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A B S T R A C T   

Electrochemical characteristics of a layered Au,Pt-YSZ mixed-potential (APE) gas sensing electrode were studied 
by open circuit potential (OCP) and electrochemical impedance measurements (EIS), especially in relation to 
effects of aging under ambient air conditions and cathodic polarization. Mixed-potential response of the APE to 
CO was found to be drastically reduced after 100 days of operation in ambient air, which is correlated with a 
clear change in the shape of the EIS characteristics and a considerably increased polarization resistance (Rp). By 
applying a cathodic polarization, the reduced sensitivity can be almost fully restored. Also the EIS characteristics 
tend to show a similar behavior as observed in the initial state. The influence of cathodic polarization treatment 
on the regeneration of the electrochemical (OCP and EIS) behaviors is found to be clearly enhanced at elevated 
temperatures (700 ◦C), while oxygen concentration seems to play no role on this regeneration effect. This po
larization treatment will highly improve stability of the APE and is expected to enable applications like flue gas 
analysis.   

1. Introduction 

Solid state gas sensors using yttria-stabilized zirconia (YSZ) as solid 
electrolyte material have been intensively investigated during the last 
six decades, in particular with growing concerns to environmental is
sues, for instance exhaust pollutants from industries, combustion motor 
vehicles and even domestic fireplaces fueled with wood [1–19]. In most 
of these applications, the sensors are operated according to a thermo
dynamic working principle. Their sensing behaviors follow the Nerns
tian equation in a broad range of temperatures (400–1600 ◦C) and 
oxygen partial pressures (10 to 10− 20 bar). Therefore they are denoted as 
Nernstian sensors [20–23]. 

Besides the Nernstian sensors, a special group of YSZ based sensors 
has attracted much attention, using a working principle, which is 
determined by reaction kinetics and known as the mixed potential 
mechanism. In the last two decades, this sensing concept gained high 
attraction due to its promising properties for in-situ analysis of 
combustible gas species at high-temperatures and a shortage of alter
native sensor devices for those application purposes [2,5,16,17,24]. 

Especially, the continuous estimation of unburned or partly combusted 
components in flue gas of firewood combustion processes is still an 
unsolved problem, but is an essential task to enable advanced combus
tion air stream control concepts for an effective reduction of toxic 
emissions [16,17]. Unlike the mixed-potentials formed at electrodes in 
aqueous electrochemical systems, those generated on electrodes of YSZ 
based solid state electrochemical systems were observed to be even more 
stable [25]. In latest investigations of this type of sensors, the 
AuPt-mixtures admixed with YSZ fine powder were noted to be a 
promising mixed-potential electrode material. By using this electrode 
material combination, different mixed potential sensors were reported 
with satisfying sensing behaviors using various electrode designs 
[26–40]. Especially the sensing responses of a Au,Pt|YSZ layered 
mixed-potential gas sensing electrode (APE) were found to be strongly 
related to the catalytic properties of the electrode material, which were 
found to be clearly influenced by the Au/Pt ratio and the Au-distribution 
on Pt over the electrode layer [26,39–41]. 

However, as shown in our previous work, long term stability of this 
kind of APE was found to be not satisfying to fulfill e.g. the demands of 
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operation in the flue gas from wood combustion processes [16,17]. In 
literature, instable sensing response of Au/AuPt-mixture based 
mixed-potential electrodes was attributed to i) re-crystallization of 
Au/AuPt-mixtures at the typical operation temperature of about 600 ◦C 
and ii) alteration of their catalytic properties due to irreversible gas 
reactions and poisoning effects [28,42]. 

On the other side, O2,Pt|YSZ is one of the best-characterized solid- 
state electrochemical half-cells which has been extensively studied in 
various aspects [43–61]. These investigations have revealed a wealth of 
knowledge of this type of solid state gas electrode. One of the important 
issues is the electrochemical mechanism of the oxygen transfer reaction 
at the O2,Pt|YSZ electrode system owing to its fundamental relevance 
not only for scientific understanding but also for its performance in 
practical applications, for instance in oxygen sensors, solid oxide elec
trolysis cells (SOECs), solid oxide fuel cells (SOFCs), and non-faradic 
electrochemical modifications of catalytic activity in catalysis 
[62–68]. Different processes have been taken into account for clarifi
cation of the oxygen exchange mechanism. They include: i) adsorption 
of dissociative oxygen on electrode surface, ii) surface diffusion of 
atomic oxygen, and iii) charge transfer reactions proceeding at the 
triple-phase-boundary (tpb) [69,70]. 

Although plenty of remarkable research efforts have been exerted in 
the past, alterations at the O2,Pt|YSZ electrode system by electro
chemical treatments or aging processes at raised temperatures are still 
not entirely understood. These alterations are assumed to significantly 
affect the catalytic and electrochemical characteristics of the electrode, 
which therefore are needed to be further studied and clarified [43,46,55, 
59,71–73]. The following changes have been proposed and discussed in 
the literature: i) accumulation/agglomeration of impurities and, 
accordingly, their segregation of the tpb, which are deemed as irre
versible processes; ii) formation/decomposition of a platinum oxide 
(PtOx) ‘phase’ at the O2,Pt|YSZ electrodes, which is supposed to be a 
reversible process. Especially, the latter aspect was systematically 
investigated by various electrochemical methods in combination with 
different kinds of in-situ/ex-situ surface analytical approaches [43,46, 
55,59,71]. As a result, PtOx formation was postulated to occur at 
different regions within the electrode system, including: i) the interface 
between Pt and YSZ, ii) the tpb O2,Pt|YSZ, and iii) the Pt metallic sur
face, i.e. the interface between Pt and O2 [43,46,55,71]. 

Moreover, it was found that anodic polarization was able to promote 
the formation of PtOx, and its extent was strongly related to tempera
ture, oxygen partial pressure and oxygen flux towards the electrode 
during polarization. On the other hand, a decomposition of the pre- 
formed PtOx was demonstrated to be favored via an electro-chemical 
reduction under the condition of cathodic polarization [46,71]. These 
changes of the O2,Pt|YSZ electrode, i.e. the formation/decomposition of 
PtOx by anodic/cathodic polarization, can clearly change the catalytic 
properties and kinetics of the electrode, and influence the corresponding 
electrode processes as well. 

Likewise, the Pt|YSZ based mixed-potential electrode modified by Au 
addition may probably undergo similar changes as stated above. As a 
result, long-term sensing stability of this type of electrode can be highly 
influenced by those changes in the micro- and nano-structure of the 
electrode, in particular the ones occurring during aging processes at 
elevated temperatures. It has to be also noted that, the electrochemical 
treatments, e.g. the anodic and the cathodic polarization, are expected 
to induce the structural changes of the electrode as well. This would 
consequently change the catalytic properties and electrochemical 
characteristics of the electrode, and accordingly take influence on its gas 
sensing behaviors. However, there is almost no literature available in the 
field of mixed potential type gas sensors, which reveals the correlations 
between the structural changes of the electrodes induced by thermal 
treatment during aging process or electrochemical treatments and their 
sensing characteristics, especially in relation to the long term sensing 
stability. 

The considerations stated above motivated this work to study aging 

effects on layered Au,Pt|YSZ mixed-potential gas sensing electrodes by 
open circuit potentiometry (OCP), cyclic voltammetry (CV) and elec
trochemical impedance spectroscopy (EIS). In a second step, the same 
comparative studies were applied again to study the role of cathodic 
polarization on the electrochemical behaviors of the APEs, in particular 
with relation to their gas sensitivity and sensing stability over a long 
term of operation. The changes of the OCP and EIS characteristics before 
and after the aging process, as well as after regeneration of the aged 
electrodes by cathodic polarization, are discussed in context with 
reversible / irreversible changes at the tpb of the electrodes. 

2. Experimental 

2.1. Sensor element 

Commercially available sensor elements (CarboSen, LAMTEC GmbH, 
Walldorf, Germany) in planar design are investigated in this work. Such 
a sensor element is comprised of two identical layered APE on top of a 
porous YSZ layer, a buried Pt reference electrode (Pt-RE) located be
tween an alumina substrate and the porous YSZ-layer, and a Pt heater 
placed on the reverse side of the substrate, as schematically shown in 
Fig. 1a. The design of two identical APEs on a single sensor element is 
aimed to build up a redundant measuring system for increasing reli
ability. However, all the measurements/analysis in this work were only 
carried out on the right-hand APE of different sensor individuals. As 
shown in Fig. 1b, the APE itself consists of a screen printed thick-film Pt- 
electrode covered by a thin-film Au layer using PVD technique, and was 
subsequently sintered at 1050 ◦C for 240 min. More technical details of 
this kind of sensor elements are described in [26,40]. 

2.2. Investigation of long-term mixed potential stability 

Long term mixed potential stability was investigated by open circuit 
potential (OCP), electrochemical impedance spectroscopy (EIS) and 
cyclic voltammetry (CV) measurements, which were complemented by 
studies of electrode morphology using an environmental scanning 
electron microscopy (ESEM). The OCP and the CV measurements were 
carried out using an automated gas mixing system [28] outfitted with an 
electrochemical work station PalmSens3 (PalmSens, The Netherlands). 
The surface morphological structures of APEs were studied with an 
ESEM type XL 30 FEG, (Philips Inc., The Netherland) equipped with an 
EDX system. 

Sensing behaviors (OCP response) of the sensors were studied by 
measuring the potential difference (ΔU) between the APE and the Pt-RE, 
as illustrated in Fig. 1a. The sensors were characterized at 600 ◦C under 
exposure to 1000 ppm CO balanced with synthetic air. 

EIS characteristics of the sensors were investigated using a two- 
electrode arrangement (Fig. 1a). In the EIS analysis, voltages in sinu
soidal form with an amplitude of 10 mV at varying frequencies from 
10 kHz to 10 mHz were applied on the Au,Pt-YSZ|YSZ|Pt cell to study its 
EIS characteristics under ambient air conditions. This EIS characteristic 
is deemed to be composed of an interfacial impedance (electrode|elec
trolyte) and a bulk impedance from solid electrolyte [74]. 

With respect to the stability tests, a fresh sensor element (1#) was 
continuously operated at 600 ◦C for 100 days under ambient air condi
tions (aging process). The CO responses of sensor 1# were studied by 
OCP measurements under exposure to a CO/synthetic air mixture (c 
(CO) 1000 ppm) at 600 ◦C on the 1st, 47th and 100th day. The cor
responding EIS characteristics on those three measurement days were 
recorded under the same temperature condition but only with exposure 
to synthetic air. Moreover in order to study the aging effect on electrode 
morphology, the ESEM analyses on the APE were conducted before the 
aging process and after the sensor operation of 100 days. Besides the 
application of these measurement sequences, the sensor element (1#) 
was operated at 600 ◦C in ambient air all the time over these 100 days. 



2.3. Cathodic treatment for sensing response regeneration 

After the aging period (100 days) at 600 ◦C and ambient air condi
tions as described above, a sensitivity regeneration procedure was 
applied to the sensor 1# in two sequential steps: i) the operation tem
perature of the sensor was elevated to 700 ◦C in synthetic air for 2 h; ii) 
the APE was cathodically polarized using a two-electrode configuration 
(Fig. 1a blue dashed line) in a temperature range from 600 to 700 ◦C. 
During the processes of cathodic polarization (step ii), cyclic potential 
sweeps between φe (the equilibrium potential, about 0 mV) and -0.6 V at 
a scan rate of 50 mV/s were imposed to the Au,Pt,-YSZ|YSZ|Pt cell under 
5 vol.% O2 at 600, 650 and 700 ◦C, separately. Further details of this 
procedure are given in Fig. 7. 

After the step of heating-up at 700 ◦C for 2 h (step i) and each 
cathodic polarization treatment at those three different temperatures 
(step ii), the electrochemical characteristics of the sensors were esti
mated by OCP and EIS measurements under the same experimental 
conditions as described in Sec. 2.2. Finally, the ESEM analysis on the 
APE of the sensor 1#, which underwent all the measurements/treat
ments as stated above, was performed again to check whether a 
morphological change of that APE occurred by aging and/or cathodic 
polarization. 

Furthermore, in order to better distinguish the role of gaseous oxy
gen concentration with respect to the sensitivity regeneration, another 
sensor individual (2#) underwent also an aging process in ambient air at 
600 ◦C for about 3 months. After that, this sensor element was regen
erated by imposing the cyclic cathodic polarization to the layered Au,Pt- 
YSZ electrode again at 700 ◦C, but now in synthetic air (20.5 vol.% O2). 
The OCP responses to 1000 ppm CO were separately characterized 
before the aging process, after aging for about three months and finally 
at the end subsequent to the cathodic treatment. 

3. Results and discussion 

3.1. Effect of aging on OCP sensing response 

The sensing responses of sensor 1# to CO at 600 ◦C in different 
phases of the experiment are shown in Fig. 2. Before use in these stability 
tests, this sensor element was only stored at room temperature under 
ambient air condition. The OCP response (ΔU, see Sec. 2.2) was found to 
be about 66 mV at 1000 ppm CO balanced with synthetic air on the 1st 
day. This value was marginally raised to 62 mV after operating the 
sensor at 600 ◦C in ambient air for 47 days. Subsequent to another 53 
days of operation under the same conditions (600 ◦C, ambient air), a 

significant decrease of the response to approx. 22 mV was surprisingly 
measured after a total operation time of 100 days, which was only 33 % 
of the initial response. Besides, a slight shift of the baseline measured in 
synthetic air was noted to be positively varied from 0.3 mV to 2.1 mV 
(Fig. 2). 

The ΔU measured in the experiments is the potential difference be
tween the APE|YSZ half-cell and the Pt|YSZ reference half-cell 
(φPt φAPE, Fig. 1). The potential formed at the Pt|YSZ half-cell ought 
to follow a Nernstian characteristic at 600 ◦C. Since the YSZ layer of the 
sensor shows a porous morphology [26], it is presumed that the gas 
atmosphere in the vicinity of the buried reference half-cell Pt|YSZ is in 
thermo-dynamic equilibrium with the ambient atmosphere. In these 
experiments, the oxygen concentration was kept at 20 vol.%, and the CO 
concentration used was only 1000 ppm. Therefore, it can be assumed 
that the Nernstian potential at the Pt|YSZ half-cell is almost the same in 
synthetic air compared to that at 1000 ppm CO balanced with synthetic 
air. Consequently, the ΔU at 1000 ppm CO in synthetic air is deemed to 
be induced by the change of the potential at the APE|YSZ half-cell, 
which shows a non-Nernstian behavior under the CO exposure. 

In the previous studies [26,28,40], the non-Nernstian behavior of 
this kind of layered Au,Pt-YSZ electrode was demonstrated to be a 
mixed-potential type. According to the theoretical model proposed in 
[42,75,76], the potential forming mechanism of the APE can be eluci
dated taking into account both, the gas phase oxidation of reducing 
gases within the electrode layer, and the electrochemical reactions at the 

Fig. 1. Schematic cross-section of a) the CarboSen sensor element with the electrical wiring arrangement for OCP/EIS measurements (blue solid line) and electrode 
polarization treatments (blue dashed line), and b) of the structure of the layered Au,Pt-YSZ mixed potential sensing electrode (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.). 

Fig. 2. OCP response to CO at 600 ◦C on the 1 st, 47th and 100th day, and after 
cathodic polarization (C.P.) on the APE of sensor 1#. 



tpb (Fig. 3a). For further detailed discussion of this phenomenon, we 
consider a simplified case of the APE exposed to CO,O2,N2 model gas 
mixtures. 

As schematically shown in Fig. 3a, the model gas mixture firstly 
passes through the porous APE-layer. In this process a gas phase reaction 
(CGR (1)) occurs, which consumes a portion of CO in a chemical way. 
The residual part of the CO, O2, N2 mixture arrives at the tpb, where the 
electrochemical oxidation of CO (EOC (2)) and the oxygen reduction 
reaction (ORR (3)) take place and make a direct electrochemical 
contribution to the mixed-potential formation. Under conditions of OCP- 
measurement (zero current conditions (Fig. 3b)) the mixed potential is 
established at the APE|YSZ half-cell. It represents a status of potential 
formation at which the electron transfer rate of the anodic reaction (EOC 
(2)) is equal to that of the cathodic reaction (ORR (3)). This means that 
the mixed-potential generated at the APE is a consequence of the bal
ance of the rates of the gas phase reaction (CGR (1)), the anodic reaction 
(EOC (2)) and the cathodic reaction (ORR (3)) occurring at different 
locations of the electrode (Fig. 3a). 

2CO + O2→2CO2 (CGR) (1)  

CO(g) + Ox
O(YSZ)→CO2(g) + V

◦◦
O (YSZ) + 2e (APE) (EOC) (2)  

1
2
O2(g) + V

◦◦
O (YSZ) + 2e (APE)→Ox

O(YSZ)(ORR) (3) 

According to the Butler-Volmer equation, the current densities for 
the anodic (jCO) and the cathodic (jO2 ) reaction can be expressed as fol
lows (Miura’s theory): 

jCO j0
COexp{2α1F(φ φ0

CO)
/

RT} (4)  

jO2 j0
O2

exp{ 4α2F(φ φ0
O2
)
/

RT} (5) 

Here, φ represents the electrode potential, F is the Faraday constant, 
R is the molar gas constant, T is the temperature in Kelvin, φo denotes the 
equilibrium electrode potential of the correspondingly involved reaction 
(2) or (3), j0CO and j0O2 

are the corresponding exchange current densities 
and α is the transfer coefficient [42,75]. Following the discussion above, 
the mixed potential formation at the tpb of the APE can be quantitatively 
derived as a function of CO and O2 concentrations at the condition 
⃒
⃒jCO

⃒
⃒

⃒
⃒jO2

⃒
⃒ or jCO + jO2 0, as given in Eq. (6) [77]. 

φm φo + nAlncO2 mAlncCO (6)  

where c signifies the concentration of CO and O2, and φo, A, m and n are 
constants. 

In other words, the mixed-potential can be schematically illustrated 
by intersections of the anodic and the cathodic curves by plotting the 
logarithm of the anodic current density (jCO) and the negative logarithm 
of the cathodic current density ( jO2 ) over the electrode potential φ, as 

shown in Fig. 3b. Under synthetic air conditions the potentials generated 
on the mixed potential half-cell (APE/YSZ) and the reference half-cell 
(Pt/YSZ) are almost the same (φPt

O2
≈ φAPE

O2
), and correspondingly the 

ΔU (φAPE
O2

φPt
O2

) is found to be approximately 0 mV as experimentally 
confirmed (Fig. 2). When CO is introduced into the gas atmosphere, the 
mixed potential (φm) formed at the APE would show a negative shift 
compared to the equilibrium potential (φAPE

O2
) formed under synthetic air 

conditions (Fig. 3b). Consequently the ΔU (φm φPt
O2
(≈ φAPE

O2
)) is 

measured to be a negative value (Fig. 2). In addition, based on this 
discussion, we may infer that the mixed potential response is increased 
(a more negative shift of φm : (φ1

m→φ2
m→φ3

m→φ4
m)) by enhancing the 

anodic reaction and/or depressing the cathodic reaction, and decreased 
(the φm more positively shifted: (φ4

m→φ3
m→φ2

m→φ1
m)) by depressing the 

anodic reaction and/or enhancing the cathodic reaction, respectively 
(Fig. 3b). 

3.2. Model of gas sensitivity depression by electrode aging effects 

In order to gain a better description of the reasons for the depression 
of mixed-potential response after aging, the OCP measurements were 
complemented by EIS measurements conducted in synthetic air at 
600 ◦C subsequent to each OCP test. The changes of the ΔU values 
(Fig. 2) were found to be in good correlation with the changes of the EIS 
characteristics, as shown in Fig. 4. A quasi-semicircle was measured on 
the 1st day in synthetic air at 600 ◦C. The corresponding polarization 
resistance (Rp) was estimated to be approximately 7 kΩ. After 47 days 
operation at 600 ◦C in ambient air, the EIS characteristic under the same 
conditions could still hold the shape of a quasi-semicircle, but the Rp was 
noted to be enlarged to about 35 kΩ. Surprisingly, the Nyquist plot 
showed only an incomplete semicircle after 100 days. The Rp was 
observed to be significantly raised to about 430 kΩ (Fig. 4a), which was 
estimated by a numerical complementation of that incomplete semi
circle. This shows a drastic increase compared to those Rp measured 
before. As a two-electrode configuration was used in the EIS measure
ments (Sec. 2.2), the polarization resistances are not only related to the 
APE|YSZ interface but also to the Pt-RE|YSZ interface. But due to the 
higher catalytic activity and the much larger size of the Pt-RE compared 
to the APE, it is assumed that the polarization resistances in the EIS 
measurements are dominated by the APE|YSZ electrode, and mainly 
represent the status of the APE|YSZ interface. 

After a number of cycles of negative potential sweeps to the APE 
(Sec. 2.3), the ΔU response to the 1000 ppm CO/air mixture and the 
baseline in synthetic air (Fig. 2) were almost recovered to the values 
measured on the 47th day. In addition, after this polarization procedure 
the EIS characteristic was restored to a state very similar to that on the 
47th day (Fig. 4b). This recovering effect on the OCP and the EIS 
characteristics of the APE by cyclic cathodic polarization was found to 
be highly affected by both the temperature and the number of potential 

Fig. 3. a) Schematic representation of the electrode processes involved in the mixed potential formation, taking CO balanced with O2/N2 as an example. b) 
Illustration of the mixed potential formation in four different situations according to the differences in the kinetics of the anodic and the cathodic reaction, 
respectively. 



scans. Details of this aspect will be discussed in Sec. 3.3. 
Moreover from the ESEM analyses on the APE, no clear electrode 

morphological changes, in terms of grain size and porosity, can be found 
by either the aging process at 600 ◦C under ambient air conditions (Cf. 
Fig. 5 a and b) or the application of the cathodic polarization (Cf. Fig. 5 b 
and c). This means, neither the changes of the electrochemical charac
teristics (OCP and EIS) of the APE by aging nor those ones by cathodic 
polarization treatment can be attributed to the morphological changes 
of the electrodes. This result is different from the results reported in 
literature [42,46,47,59]. In this context, it can be inferred that only the 
state of the triple phase boundary (tpb) of the APE, i.e. the location of 
potential formation, but not the electrode morphology is altered by 
operation of the sensor in ambient air at 600 ◦C over these 100 days. The 
changes of the tpb in the first 47 days resulted in a weaker effect on the 
electrochemical characteristics of the APE. This is indicated by a mild 
rise of Rp and only a little response decrease to CO as observed in the EIS- 
and the OCP-measurements, respectively (Fig. 2 & 4). But the further 
development of these changes from 47th day to 100th day considerably 
changed the electrochemical characteristics of the electrode. This is 
reflected by a drastic rising of Rp (Fig. 4) and, accordingly, a significant 
degradation of OCP response (Fig. 2). Only very similar electrochemical 
behaviors (OCP response (Fig. 2) and EIS characteristics (Fig. 4)) of the 
APE to those on 47th day could be recovered by the application of the 
negative potential scans. However, a complete regeneration to the initial 
characteristics as measured on 1st day was not achieved with this 
procedure. 

From the experimental facts stated above we may conclude that the 
aging process relates to both, irreversible and reversible changes at the 
APE|YSZ interface, as schematically illustrated in Fig. 6 a, b & c. Hy
pothetically, agglomeration of impurities at the electrode|electrolyte 
interface (Fig. 6 b) might be the origin of the irreversible changes and 
the reversible changes are likely attributed to oxidation processes and 
formation of an additional oxide phase at the metallic parts of the tpb 
(Fig. 6c) [46,71–73]. 

According to the results reported in [46,71,72], these irreversible 

and reversible changes at the APE|YSZ interface are assumed to lead to a 
descent of the concentration of the active electrochemical reaction sites 
at the tpb. This would consequently affect the anodic and the cathodic 
processes (EOC 2 and ORR 3) proceeding at the tpb, and accordingly 
depress the mixed-potential formation (Figs. 2 and 3b). 

With respect to the influence of the blockage of the reaction sites on 
the electrochemical processes proceeding at the tpb, the increased Rp 
after sensor aging (Fig. 4) verifies a reduced electrode kinetics for the 
oxygen reduction reaction (ORR, (3)) by the aging process, because the 
Rp characterized in synthetic air is a direct measure of the exchange 
current density for the ORR (j0O2

). According to the model introduced 
above (Fig. 3b), the decrease of the ORR kinetics would result in a more 
negative potential shift at the Au,Pt-YSZ electrode due to the enhance
ment of mixed potential formation when 1000 ppm CO is introduced, 
under the assumption that the EOC kinetics is kept unchanged. However 
for the aged APE, the mixed-potential response is found to be not 
increased but rather reduced (Fig. 2), even though the ORR kinetics at 
this electrode is experimentally confirmed to be decreased. These facts 
indicate that at the aged APE, i) the kinetics of the electrochemical 
oxidation of CO (EOC, (2)) after the sensor aging is depressed as well, 
and the extent of the kinetics reduction of the EOC is larger than that of 
the ORR, as illustrated in Fig. 6d. 

On the other hand, the not complete regeneration of the mixed- 
potential response (φ100

m →φreg.
m ≈ φ47

m ) and the EIS characteristic 
(R100

p →Rreg.
p ≈ R47

p ) after the application of negative potential scans 
(Figs. 2 and 4) is probably an indication that only the oxidized metallic 
parts of the tpb but not the agglomeration of impurities at the APE|YSZ 
interface can be recovered by cathodic polarization. The regeneration 
effects are assumed to be limited to the electrochemical reduction pro
cess of the oxidized metallic parts of the APE to the metallic state driven 
by cathodic polarization, as shown in Fig. 6 b→c. The corresponding 
blocked reaction sites at the tpb are postulated to be reactivated by this 
electrochemical reduction process, and accordingly an enhanced elec
trode kinetics for the EOC (reaction 2) and the ORR (reaction 3) can be 

Fig. 4. Overview a) of EIS characteristics in ambient air at 600 ◦C on the 1st, 47th and 100th day, and after polarization of the APE (sensor 1#), and the corre
sponding zoomed view b) of the EIS-behaviors change from day 1 to day 47. 

Fig. 5. ESEM images of the layered Au,Pt-YSZ electrode a) before operation, b) after aging at ambient air for 100 days and eventually c) after the cathodic po
larization treatment. 



expected compared to that of the aged APE (Fig. 6e). In full accordance 
with this model, very similar OCP (Fig. 2) and EIS behaviors (Fig. 4) are 
measured after the electrochemical reduction compared to those 
observed on the 47th day. 

3.3. Regeneration of OCP sensing response by cathodic polarization at 
different temperatures 

After the degradation of response by a 100 days’ aging procedure at 
600 ◦C in ambient air (Sec. 2.2), a regeneration of sensing response to 
CO was found to be achieved by applying cyclic cathodic polarization on 
the APE (Sec. 2.3). It was revealed by further experiments that not only 
the temperature at which the polarization is carried out but also the 
number of potential sweeps take an essential influence on the efficiency 
of the response recovery procedure. 

As shown in Fig. 7, the OCP responses of the aged sensor (1#) to 
1000 ppm CO in air was noted to be enhanced with different extent after 
the cathodic polarization sequences at different temperatures between 
600–700 ◦C at 5 vol.% O2. A mild rising of the OCP response to CO can 
be already observed by cathodically polarizing the APE with five scans 
in the range between 0 and -0.6 V at 600 ◦C. The gas sensitivity is further 
enhanced by increasing the temperature during further polarization 
sequences in steps at 650 ◦C and finally 700 ◦C. The cathodic polariza
tion treatments were also carried out with five potential scans at each of 
these two temperatures. Interestingly, the response is even again 
elevated to nearly the initial value measured before the aging process by 
another 25 potential sweeps at the final temperature (700 ◦C) (Fig. 7). 
With regard to the development of the sensitivities to 1000 ppm CO 
(Fig. 7), it has to be noted that this almost complete regeneration of the 
sensing response is reached only by a sufficient number of sweeps at 
700 ◦C (five sweeps are not enough), rather by a possible accumulative 
effect of all the electrochemical treatments applied to this sensor 
individual. 

In accordance with other electrochemical studies on Pt|YSZ and Au| 
YSZ interfaces in [46,55,59,71,72,78] it is postulated that the applica
tion of cathodic polarization on the APE does not only result in the ox
ygen reduction reaction (ORR 3, Sec. 3.1) but also induces the 
electrochemical reduction of the oxidized metallic parts of the tpb at the 
APE (Fig. 6b→c). This may be described by the following reaction: 

AuPtOx + 2xe →AuPt + xO2 (7) 

Those oxidized metallic parts of the tpb are supposed to be formed in 
the foregoing aging process, as illustrated in Fig. 6a→b. 

This would again release those blocked electrochemical reaction 
sites due to formation of AuPtOx, and accordingly increase the concen
tration of the active reaction sites at the tbp. The charge transfer pro
cesses (Fig. 6e) proceeding there would be consequently enhanced, 
namely both the anodic and the cathodic reactions contributing to the 
formation of the mixed potential. As a result, a stronger (more negative) 
mixed potential is formed at the electrode, as stated in Sec. 3.2. 

Fig. 6. Illustration of the hypothetical oxidation of the APE|YSZ interface and the accumulation of impurities by sensor aging (a → b), and the corresponding 
electrochemical reduction process by cathodic polarization (b → c). Schematic representations of mixed potential formation at the aged (d) and the regenerated state 
(e) of the APE with different electrode kinetics, respectively. 

Fig. 7. OCP responses of the aged sensor (1#) at 1000 ppm CO balanced with 
synthetic air before and after cathodic polarization (af. cath. pol.) at 600, 650 
and 700 ◦C, separately. 



With regard to the role of the temperature, the better response 
enhancement by cathodic polarization at higher temperatures could be 
attributed to the reduced thermodynamic stability of the AuPtOx pre- 
formed in the aging process with increase of temperature. As a conse
quence, the activation energy of the electrochemical reduction of AuP
tOx at the tpb (reaction 7) would be reduced. This and the general 
increase of reaction kinetics with temperature result in a quicker 
decomposition of AuPtOx by cathodic polarization ((Fig. 6b→c) at the 
highest temperature (700 ◦C) in the experiment. This enables a more 
effective and relatively thorough electrochemical reduction of AuPtOx at 
the tpb, which is in good agreement with the results reported in [72]. 

3.4. Study of cathodic polarization effects by CV and EIS measurements 

Complementary CV and EIS measurements were conducted to prove 
these hypotheses. Fig. 8 shows the currents measured over the 1st, 3rd, 
5th and 30th cyclic cathodic potential sweep on the APE at 700 ◦C under 
exposure to 5 vol.% O2. The current is found to be slightly increased 
from the 1st to the 5th scan, while an extensively higher current is 
observed in the 30th scan. This is a clear indication that, the rate of the 
oxygen reduction reaction (ORR 3, Sec. 3.1) rises with the time of 
cathodic polarization on the APE (Fig. 6e). This rate is further enhanced 
by increasing the number of scans. 

Moreover, Fig. 8 shows clearly that the hysteresis of these i-U en
velope curves becomes considerably smaller when the number of cyclic 
potential sweeps increases. The larger hysteresis of the i-U envelope 
curves in the 1st, 3rd, and 5th scan indicates a relatively higher capac
itive characteristic of the APE|YSZ interface. This is probably a conse
quence of the oxidation of the metallic parts of the tpb during the 
foregoing aging process (Fig. 6a→b). As already elucidated above (re
action 7), the cathodic polarization is postulated to facilitate the electro- 
chemical reduction of those AuPtOx parts at the tpb (Fig. 6b→c). 
Correspondingly, this lowers the capacitive properties of the APE|YSZ 
interface, which is reflected by diminishing i-U hysteresis at simulta
neously raised cathodic currents. 

The EIS characteristics of the sensor (1#) were measured at the same 
intermediate states of the cathodic polarization treatments. Fig. 9 shows 
the EIS measurements of this aged sensor in synthetic air i) before the 
application of any polarization treatment, and ii) after cathodic polari
zation of the sensor at different temperatures between 600–700 ◦C at 
5 vol.% O2. After the 100 days sensor aging at 600 ◦C in ambient air but 
before any polarization treatment, the Nyquist plot is found to exhibit an 
incomplete quasi-semicircle in shape with the largest Rp in synthetic air 
at 600 ◦C compared with those measured after polarization under the 

same conditions. 
By application of the cathodic polarization treatments at higher 

temperatures, and especially by increase of the number of scans at 
700 ◦C, the Nyquist plots of the EIS characteristics tend more and more 
to show a shape of complete semicircle, and the corresponding Rp of 
those EIS semicircles become smaller and smaller. The opening at the 
incomplete semicircle is an indication of the phase shift between the AC- 
perturbance and the yielding AC-current across the tpb [74]. This phase 
shift is highly influenced by the capacitive behavior of the tpb at the 
APE. The change of the Nyquist plots in shape from incomplete to 
complete quasi-semicircle manifests that the APE|YSZ interface tends to 
be less capacitive after polarization. Another consequence of the 
cathodic polarization treatment is the enhancement of the oxygen re
action in thermodynamic equilibrium, which is indicated by the 
reduction of the Rp, i.e. the exchange current density for the oxygen 
reduction reaction gets increased. These experimental results again 
confirm that the improvement of the OCP response to CO (Fig. 7) is well 
correlated with the less capacitive but more conductive characteristics 
of the APE|YSZ interface. 

The assumptions proposed in Fig. 6 are well supported by the 
changes observed in the CV (Fig. 8) and the EIS characteristics (Fig. 9) 
caused by polarization, and accordingly their correlation with the OCP 
response (Fig. 7). That is to say, the cathodic polarization facilitates the 
electrochemical reduction of the APE|YSZ interface (Fig. 6b→c). As 
already stated above, this leads to an increased concentration of the 
active electrochemical reaction sites at the tpb, and is correlated with a 
larger OCP response, namely, a stronger mixed-potential formation at 
the APE when exposed to CO/air mixtures. And, the regeneration effect 
of the cathodic polarization treatment on the APE by elevating the 
temperature is enhanced probably owing to the more distinct instability 
of the AuPtOx formed in the aging process at the tpb, and consequently 
the higher reaction kinetics of the corresponding electrochemical 
reduction process (reaction 7) at higher temperatures. 

3.5. Influence of temperature treatment and oxygen concentration on 
response regeneration 

As already shown in Fig. 7, the efficiency of the response recovery by 
cathodic polarization is highly affected by the sensor operation tem
perature, which is explained by the reduced thermodynamic stability of 
the AuPtOx formed in the aging process. It could be inferred that the 
regeneration of the sensing response might be (partly) realized by 
merely increasing the operation temperature. In order to better separate 
the roles of the operation temperature and the cathodic polarization 
treatment with respect to the efficiency of response regeneration, the 
response change of the sensor 1# after only the temperature treatment 

Fig. 8. Cyclic voltammograms sampled in the 1st, 3rd, 5th and 30th scan in the 
cathodic polarization sequence of the aged APE (sensor 1#) at 700 ◦C under 
exposure to 5 vol.% O2. 

Fig. 9. EIS behaviors of the aged sensor1# at 600 ◦C in synthetic air before and 
after cathodic polarization treatments conducted at different temperatures. 



at 700 ◦C in synthetic air is compared with the change after the polari
zation treatment at 700 ◦C under exposure to 5 vol.% O2 (Fig. 10). 
Moreover, the O2 concentration in the gas atmosphere was also reported 
to take influence on the effect of electrode polarization [43,68]. This 
aspect was also studied in this work by investigation of the response 
regeneration effects on the sensor 2#, which was only polarized in 
synthetic air at the same temperature conditions (Sec. 2.3). The results 
are shown as relative sensitivities formulated as response change in 
percentage (Δresponse %) (Fig. 10) in accordance to Eq. (8) 

Δresponse %
Δ U (measured)

Δ U (initial)
∗ 100% (8)  

where ΔU is the sensing response to the CO/air mixture with 1000 ppm 
CO at 600 ◦C. After the aging process (Sec. 2.2), the ΔU of the sensor 1# 
was reduced to about 15 % of the value of the initial response. The 
degraded response could be elevated to approx. 32 % by raising the 
temperature of the sensor to 700 ◦C for 2 h in synthetic air. This is 
possibly attributed to the thermal decomposition of a part of AuPtOx 
formed at the tpb, which is assumed to block the mixed potential for
mation (Fig. 6 b&d). 

A remarkable response recovery from 32 % to almost 100 % was 
observed within about twelve minutes of additional treatment of 
cathodic polarization at 5 vol.% O2 at the same temperature (700 ◦C). 
These different efficiencies of regeneration indicate quite clearly, that 
the major driving force for the decomposition of the AuPtOx is the 
cathodic polarization at 700 ◦C, much more efficient than merely raising 
the temperature. In other words, only a small part of the AuPtOx at the 
tpb is thermally decomposed by simply heating up the sensor to 700 ◦C, 
but a quick and thorough decomposition is achieved when the oxide 
reduction process (reaction 7) in addition is electrochemically 
supported. 

Furthermore, it was experimentally demonstrated that the effect of 
the cathodic polarization and the corresponding efficiency of the 
response regeneration are not dependent on the oxygen concentration of 
the gas atmosphere. The sensing response can be almost 100 % restored 
under the same polarization conditions, no matter whether the polari
zation is carried out in synthetic air (20.5 vol.% O2) as shown for sensor 
2# or at a reduced oxygen concentration (5 vol.% O2) as revealed for 
sensor (1#) (Fig. 10). This aspect is of great importance because it opens 
possibilities of sensitivity regeneration during long term applications of 
this type of sensors. 

4. Conclusions 

The long term stability of a layered Au,Pt-YSZ mixed potential gas 
sensing electrode (APE) was studied by open circuit potentiometry 
(OCP), cyclic voltammetry (CV) and electrochemical impedance spec
troscopy (EIS). The mixed potential response of such kind of electrode to 
CO was observed to be considerably reduced after an aging treatment of 
100 days under ambient air conditions at 600 ◦C. This CO response 
degradation was found to be in good correlation with a clear loss of the 
electrode kinetics of oxygen involved reactions, as confirmed by EIS and 
CV measurements. Surprisingly, the degradation of mixed potential 
response and electrode kinetics is nearly fully regenerated after several 
cycles of cyclic cathodic polarization, but only at elevated operation 
temperatures (700 ◦C). This could be experimentally confirmed on 
several sensor elements of this type after different aging procedures. 
These experimental observations are explained by a theoretical model 
based on i) the oxidation of the electrode/electrolyte interface (triple 
phase boundary) due to aging processes and ii) the electrochemical 
reduction of those oxidized states by cathodic polarization, which is 
proposed for the first time in this paper. Due to the strong correlation of 
the mixed potential response to CO with the electrochemical impedance 
characteristic and the dynamic behavior (cathodic CV characteristic) in 
synthetic air, the combination of the EIS method with the cathodic 

polarization procedure is a very promising tool which enables sensitivity 
monitoring and, if necessary, sensor regeneration. The authors are 
optimistic that periodic application of this electrochemical procedure 
allows long-term in-situ high temperature applications of this kind of 
CO/HC-sensors, for instance in advanced wood-log combustion control 
systems to optimize the combustion process and lower the emission of 
un-combusted, mostly toxic gas components in flue gas. Experiments to 
prove this possibility have just been started. 
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