideal capacitor withk = 1/C (i.e.,ZQ = 1/jωC) [22].

The fitting parameters for all electrodes between 500 and
700◦C are shown inTable 1. At 500◦C, because of the in-
completeness of the data in the low frequency region, the val-
ues ofR andQ are not as precise. Some trends are evident.
The resistance to oxygen reduction and transport at a par-
ig. 4. Cross-sectional and top views (insets) of the electrode microstruc-
ures on YSZ: (a) Pt-colloid, (b) LSFCO and (c) Cr2O3.

ticular temperature follows the order Cr2O3 > Pt� LSFCO,
whereas the apparent capacitanceQ follows the order LS-

Fig. 6. Impedance spectra of Pt-colloid, chromia and LSFCO electrodes
w
ith YSZ electrolyte at 500◦C in air.
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Table 1
The impedance parameters for Pt, Cr2O3 and LSFCO electrodes at 500, 600 and 700◦C

Electrode T (◦C) R1(HF) (� cm2) Q1(HF)
a

(�F/cm2)
n1 R2(LF) (� cm2) Q2(LF)

a

(�F/cm2)
n2 τ1 (=R1Q1) (s) τ2 (=R2Q2)

(s)
τnet (=RQ) (s)

Pt 500 5.25× 105 1.63 0.75 – – – – – 0.86
600 5.83× 104 2.92 0.75 – – – – – 0.17
700 5.3× 103 5.18 0.75 – – – – – 0.03

Cr2O3 500 1.43× 106 1.02 0.80 – – – – – 1.45
600 5.05× 104 1.17 0.84 – – – – – 0.06
700 3.6× 103 1.88 0.82 – – – – – 0.007

LSFCO 500 759 126 0.82 1774 399 0.73 9.5× 10−2 0.71 0.71
600 81 152 0.82 170 838 0.75 1.2× 10−2 0.14 0.14
700 4 74 1.0 30 1210 0.65 3× 10−4 0.04 0.04

R1 andQ1 andR2 andQ2 are derived from high and low frequency components, respectively, of the impedance fit in the case of LSFCO electrode.
a The constant phase elementsQ’s are approximated to capacitance for calculation of time constants (τ = RC).

FCO� Pt > Cr2O3. R tends to decrease by about one to two
orders of magnitude for every 100◦C increase in tempera-
ture, whereasQ shows an increase of a factor of 2–4 over the
500–700◦C range (except for the low frequency component
of LSFCO at 700◦C). The value of ‘n’ varies from 0.65 to 1.
A value close to 1 can be regarded as the CPE being more ca-
pacitive and thus the unit ofQ is taken as Farad for simplicity.
Table 1also lists the product RQ, which is a measure of the
relaxation time (≈RC) for the oxygen reduction and transport
process. From the Arrhenius plots of the net resistances of the
electrodes inFig. 7, activation energies were calculated to be
1.7 eV for the Pt electrode, 1.2 eV for the LSFCO and 2 eV
for chromia.

4. Discussion

Impedance spectroscopy provides information regarding
the resistance and capacitance associated with an electro-
chemical process. In the present study, the resistance provides
information regarding oxygen transport, reduction and ionic
transfer at the electrode–electrolyte interface, whereas the
constant phase element,Q is a measure of the capacitance,
which arises due to build-up of O2− ions. Increased redox
processes lead to charging of the double layer and a large ap-

F s.

parent capacitance. A large capacitance combined with the
charge transfer resistance of the electrode results in a larger
time constant of the oxygen exchange and transfer process.
Warburton et al.[23] have observed a direct correlation be-
tween theRC time constants of the electrochemical process
and the response time of the amperometric sensors.

In Pt and Cr2O3 electrodes, the cumulative values of re-
sistance and capacitance derived from the single relaxation
fit of the impedance data represent the processes involved
with oxygen reduction and ion transfer at the TPBs. In the
case of LSFCO, the impedance spectra could be separated
into two relaxation processes: a high frequency process as-
signed to ionic transfer at the electrode–YSZ interface and
a lower frequency process that involves transport and diffu-
sion of oxygen through the electrode bulk[10,14,17]. The
higher values ofR in Pt and Cr2O3 as compared to LSFCO
(Table 1) are a reflection of the fact that the charge transfer
process occurs only at the triple phase boundaries, since the
surface diffusion of oxygen is the only mode of mass trans-
port in the Pt and Cr2O3 electrodes. Thus, the cumulative
effects of adsorption, surface diffusion, chemical exchange
and ion transfer processes lead to high values of electrode
resistance for Pt and Cr2O3 electrodes though distinct relax-
ation process corresponding to the gas phase adsorption or
diffusion is not observed in the impedance spectra at this tem-
perature range. The activation energy for the charge transfer
p is
a as
c YSZ
h arge
t
i n
d
a tor
[

lytic
a f ad-
s d bulk
t ased
ig. 7. Arrhenius plots of electrode resistance for the three electrode
rocess measured by the dependence ofR on temperature
lso higher for Pt and Cr2O3, 1.7 eV and 2 eV, respectively,
ompared to 1.2 eV for LSFCO. Previous studies on Pt/
ave reported activation energy of 2.06 eV for the ch

ransfer process[24]. The higher activation energy in Cr2O3
s comparable with the∼2.4 eV activation energy for oxyge
iffusion in Cr2O3 [18]. Electronic conductivity of Cr2O3 has
n activation energy of 0.6 eV and is not the limiting fac

25].
On the other hand, in LSFCO, due to its better cata

nd ionic conducting properties, the mass transport o
orbed oxygen takes place via the electrode surface an
o reach the electrode–electrolyte interface. The incre
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effective reaction zone throughout the electrode as opposed
to just the TPB region in the Pt and Cr2O3 electrodes make
the LSFCO less resistive to the electrochemical oxygen reac-
tions which is demonstrated by the values given inTable 1.
Since the oxygen transport is influenced mainly by the elec-
trode bulk rather than the triple phase boundaries, the acti-
vation energy of 1.2 eV calculated from the net resistance is
the characteristic of the electrode itself. Previous studies on
LSFCO/YSZ have noted activation energies for oxygen re-
duction to be between 1.4 and 1.6 eV[18]. For LSFCO/CGO
(cerium gadolinium oxide), activation energies of 1.5–1.6 eV
and 1.2 eV have been reported[9,26].

Even though the overall resistance to oxygen transport and
charge transfer in LSFCO at all temperatures is two to three
orders of magnitude lower than Pt and Cr2O3, the relaxation
times for LSFCO (RQ) are comparable to Pt and Cr2O3 elec-
trodes (Table 1), primarily due to the high values of capaci-
tance in LSFCO. While the double layer capacitance repre-
sented by the constant phase elementQ is of the order of a few
�F/cm2 in Pt and Cr2O3 electrodes, a characteristic of elec-
trode capacitance, LSFCO exhibits hundreds of�F/cm2 at all
temperatures (Table 1). For LSFCO/YSZ, a previous study
has noted capacitance of 1.16× 10−2 F/cm2 [18] whereas for
LSFCO/CGO, capacitance of 10−4 F/cm2 and 10–20�F/cm2

have been reported[26,27]. When an external potential is
applied at low frequency to a mixed ionic–electronic con-
d am-
p tion,
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Fig. 8. The microstructure and the oxygen response transient at 500◦C of
the commercial platinum ink electrode on YSZ.

lier, in LSFCO oxygen transport can occur through the bulk,
whereas in Pt and Cr2O3, surface diffusion of oxygen is the
primary mechanism. Thus, with the latter electrodes, the mi-
crostructure should have an important effect on the response
times, especially at lower temperatures. As shown inFig. 4,
all three electrodes exhibit a relatively dense packed fraction
of the particles. Such microstructures may impede the dif-
fusional motion of oxygen adsorbates along the pores and
the particle surfaces. However, it is believed that the mass
transport process is not fully represented in the measuredRQ
time constant which is mainly attributed to the charge transfer
process though diffusion effects can be identified by measur-
ing the electrode impedance at temperatures above 1000◦C
[29].

If this hypothesis has merit, then altering the diffusion
resistance by engineering the microstructure of the electrode
should produce differences in the response times. This was
done for Pt using commercial platinum ink as the electrode,
which has a bismuth based impurity to help form refined
microstructure and better bonding to the YSZ.Fig. 8a shows
the morphology of the electrode, which is considerably more
open, the triple phase boundaries are well defined, and easily
accessible to the oxygen species compared to the Pt-colloid
electrode. The response transients of the two Pt electrodes
at 500◦C are compared inFig. 8b and it is found that the
electrode with the commercial Pt ink shows a faster response
(

uctor, ions periodically accumulate at one side of the s
le while becoming depleted at the other. In this situa
mass transport with vanishing net current flow in the f
f oxygen ions and electrons together takes place[28]. This

s referred to as the chemical diffusion of oxygen, lead
o the large apparent capacitance. Given this informatio
he impedance parameters of the three electrodes, it is
orth comparing the observed sensor response at diff

emperatures.
At 600◦C, the sensitivity and response time of the th

lectrodes are found to be similar. While the sensitivity
rue representation of the electrode behavior, the mea
esponse time is determined by the combined effect o
lectrode kinetics and the geometry of the measuring
he large volume of the measuring cell (∼400 cm3), the slow
ow rate (100 cm3/min) of the gas stream and the intrin
elay of gas mixing lead to an instrument response time.
vent that is happening on a faster time scale than the in
ent response time will not be manifested. So, the fact
ll three electrodes show the same response time of
t 600◦C is a reflection of the instrument response time
00◦C and below, for the same gas flow conditions (as
f 600◦C), differences are observed in the response ti
.g., thet90 values are 1.8, 1.1 and 3.2 min in Pt, LSFCO
r2O3 electrodes, respectively. The measuredt90 values o

he electrodes being of the order of minutes at 500◦C and
elow are significantly higher than theRQ time constants.
eems that apart from the chemical exchange and ion tra
rocess, probably there is a non-electrical factor contribu

o the response time at lower temperatures. As discusse
 -1.4 min).
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5. Conclusions

The oxygen sensing performance of Pt, LSFCO and
Cr2O3 electrodes on the YSZ electrolyte at different temper-
atures was analyzed. Significant differences were observed
in both the sensitivity and response times of these elec-
trodes, especially at and below 500◦C. Impedance measure-
ments suggest that the electrode resistance to oxygen re-
duction and ion transfer at temperatures 600◦C and below
follows the order Cr2O3 > Pt� LSFCO and above 600◦C
Pt > Cr2O3 � LSFCO. The apparent capacitance of these
electrodes follows the order LSFCO� Pt > Cr2O3 at all tem-
peratures measured. So, theRC time constants for the electro-
chemical oxygen reactions at the electrodes were controlled
by resistance in platinum and chromia electrodes whereas by
the capacitance in the LSFCO electrode and the time con-
stants were found to vary from a few seconds to milliseconds
in the temperature range of 500–700◦C. But the observed
difference in the oxygen sensing response times, of the order
of minutes, between the electrodes at temperatures 500◦C
and below reveals that the rate determining step is not the
charge transfer process in these electrodes specifically in Pt
and Cr2O3 at lower temperatures. The only other possible
reaction step making the response time high is the surface
diffusion of oxygen adsorbates, which is mainly influenced
by the electrode microstructure.
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