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Abstract

The activities of Pt/YSZ, PtAu/YSZ and RhPtAu/YSZ thick film electrodes jnK and NO, N gas mixtures at high temperatures were
investigated by electrochemical impedance spectroscopy (EIS) and linear sweep voltammetry (LSV). As compared with the Pt/YSZ electrode
the cathodic @reduction at both multi-metallic electrodes is strongly inhibited, which is confirmed by charge transfer resistance for cathodic
O, reduction as followsR(Pt/YSZ) <R.(PtAu/YSZ) <R (RhPtAu/YSZ). In contrast to that the cathodic NO reduction is accelerated only
by the RhPtAu/YSZ electrode, indicating that the RhPtAu mixture is a suitable working electrode material for amperometric NO sensors
based on the solid electrolyte (YSZ). A new amperometric NO sensor with only one working electrode made of RhPtAu mixture was tested
in simulated gas mixtures containing NO;,®l,, resulting in a linear response to the NO concentration, which is nearly independent of the
O, concentration.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction natively, it is possible to design sensors without OPE, if
NODEs with negligible @ sensitivity and high NO sensitiv-

For in situ monitoring of NO in exhaust gases of lean burn ity are available. For this purpose multi-metallic PtAu/YSZ

engines amperometric NO gas sensors based on yttria staand RhPtAu/YSZ electrodes were studied and compared with

bilised zirconia (YSZ) can be usétl]. The development of  the Pt/YSZ electrode, employing electrochemical impedance

these sensors is faced with the general problem of the crossspectroscopy (EIS) and linear sweep voltammetry (LSV).

sensitivity of the NO sensitive electrode towards oxygen.

Therefore amperometric NO gas sensors usually contain at

least two working electrodes: the oxygen pumping electrode .

(OPE) and the NO detection electrode (NODE) where the NO 2. Experimental

concentration is measured in an essentially oxygen free gas .

mixture[1,2]. For oxygen pumping from the sensor Pt/YSZ 2.1. Preparation of the cells and NO sensors

electrodes are mainly applied due to their high catalytic ac-

tivity for the O, reduction[3]. The NO cross-sensitivity of

the OPE can be suppressed by modifying the Pt/YSZ elec-

trode with additional metals or metal oxidg$5]. Alter-

Three types of solid state electrolyte cells, Pt/YSZ/Pt,
PtAu/YSZ/Pt and RhPtAu/YSZ/Pt were prepared by thick
film technology for testing the working electrode mate-
rial (Fig. 1). Originally a metallic mixture of 10wt.% Au
and 90wt.% Pt was chosen to decrease the NO activity
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Fig. 1. Schematic illustration of the electrochemical electrode test cell for
EIS and LSV measurements.

of NO, the Pt component was “diluted” down to 10 wt.%
Pt in order to get now a PtAu/YSZ electrode with very
low Oz activity in comparison with the Pt/YSZ electrode.
Because the NO activity was also strongly diminished Rh
was added to the PtAu(10/90)/YSZ electrode yielding RhP-
tAu(x/10/90— x)/YSZ, wherex amounted 5, 10, 20, 30 and
40wt.% Rh, respectively. It turns out that far 10 wt.%
Rh the NO gas sensor performance was optimum. The Rh
additive increased the NO activity of the PtAu(10/90)/YSZ
electrode without increasing of the@ctivity. Rh was cho-
sen due to its high catalytic effect on the NO dissociation.
It was also possible to use Rh(10)Au(90)/YSZ electrodes in
the sensor, but the NO sensitivity was relatively low (about
0.6 nA/ppm NO).

Hence, for further studies cells were prepared in which Pt,
PtAu(10/90) and RhPtAu(10/10/80) served as working elec-
trodes (WE, 0.36 cR), made by mixtures of Pt paste (Her-

aeus), Au paste (Heraeus) and Rh powder (Aesar). In all of the

three cells Pt/YSZ counter electrodes (CE) (0.36)cwere

used. YSZ ceramic sheets with the thickness 0.3 mm (Ceram
Tec) served as substrate as well as solid state electrolyte for

the cells.

The planar NO gas sensors with interdigitated electrodes
were also prepared by thick film technology. The working
electrode and the counter electrode of the sensor consiste
of the same material (RhPtAu) and were screen printed onto
one side of the YSZ substrate and finally sintered at @O0
for 1h (Fig. 2) [6]. It is assumed that during the sintering

protection layer
electric connection \

substrate w
electrodes
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process Rh and Pt atoms are distributed on the Au surface by
grain boundary diffusion. The Rh atoms act as catalytic sites
for NO dissociation.

The electrodes were covered with a glassy protecting layer
to protect them from impurities in the gas.

2.2. Equipments and measurements

The cell under study was positioned in a quartz tube that
was heated with a temperature controlled electric furnace
(Carbolite).

In order to choose suitable working electrode material for
amperometric NO gas sensors the EIS and LSV measure-
ments were carried out at first on the electrochemical test
cells (Fig. 1) in binary O, N2 and NO, N gas mixtures, re-
spectively, at 550 and 60C. Then an amperometric NO sen-
sor with only one working electrode made of RhPtAu/YSZ
(Fig. 2) was tested at a constant potentialef00 mV in the
ternary NO, @, N2 gas mixtures simulatintypical NO, Oy,

N> concentration patterns that are typically for exhaust gases
of diesel engines. The patterns depend on the engine operat-
ing mode (torque and speed). With decreasing@ntent in

the exhaust gas the possible NO concentration intervals shift
to higher concentration values. The €oncentration in the

gas mixtures ranged from 19 down to 6vol.% and the NO
concentration from 200 up to 1200 ppm. The gas flow rate
was 100 ml/min.

The gas mixtures were prepared by an automatically work-
ing gas mixture apparatus (GO Mef3technik, Greifswald). The
mass flow rates of the individual gases as well as concentra-
tion patterns of the gas mixtures were regulated and con-
trolled by the gas mixture apparatus via special dosage pro-
grams. A thermocouple close to the sensor serves as tem-
perature controller. The thermovoltage was monitored by a
digital voltmeter (RFT 1006500).

The impedance spectra were recorded by a commer-
cial impedance spectrum analyser (IM5d, Zahner) in the
frequency range from 0.1 Hz up to 1 MHz. A potentiostat
GPO3, Zirox Greifswald) controlled by a computer was used
or quasi-stationary LSV measurements at a sweep rate of
0.5mV st in the cathodic electrode potential range from 0
to —1V. The potential of the working electrode was mea-
sured versus Pt-counter electrode which is considered to be
an ideal reversible electrode.

3. Results and discussion
3.1. Studies of electrode materials

The Nyquist plots of the impedance spectra of the test
cells, obtained from EIS measurements, show two semicir-

cular arcs Fig. 3). They can be interpreted by an equivalent
circuit having two RC element&s;Cse andRCy in series

Fig. 2. Schematic illustration of the amperometric NO gas sensor design: With a resistanc®s. HereRs sums up all resistances caused

(a) complete sensor; (b) sensor components.

by electric connection and by impedances at high frequencies
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Fig. 4. j-U curves for the three different electrodes exposed to 1 vol% O

) N . N mixtur .
Fig. 3. Electrochemical impedance spectra for three different electrodes ex- 2 gas mixture at 600C

posed to the @ N2 gas mixture containing 1 vol.%at 600°C,U=0mV. ) o ]
steps appear as peaks in the derivative LSNG.(©). The first

f>1MHz, which cannot be resolved in detail due to the lim- peak is attributed to the NO reduction and the second one to
itation of the measurement equipment. TR@Cse element the O reduction, respectively. No peak appears at potentials
corresponds to resistance and capacitance of the solid stat®etween-250 <U <0 mV in O,, N2 gas mixtures andjtiu
electrolyte, respectively. They are almost equal for the three converges to zero, e.@®, tends to infinity becausej/dU
types of electrodes and do not depend gncOncentration  corresponds to the reciprocal of the polarisation resistance
or NO concentration. ThB:Cq element represents charge R,. This means that in this potential range the RhPtAu/YSZ
transfer resistance and capacitance of the double layer, reelectrode is polarisable for reduction. In contrast to that
spectively. They depend not only on the éncentration but  behaviour the RhPtAu/YSZ electrode is very active for NO
also on the NO concentration. The charge transfer resistanceeduction confirmed by the sharp peak at abeli80 mV in
increases proportionally to the reciprocal exchange currentthe NO, N gas mixture. Hence RhPtAu/YSZ meets the re-
densityjo (Ret o< 1fjo), and therefore serves as a measure of quirements of a NO detection electrode for the amperometric
the electrode reaction rate or electrochemical activity of the NO sensor with no or very low ©sensitivity and high NO
electrode. From EIS measurements the following order can sensitivity.

be established:

R(PUYSZ) < Ra(PtAU/YSZ) < R(RhPtAU/YSZ) (1) s

for cathodic Q reduction Fig. 3). Obviously the addition of ] O, N, gas mixtiure
Au and Rh to Pt as working electrode generates an inhibitor ] — Halasme
effect on the Q reduction. It is known that for the Au/YSZ 104

electrode @ chemisorption and exchange current density are ] /
: z

8vol.-% O,

2

-

n
I

lower than for the Pt/YSZ electrodé@]. The additional in-
hibition of the G reduction by mixing Rh powder into the
PtAu paste may be caused by partial oxidation of Rh.

dj/du /10° Q" em’
(s+]

The inhibitor effect is also confirmed IpyU curves, given
in Fig. 4, with the order of current densities: 44 /
| jo,(PYYSZ) > |jo,(PtAU/YSZ) > |jo,(RhPtAU/YSZ) 2 0.2 vol. % NOJ
@ 0 | /\ TN

for the potential region 0 & > —200 mV. ’ * : ' : T ' '
0 100 200 300 400
The LSV measurements were performed at the RhP- el
tAu/YSZ electrodes in binary £ N, and NO, N gas mix- m
tures, respectively. The Obtam_ed linear sweep VOItE_immo' Fig. 5. Derivative linear sweep voltammograms of the RhPtAu/YSZ elec-
grams (LSVG) show one reduction step for, ®l> gas mix- trode exposed to 8 vol.%:0N, and 0.2 vol.% NO, M gas mixtures, respec-
tures buttwo reduction steps for NO, Ngas mixtures. The tively, at 550°C.
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3.2. Test of the amperometric NO gas sensors ]
12 -
A series of amperometric NO gas sensors of the type g
RhPtAu/YSZ/PtRhAu Eig. 2) was systematically tested in ]
ternary gas mixtures with simulated NO2 N> concentra- 4 4
tion patterns at the constant cathodic potential-dD0 mV 6.
to obtain sufficiently high current signals. One example of 0 4 8 12 16 20 24
the current responses is showrFig. 6. From this the linear (b) 9(0,) / vol.-%

NO characteristicKig. 7a) and the linear & characteris-
tic (Fig. 7b) are simultaneously obtained for the experimen- Fig. 7. Simultaneous NO characteristic (a) angdbaracteristic (b) of the
tal concentration ranges, yielding the NO sensitivity about amperometric NO gas sensor exposed to various NON@gas mixtures

. : (data taken fronfig. 6. The dashed line in (b) shows the average current
tlhdfenc,?e/ﬁrp:irt?oigd @ sensitivity of 0.02 nA/ppm according to response to the £xoncentration,

o = [ 3| Inol } _ [3|INO,02 — Iozl]
3(NO) g0, ap(NO) 40,

®3)

02 _ [ 8|102| } (4) 24 24
3¢9(Oz) $(NO) 0, consumption ]

HereSyo, So, define the NO sensitivity and thes@ensitivity 201 'T‘_’*" equilbrium O, production

of the sensor, respectivelfy, the time average value of the J
current for each @concentration, because it changes with
time (Figs. 6 and 8 The definitions ofIno,0,. Io,, INO,
©(NO), ¢(O2) are illustrated inFig. 6. Obviously the NO 12 j 110
sensor has a high NO sensitivity and very low$@nsitivity [ — : |
(Sno > So,)- This NO sensitivity is much higher than that o,conc. profile | [~
of the diffusion limiting amperometric NO sensors with two ;
working electrodes, which are reported in the litera{8le
The sensor response to NOz, 2 gas mixtures is given 47 14
by the total current

n

0

16 ; current response 4116

- |02/ MA
9,-"|OA / "0U02 °0

0 — T T T T T T T T T T T T

INo,0, = Sno[@(NO) + (So,/SNn0)e(02)] + Io (5) 0 40 80 120 160 200 240 280 320 360

and depends on the ratiy,/Sno of the & sensitivity and t/ min

the NO sensitivity, respectiyely, as d_eﬁned above_ (E8p. Fig. 8. In-stationary @ reduction current responde, (t) of the ampero-
and(4)). The offset current (i.e. there is no NO andi@the metric NO gas sensor (solid lines) to the stationagyc@ncentration profile
gas mixture) is denoted Hy. (dotted line), corresponding féig. 6.
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If the sensitivity So, of the electrode material is much  During the Q concentration drop from 19 to 11 vol.% the
smaller than the sensitivittSyo, as is the case here reaction reverses partially to the left direction resulting in the
(Sno/So, ~ 14nAppnt1/0.02 nA ppnTt=700), the cur- release of @. Then, consumption and production of &e in
rent response of the sensor to NG, ®l> gas mixtures is  equilibrium andlo, does not depend on time. Howevés,
nearly independent on theo@oncentration: rises at low Q concentration (6 vol.%), because the decom-

osition of the surface oxidesgria—O IS more convenient.
Ino.0, ~ Snog(NO) + fo ) P The NO reduction is slightly influenced by the chemical
as shown irFig. 7a. Assuming the sensitivitg to depend  surface reaction (Eq7)), showing a small current decrease
essentially on the reaction rakgthe very low ratiaSo,/Sno with time (Table 1.
means thatthe NO reaction atthe electrode runs faster than the
one of Q. Especially the NO dissociation as catalysed by the
Rh additive is believed to run faster than thedssociation, 4. Conclusions
which is inhibited by the Au component of the electrode.

The sensor should also respond tof\Because it is elec- The EIS and LSV studies on the three types of
trochemical reduced to NO and®Oat the cathode. But this ~ €lectrodes allow to draw the following conclusions: (1)
has not been tested so far. in comparison with the Pt/YSZ electrode the multi-

The total currenino, o, also reflects the dependence of the metallic electrodes PtAu/YSZ and RhPtAu/YSZ have an
O, reduction current on ©concentration and timeF{g. 6). inhibitor effect on the cathodic Oreduction according

At 19vol.% O, the total currentiyo o, drops with time for  t0 Ret(Pt) <Rct(PtAu) <Rct(RhPtAu). (2) The RhPtAu/YSZ
each NO concentration, at 11 vol.% @e total sensor cur-  electrode shows the strongest catalytic effect on the ca-
rent Ino.o, iS stationary for each NO concentration and it thodic NO reduction and is therefore a suitable working
raises with time for each NO concentration at 6vol.% O electrode for NO sensors. The amperometric NO gas sensor
The different time dependencies of the total current corre- RNPtAU/YSZ/RhPtAu shows a high NO sensitivity of about
late with the tendencies of that of the ®@duction current ~ 14nA/ppm and a low @ sensitivity of 0.02nA/ppm. The
Io, (Fig. 8 where Ip, at first decreases for 19 vol.%,0 availability of electrode materials with that behaviour opens
then remains constant for 11 vol.% @nd finally rises with ~ up possibilities for the development of highly sensitive am-
time for 6 vol.% Q. However, ideally the sensor should re- perometric NO gas sensors with single working electrode, i.e.
spond to stationary oxygen concentration values (indicatedthe NO concentration in £and NO containing gas mixtures

in Fig. 8 by the dashed line) with a constant stationary cur- can be directly measured without oxygen pumping from the
rent (as implied ifFig. 7b by the dashed line) as is the case Sensor.

when Pt/YSZ or Au/YSZ electrodes are used. The observed

time behaviour could be caused by a chemical reaction of the

electrode surfacegpiauWith O, symbolically described by ~ Acknowledgement
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