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Abstract. The reactions occurring at the electrodes of Pt|YSZ|Au cell fed with a mixture of CHy+-air were
investigated at 600-850°C. The electrodes of this cell were made from Pt and Au wires, providing a small con-
tact area between metal and YSZ (quasi-point electrodes). The dependences of the cell voltage on the compo-
sition of gas mixture and time were studied. A sequence of chemical and electrochemical reactions was pro-
posed to explain the observed abrupt variation of the cell voltage from positive to negative values. Also the
impedances of the Pt and Au electrodes were measured and analysed in order to justify the proposed mechanism of

reactions.
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1. Introduction

This work has been inspired by the development of
a one-chamber fuel cell, which recently has accom-
plished pronounced achievements in increasing power
density and utilization of carbonaceous fuel [1-5]. A
conventional fuel cell is fed separately by fuel and ox-
idant supplied to two gas compartments, anodic and
cathodic. Hence, different electrode reactions occur at
the anode and cathode even if the electrodes are made
of the same material. The one-chamber fuel cell is fed
by a mixture of fuel and oxidant, which is simultane-
ously delivered to both electrodes. These electrodes are
made of different materials, therefore they have differ-
ent electrocatalytic activities that promote the oxida-
tion of fuel at the anode and reduction of oxidant at the
cathode. In this way the cell generates voltage and in
consequence electric power.

The Pt|YSZ|Au cell fed with a mixture of methane
and air is a classical example of one-chamber fuel cell
[2-4]. The higher catalytic activity of Pt than Au for the
partial oxidation reaction of methane is well recognized
whereas Au is believed to be not much worse catalyst
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for the oxygen reduction than Pt. The best performance
of the one-chamber fuel cell fed with CH4+-air has been
reached for the Ni|YSZ|LSM and (GDC)Ni|YSZ|LSM
(MnO») cells [4].

Our works are generally aimed at the investigation
of processes occurring in the one-chamber fuel cell.
However, on the contrary to the porous electrodes in
the state-of-the-art fuel cell, we use micro-electrodes
made of solid metal, called hereafter as quasi-point
electrodes. At such electrodes, the processes are less
complicated and therefore the mechanism of reaction
can more easily be identified. In this work, we present
the studies for the Pt|YSZ|Au cell. Investigations with
a cell that employs composite electrodes are now under
way.

2. Experimental

The cross section of the cell is shown in Fig. 1. The
YSZ disk (8 mol.% yttria, 10 mm diameter and ca.
3 mm thick) was sintered at 1570°C from powder of
the following characteristics: surface area ~10 m?g~!,
average particle size <0.5 pm, sinterability ~98%
of theoretical at 7, < 1300°C and purity >99.95%,
produced at Department of Ceramics and Materials
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Fig. 1. Cross section of the measurement cell. The counter electrode
is only seen at the edges of electrolyte.

Science of AGH-University of Science and Technol-
ogy in Krakow. A 1 mm wide and 1 mm deep fur-
row was grooved around the side surface of the disk
just in the middle of the side; the furrow was smeared
with platinum paste before fixing a platinum wire
(1 mm in diameter). This platinum wire was used as a
counter electrode in the electrochemical measurements
performed.

Both flat sides of the disk were polished with a
3000 waterproof alumina abrasive paper and afterwards
1 um diamond paste. Two quasi-point electrodes were
placed at the polished surfaces, one opposite the other
as is shown in Fig. 1. The quasi-point electrode was
made by passing a 0.3 mm wire throughout two holes
of alumina bead—one electrode was made from gold
wire and the other from platinum wire. The electrodes
and disk were assembled inside an alumina holder and
gripped together due to action of springs with a force
of about 0.5 N. The cell with the holder were then
placed inside an alumina envelope, which provided a
gas-tight separation from the outer atmosphere. Finally,
the whole system was put into a horizontal electric fur-
nace.

An inlet of the gases was located a few millimetres
from the side wall of the disk providing the gases to
flow directly to the electrodes. A set up of gas flow
controllers allowed to control the composition and flow
rates of gases introduced into the cell.

Before the experiment, the cell was heated to 950—
1000°C and held about one hour at this temperature. In
these conditions, gold and platinum became soft and
the quasi-point electrodes, pressed by the springs to the
disk, increased contact areas between metal and YSZ.
These contact areas could be determined after complet-
ing the experiment, when the cell was disassembled
and the electrodes were examined with a metallurgical
microscope. The flattened part of metal surface corre-

sponded to the area that was in direct contact with the
YSZ. The contact area of the Au electrode was 0.5-0.8
mm?, whereas the surface of the Pt electrode was al-
most unaffected and the contact area of this electrode
was estimated at about 0.02-0.03 mm?.

After heating the cell to 950-1000°C for about one
hour, the temperature was decreased to 750°C and the
cell was left about 24 h under the flow of air. The
cell was still kept under air, when the next day the
temperature was risen/decreased to the desired mea-
surement temperature. To provide similar initial con-
ditions and minimize long-lasting memory effects of
YSZ electrolyte [6-8], the cell was always kept about
24 h under air at 750°C before each experimental
series.

After one hour since the stabilization of the mea-
surement temperature, the mixture of CHy+air was in-
troduced to the cell. The response of the cell was al-
most immediate—its voltage, AE, became distinctly
different from 0.000 V observed under air. The ratio
of the partial pressures of methane and oxygen, for
the first mixture introduced to the cell, was equal to
p(CHy)/p(0,) = 0.25. The concentration of CHy in
air was then increased every hour by a constant factor,
so that the composition of consecutive mixtures corre-
sponded to p(CH4)/p(0O,) = 0.25, 0.375, 0.5, 0.625,
0.75...This procedure was continued until the voltage
of the cell decreased to the considerably negative val-
ues (AE<-0.35 V). Then we held the conditions of
the measurements stable for one hour. Afterwards the
pure air was again supplied to the electrodes. The re-
sponse of the cell appeared to be almost independent
of the total flow rate of the gaseous mixture within
the wide range extending from 5 to 1000 cm®/minute.
This indicated that the concentration of methane in
the vicinity of electrodes was the same as in the in-
put mixture within this range of flow rates. The flow
rate was kept during the measurements at the level of
15-20 cm?®/minute.

The impedance measurements of the quasi-point
electrodes were carried out simultaneously with the
investigation of the cell voltage. When the impedance
of the Pt quasi-point electrode was measured, the Au
quasi-point electrode served as a reference electrode
and vice versa. The impedance of the counter elec-
trode could be neglected because of much larger con-
tact area with the YSZ in comparison to the quasi-point
electrodes.

The electrochemical measurements were performed
with an IM5d Impedance Spectrum Analyser, a product



of Zahner Elektrik, Kronach. The dependences of the
cell voltage on time were recorded using PVI software,
provided by the producer. This option enables also
recording impedance characteristics at an arbitrarily
chosen moment. Generally, the frequency range used
in the impedance measurements was 0.1 to 500,000 Hz.
The amplitude of the sinusoidal voltage signal was
10 mV. For analysis of the impedance data, a program
based on a complex non-linear regression least-squares
(CNRLS) fit was used. This program was also provided
by the producer.

3. Results
3.1. Voltage of the Cell

Typical curves that illustrate the cell voltages as a func-
tion of CH4 concentration in air and time at tempera-
tures 750, 800 and 850°C are shown in Fig. 2.
The following can be seen from these dependences:
(a) initially, at low concentrations of methane in air,
the voltage of the cell was always positive and
increased stepwise after each consecutive rise of
CH,4 concentration. This effect was contrary to the
expected variation of the cell voltage to negative
values. Therefore, cells with two Pt and two Au
electrodes were also tested to check if we were
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merely observing an artifact. When the electrodes
were made of the same material, the cell voltage
was always zero regardless of atmosphere;

(b) afterwards, there was a relative stabilization of the
cell voltage; this lasted for a longer amount of time
at lower temperatures;

(c) at last, an abrupt variation of the cell voltage to
negative values occurred—frequently, in two con-
secutive steps;

(d) at the lower temperatures the abrupt variation of
the cell voltage occurred at higher content of CHy
in air.

The dependences of the cell voltage on the time that
elapsed since introducing the CHy+-air mixture were
also determined. These studies were performed in the
temperature range from 600 to 825°C. The concentra-
tion of CHs+air mixture was kept constant and corre-
sponded to p(CH4)/p(O;) = 1. At temperatures below
700°C, no abrupt variation of the cell voltage to nega-
tive values was observed within duration of 50 h. The
dependences recorded at the temperatures higher than
700°C are shown in Fig. 3.

At 800 and 825°C, the cell voltage was positive
within a few initial minutes of the experiment (up to
AFE = ca. +0.1 V), then the steep decrease of the volt-
age was observed (down to AE = ca. —0.6 V). After-
wards, the voltage of the cell increased gradually up
to AE = —(0.05-0.1) V in duration of 40-50 h. At

| 850 °C
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Fig. 2. Dependences of the cell voltage on the time and composition of CH4+air mixture. The dependences were recorded at 750, 800 and
850°C. The impedances spectra were recorded at the times indicates by arrows.
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Fig. 3. Time dependences of the cell voltage at various temperatures [ p(CHy)/p(02) = 1].

775°C, this increase was not as rapid as at the higher
temperatures and proceeded in an irregular way. At
750°C, the abrupt variation of the cell voltage occurred
after ca. 25 h since introducing the CH4+-air mixture
to the vessel. There is a clear coincidence between the
temperature and behaviour of the voltage-time curves:
as the temperature is increased, the abrupt variation of
the cell voltage appears sooner. The irregular jumps
and spikes at these dependences may indicate that an
active solid state reagent deposits at the surface of the
cell electrode. Indeed, the Pt working and auxiliary
electrodes were covered with a layer of carbon (black
or/and whisker) after prolonged operation of the cell in
the range of negative voltages. Sometimes, the carbon
deposit spread from the Pt electrodes to the whole sur-
face of the cell. This resulted in a short circuit between
electrodes.

3.2.  Impedances of the Quasi-Point Electrodes

The impedance measurements were carried out at
800°C. The spectra were recorded at the times pointed
out by arrows in Fig. 2. The complex plane plots of the
impedance for both the quasi-point electrodes at the rest
potential are shown in Figs. 4 and 5. As can be seen, the
impedances of the Au electrode, determined after var-
ious times since introducing the CH44-air mixture, do
not differ much between themselves. The considerable
deviation from the family of curves is observed only

in the case of pure air atmosphere. This means that
the concentration O, in the CHy+air mixture at the
Au electrode remains significant during the whole ex-
perimental series—the oxygen electrode reaction still
prevails although influence of other processes is also
evident. The most apparent effect of these additional
reactions appears when the atmosphere of pure air is
switched to CHy+-air. On the contrary to the Au elec-
trode, the impedance of the Pt electrode changes con-
siderably during the experiment. Pt is a good catalyst
for the partial oxidation of methane and therefore, in
the vicinity of Pt electrode, the composition of gases is
close to that in the equilibrium conditions. The equi-
librium concentrations depend strongly on the initial
ratio of p(CHy4)/p(0O,) in the gas mixture introduced to
the cell. Because this ratio is varied during the experi-
ment, the diversity in the response of the Pt electrode
is observed.

To explain the behaviour of the Pt electrode more
precisely, the further impedance investigations were
focused on this electrode exclusively. The Nyquist
plots for the quasi-point Pt electrode at various po-
tentials are shown in Figs. 6-8. The data presented
in Fig. 6 were recorded when the atmosphere of pure
air was kept in the vessel. Figures 7 and 8 show the
impedances of the Pt electrode before and after the
abrupt variation of the cell voltage from the positive
to negative values, respectively. During these measure-
ments, the CHy+air mixture had been introduced to the
cell.
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Fig. 4. Nyquist plots for the impedances of the Au quasi-point electrode at the rest potential in the air (#) and CH4+air mixtures at the moments
indicated by numbers in Fig. 2: (o) 1, (W) 2, () 3, (o) 4 and (A) 5. Temperature: 800°C.
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Fig. 5. Nyquist plots for the impedances of the Pt quasi-point electrode at the rest potential in the CHs+air mixtures at the moments indicated

by the numbers in Fig. 2. Notations as in Fig. 4.
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Fig. 6. Nyquist plots for the impedances of the Pt quasi-point electrode at 800°C at various voltages measured vs. the Au electrode: (o) 0.0 V,
(%) =0.3 V, (A)—0.6 V and ((J) —0.9 V. Lines correspond to the CNRLS fit. Air over the electrode.
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Fig. 7. Nyquist plots for the impedances of the Pt quasi-point electrode at 800°C at the various voltages measured vs. the Au electrode. Notations
as in Fig. 6. CHa+-air [ p(CH4)/p(O3) = 0.75] over the electrode. Before the abrupt variation of the cell voltage to the negative values.
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Fig. 8. Nyquist plots for the impedances of the Pt quasi-point electrode at 800°C at various voltages measured vs. the Au electrode. Notations
as in Fig. 6. CHa+-air [ p(CH4)/p(O2) = 0.875] over the electrode. After the abrupt variation of the cell voltage.

Generally, two arcs can be distinguished at the
plots presented in Figs. 6-8. Usually, the arcs at high
frequencies characterize the contact and electrolyte
impedances whereas these at low frequencies are re-
lated to the electrode polarization impedances [9—11].
We assumed that in the limited range of low frequen-
cies (below 20-1000 Hz ), the latter arc can be mod-
eled by the response of a simplified equivalent circuit
R;(R.Q), where R, is the contact and ohmic resistance
of the electrolyte, R, is the electrode polarization re-

sistance and Q is the constant phase element, whose
impedance is defined as

Zo =1/10(jw)’] ey

 is the angular rate, j = (—1)"/2, Q is a constant and
¢ may vary between —1 (ideal inductance) and 1 (ideal
capacitance). The values of Ry, R,, Q and ¢ were deter-
mined by fitting the response of the equivalent circuit to
the experimentally measured impedances with the CN-



RLS method. At very low frequencies, irregular devi-
ations from the arc fitted with the CNRLS method are
observed. Similar phenomenon, the so called, induc-
tive loop, was observed for some electrode processes
occurring at metal| YSZ electrolyte interface [6—8, 12—
15]. It has been attributed to “crosstalk” between the
working and reference electrodes [12], accumulation
of intermediate species in multistep mechanisms [8],
increase of the fraction of coverage of one of adsorbed
species [15] or deposition of carbon [13].

For the Pt electrode kept under the atmospheres of
pure air and CH4+-air mixture before the abrupt varia-
tion of the cell voltage, Ry = 1.1 £ 0.1 k€2 and is almost
independent of AE. According to the Newmann equa-
tion [16]:

R = 1/(4roa) 2

where Rq is the electrolyte resistance determined by
impedance spectroscopy, o is the specific conductiv-
ity of the electrolyte and r is the effective contact ra-
dius. Taking o = 0.02 Q7! cm™! equal to the ionic
conductivity of 8-10% Y,0O3 doped ZrO, at 800°C
[17] and r = 0.01 cm equal to the radius of the circle
that corresponds to the contact area of the Pt electrode
(0.03 mm?), we get Ry = 1.2 k2. This value is very
close to R; determined from the EIS measurements
and means that the contact resistance of Pt electrode is

1000
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insignificant compared to the ohmic resistance of elec-
trolyte. After the abrupt variation of the cell voltage to
the negative values, R; = 0.6 £ 0.3 k2. The variation
of the cell voltage affects the value of R;, which should
remain approximately constant. Although the relative
decrease of R; is significant (over 45%), the difference
between these two values only slightly exceed the sum
of estimation errors. On the other hand, the carbon de-
posit after the variation of the cell voltage may increase
the contact area of the Pt electrode. Hence, according
to the Newmann equation (2), the deposition of carbon
may give an apparent effect of decreasing R;.

Before the abrupt variation of the Pt electrode, O
varies between 27 and 68 nF s?~! and ¢ between 0.73
and 0.91. The double layer capacitance for the Pt/YSZ
interface is up to 1300 um cm~2 [18]. For the CPE
element, the capacitance can be calculated according
to the formula [19]:

C = R§1*¢)/¢ Ql/tb 3)

Using Eq. (3), we can estimate the double layer ca-
pacitance from the EIS measurements as equal to 770-
1150 uF cm~2, which is a reasonable value. After the
abrupt variation of the cell voltage, Q varies between
13 and 26 nF s?~'and ¢ between 0.75 and 0.83.

The dependences of R, on the potential difference
between the Pt and Au electrodes are shown in Fig. 9.

0 200 400

600 800 1000 1200
-AE /mV

Fig. 9. Dependences of the electrode polarization resistance of the Pt quasi-point electrode on the voltage measured vs. the Au electrode.
Conditions of the measurements: ((J) air atmosphere, (o) p(CHy)/p(O2) = 0.75, before the abrupt variation of the cell voltage, (o) p(CH4)/p(O2)

= 0.875, after the abrupt variation of the cell voltage. Temperature: 800°C.
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As can be seen from the plots in Fig. 9:

. The resistance R, is the highest just a while before

the abrupt variation of the cell voltage from posi-
tive to negative values. About one order of magni-
tude lower R, values are observed after the abrupt
variation of the cell voltage and when the pure air
atmosphere is kept inside the cell. This behaviour in-
dicates that concentrations of electroactive entities
in the vicinity of the Pt electrode are considerably
lower just before the variation of the cell voltage
than after this variation or under the air atmosphere.

. The minima of R, appear at ca. 0 V when the Pt

electrode is kept under air and ca. —0.5 V after
the abrupt variation of the cell voltage. This reveals
that the character of the electrode reactions at Pt
changes: the reaction of oxygen electrode dominates
in the atmosphere of pure air whereas the reaction
with much lower standard potential prevails after
the abrupt variation of the cell voltage, i.e. this re-
action involves probably products of methane de-
composition. The minimum at the dependences of
R, on the potential of the electrode appears when,
for example, transport of electroactive entities af-
fects electrode process—in the case of the semi-
infinite linear diffusion, this minimum appears at
E;=Ep+ (RT/nF)In(a/1 — o), where E;; is

the half-wave potential and « is the transfer coeffi-
cient [20].

4. Discussion

Partial oxidation (POX) is one of the principal pro-
cesses for converting methane into synthesis gas. The
POX reactions can be accelerated by a large number of
different catalysts including noble metals: one of the
most effective is Pt [21] whereas Au is considerably
less active [22, 23].

The sequence of POX reactions [24], occurring
when the content of methane in air increases, is given
in Table 1 (non-electrodic reactions). These reactions
are accompanied by the steam reforming and shift re-
actions. The products of non-electrodic reactions may
participate at the Pt and Au electrodes in electrodic
processes, whose equations are proposed in the last
column of Table 1 (electrodic reaction). The phenom-
ena described earlier in this work might be explained
on the basis of these reaction mechanisms.

At the beginning of the experiment, for the ini-
tial concentration of CHy corresponding to p(CHy)/
p(0,) =0.25, the chemical reaction proceeding the
electrode process is written in symbolic way in Table 1

Table 1. Sequence of dominant non-electrodic and electrodic reactions occurring at Pt and Au electrodes when content of methane in air
increases.

No. Electrode p(CHy)/ p(O2) Non-electrodic reaction Electrodic reaction
1. Pt 0.125 CH, + 80, >CO, + 2H,0 + 60, 0, + 4e~ 520%
1
2. 0.5 CHy + 20, SCOz + 2H,0 J Abrupt variation of cell voltage
3. 0.667 gg“ + ;’éoffcgo +éH20 CO + 0> 5CO, + 2¢-
+H0=C02 +Hy Hy + 02 SHy0 + 2¢~
4. 1.0 CH,4 + 0,5CO + 2H,0 + H, CO + 0%~ 5CO, + 2e
CO + H,0 5C0O, + Hy H, 4+ O* Hy0 + 2e™
>1.0 CHy + H0 5CO + 3H,
5. >0.125 CH4>C + 2H,
>0.5 2C0 5C + €O, C+ 0%~ 5CO +2¢~
>0.667 CO + H; SC+H0 _
6. Au >0 0, + 4e~ 520
T
JMixed potential
Small effect of reaction
7. >0.125 CH4 + O, — CO> + 2H, Hy + 0> SHy0 + 26
8. >0.125 CHy+ 0>~ S2Hy+ CO + 2e~
9 >0.125 CH, + 402~ 52H,0 + CO,+ 8¢~




under No. 1. Because CO, and H,O are electrodically
inactive, the only reagent that can be reduced at the
electrode is O,. Therefore, at both the electrodes, Pt
and Au, the reaction of the oxygen electrode dominates
when the content of CH, in air is low. The concentration
of O, at Pt decreases with increasing content of CHy,
because platinum is a good catalyst for the partial ox-
idation of methane. At the Pt electrode, CO and H,
appear when p(CHy)/p(O;) > 0.5 (Table 1, sequences
No. 3 and 4). In the absence of oxygen, this results in
the abrupt variation of electrode potentials to negative
values in respect to the standard potential of the oxygen
electrode.

Au is not as good catalyst as Pt for the partial ox-
idation reaction of methane. Therefore, only a small
part of O, is consumed at Au during the reaction given
in Table 1 under No. 7, even at high concentrations of
CH,4. Au is also much worse catalyst than Pt for the re-
action between hydrogen and oxygen, which produces
water. Therefore, some amounts of hydrogen can be
produced by the partial oxidation of methane instead
of water that is produced at Pt. Simultaneous presence
of O, and H, at the Au electrode results in a forma-
tion of a mixed potential. The mixed potential can also
be formed due to the direct oxidation of methane at the
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Au|YSZ interface [4,25] (Table 1, No. 8 and 9). Hence,
the rest potential of the Au electrode is shifted in the
direction of negative potentials. This phenomenon jus-
tifies the positive voltages of the Pt|YSZ|Au cell at the
low concentrations of CHy in air.

Generally, a stationary state of gaseous electrode
is settled rapidly. Therefore, it is hard to understand
why the period preceding the abrupt variation of the
cell voltage is sometimes so long, especially at lower
temperatures, e.g. ca. 25 h for p(CHy)/p(O;) =1 at
750°C (Fig. 3). This phenomenon can be explained by
the deposition of carbon at the Pt quasi-point electrode
(Table 1, No. 5) and further electro-oxidation of this
carbon with formation of CO [26-28]. The rapid de-
crease of the cell voltage just after switching from the
CH,+-air mixture back to pure air at the end of the ex-
periment (Fig. 10) is due to this electrode reaction. It
confirms also that carbon is an electroactive substance
at the surface of YSZ. The voltage drop lasted longer
when the operation of the cell in the range of negative
voltages was longer, i.e. the deposition of carbon was
larger.

The reactions collected in Table 1 may also jus-
tify the behaviour of R, for the Pt electrode. In air
atmosphere, the only electrode process occurring is

AE IV

[ Y P

300 600

Fig. 10. Time dependences of the cell voltage after switching the atmosphere in the cell from the CHs+air mixture [ p(CHy4)/p(O;) = 1] back
to the pure air. t = 0 corresponds to the moment of switching. Durations of the cell operation since the abrupt variation of the cell voltage until
switching the atmospheres: (1) 15 minutes, (2) 30 minutes, (3) 1 h and (4) 2 h. Temperature: 800°C.
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the oxygen electrode reaction. Therefore, the R, has
the minimum at AE = ca. 0 V. After introducing the
CHy + air mixture and just before the abrupt variation
of the cell voltage, in the vicinity of the Pt electrode
there is almost no O,, H, and CO, which may partici-
pate in the electrode reactions. Hence, the R, values are
so high. After the abrupt variation of the cell voltage, at
the electrode appear CO, H; and perhaps also C, which
can be involved in the electrode processes. The abrupt
variation of the cell voltage thus results from the vari-
ation of electrode reaction mechanism at the Pt/'YSZ
interface: from oxygen electrode to superposition of
hydrogen, carbon monoxide and carbon electrode re-
actions. In the standard conditions, the potentials of the
latter reactions vs. the standard oxygen electrode equal
around —1 V in the range of temperatures used in this
work [29, 30]. This explains why the minimum of R,
is shifted to the more negative potentials and appears
at AE =ca. —0.5 V.

The appearance of the abrupt variation of the
cell voltage at the higher ratios p(CHy)/p(O;) at
the lower temperatures can be associated with a
decrease of reaction rates when the temperature is
decreased.

5. Summary

The abrupt variation of the Pt|YSZ|Au cell voltage
from positive to negative values was observed when the
cell was fed with a mixture of CHy+air. This variation
was explained by different catalytic activities of Pt and
Au for the partial oxidation of methane. Whereas the
oxygen electrode reaction dominates at the Au elec-
trode even at high concentrations of CHy in air, the
concentration of electroactive entities in the vicinity of
the Pt electrode changes with the composition of the in-
let gas and approaches minimum just before the abrupt
variation of the cell potential. The abrupt variation of
the cell potential results from appearance of H, and CO
at the Pt/YSZ interface. Also carbon, deposited at the
Pt electrode during the experiment, participates in the
overall cell reaction.
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