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A YSZ oxygen sensor responded correctly to changes in oxygen concentration in an autoclave chamber,
although at elevated pressures, the electron transfer numbers agreed well with the theoretical value of 4.
The electrochemical impedance spectra (EIS) of the sensor at an oxygen concentration of 500000 ppm,
a temperature of 873 K and pressures of 1-80 atm were determined, and those results demonstrated that
the overall electrode resistances were strongly dependent on the pressure of the system, which was
probably due to the change of physical and chemical characteristics of the working medium. This result
is consistent with the strong impact of pressure on the response rate of the oxygen sensor working in a
water content atmosphere at elevated pressures.
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1. INTRODUCTION

Since YSZ solid electrolytes were introduced for in situ pH measurements of a hydrothermal
system at elevated temperatures and pressures by Niedrach in the early 1980s [1-2], the in-depth
exploration of hydrothermal systems widely existing in natural and industrial processes using in situ
electrochemical sensors has attracted great enthusiasm; their introduction opened a new chapter for the
development of electrochemical sensors applied to in situ measurements of components and parameters
in water content systems with elevated pressures. In the development of these sensors, Hg/HgO/YSZ
has been widely used as a reference electrode, and by combining this electrode with another electrode
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(e.g., Ag/AQCI, Ag/Ag.S, Pt(Au)) as the working electrode, electrochemical sensors for pH [3-12],
hydrogen sulfide [13-14] and hydrogen [12, 13, 15-17] were established. In addition, using Ag/YSZ as
both the reference and working electrodes, an electrochemical “reference system, Ag/YSZ/Ag, aqueous
medium” cell was constructed, which exhibited an accurate Nernst response to oxygen in a hydrothermal
system [18].

Currently, YSZ-based electrochemical sensors have been successfully applied to the in situ
measurements of hydrogen [12, 13], pH [11, 12, 19], hydrogen sulfide [13] and oxygen [20] in various
water content systems. However, to further understand the processes that occur in these systems, the
sensors need increasingly high accuracy and efficiency. A water content system at high temperature
usually has elevated pressure; as a result, the characteristics of YSZ-based sensors working at elevated
pressures have received increased attention from researchers.

In this work, the generally applicable Au electrode was used to prepare a “Au/YSZ/Au”
electrochemical oxygen sensor, and by assembling the sensor on specially designed experimental
equipment, the characteristics of a “Cr-Cr.03, Au/YSZ/Au, water content system” sensor at a
temperature of 873 K and pressures ranging from 1 to 80 atm were obtained. The oxygen sensor exhibited
a stable response with the alteration of oxygen concentration under the experimental conditions. The
impedance spectra of the sensor demonstrated that the overall electrode resistances were strongly
dependent on the pressure of the water content system, probably due to the change in the physical and
chemical characteristics of the water content medium. In addition, by using the AZ’ spectra based on the
change in pressure, specific pressure-dependent processes were discussed, which play important roles in
understanding the electrode reaction mechanisms in water content systems.

2. EXPERIMENTAL PROCEDURE

YSZ tubes were prepared from powders of ZrO.+8 mol% Y203 (TOSOH TZ 8Y, Japan) and
sintered at 1773 K. After ultrasonic cleaning of the YSZ tubes successively with dilute hydrochloric
acid, distilled water and acetone, the Au electrodes on the inside and outside surfaces were prepared
using the tape-casting method with Au paste (Kunming Institute of Precious Metals, China) and sintered
at 973 K for 2 hours in air. Then, a small drop of Au paste was used to sinter the Au lead on the electrode
surfaces at a sintering temperature of 973 K [21-22]. In this study, a Cr-Cr.O3z mixture working as the
solid oxygen reference system was prepared by filling the mixed powder of Cr and Cr.O3 (with a mole
ratio of 8:2) carefully inside the tube and subsequently sintering at 973 K for 2 hours in a helium
atmosphere. To avoid contact between the solid oxygen reference system and the investigated water
content system, the sintered oxygen reference system was isolated from the water content medium using
an inorganic insulation material to produce a thin compact sealing film.

The prepared “Au lead, porous Au film/YSZ/porous Au film, Au lead, Cr-Cr203, inorganic
sealing film” device was assembled in an autoclave reactor, with the outside surface completely exposed
to the water content system and the inside surface exposed to the solid oxygen reference system of Cr-
Cr20a3. In this way, a “Cr-Cr.03, Au/YSZ/Au, oxygen gas in the water content system” concentration
cell was established, with the outside Au electrode, as the working electrode, having a surface area of
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0.64 cm? and the inside Au electrode, as the reference electrode, having a surface area of 0.58 cm?. All
of the Au leads were rung out of the autoclave chamber from the metal plug of the autoclave reactor by
using inorganic insulation material (Figure 1).
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Figure 1. Experimental apparatus for the YSZ oxygen sensor working in a water content system at
elevated pressures

The temperature was determined using a NiCr-NiAl thermocouple and could be regulated by a
controlling instrument. The pressure in the autoclave chamber was measured using a high-precision
digital sensor connected to a gas inlet line with a titanium alloy capillary. By changing the amount of
gaseous substances in the chamber, the pressure could be controlled and adjusted. To maintain the
pressure in the autoclave chamber, a back valve system was adopted to let the additional gaseous
substances leave the reactor. After flowing through a condenser, this discharged fluid was separated into
liquids and gases, and then the experimental equipment was left idle. For the detection of the oxygen
response of the sensor, the two Au electrodes were contacted with a high-resolution 34410A meter for
electromotive force (EMF) measurement. During the electrochemical impedance spectra measurements,
the two Au electrodes were connected to the corresponding electrodes of a PAR2263; the signal voltage
and frequency range were 50 mV vs. the open circuit potential and 10°-10 Hz, respectively.

Prior to each experiment, the autoclave was heated to the test temperature, and a certain volume
of gaseous mixture was slowly pumped through the autoclave chamber with a volume flow rate of 100
ml/min. The gaseous mixture was made up of water vapor and oxygen (balanced by nitrogen), and the
oxygen concentration was determined by the ratio of oxygen (balanced by nitrogen) and water vapor,
which was controlled by flow meters 1 and 2, as presented in Figure 1. According to this experimental
apparatus, oxygen response and electrochemical impedance spectra (EIS) of the YSZ oxygen sensor
were conducted at temperatures of 873 K and pressures of 1, 20, 40, 60 and 80 atm.

3. RESULTS AND DISCUSSION

3.1 Response of the oxygen sensor

The oxygen response of the “Cr-Cr203, Au/YSZ/Au, water content system (oxygen gas)” Sensor
was studied at pressures of 1-80 atm, and the oxygen concentration in the autoclave chamber was
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changed successively from 500000 ppm to 200000 ppm, 50000 ppm, 20000 ppm, 5000 ppm, 2000 ppm,
500 ppm, 200 ppm, 500 ppm, 2000 ppm, 5000 ppm, 20000 ppm, 50000 ppm, 200000 ppm and 500000
ppm in sequence. Each experiment started with an oxygen concentration of 500000 ppm and finally
returned to that of 500000 ppm. This oxygen concentration of 500000 ppm worked as a base
concentration, so the electromotive force of the sensor at this oxygen concentration was defined as Eo.
For the convenient comparison of the oxygen response in a water content atmosphere with elevated
pressure, AE was introduced, which was defined as the difference in the electromotive force at any
oxygen concentration compared with Eo and is presented in equation (1). In Figure 2, the values of AE
with the alteration of oxygen concentration at different pressures are presented. As shown in Figure 2,
the oxygen sensor responded well with the alteration of oxygen concentration in the autoclave chamber.
As the oxygen concentration decreased from the base value of 500000 ppm, the AE increased. At each
oxygen concentration point, AE exhibited a stable value, which was determined by the difference in
oxygen concentration shown in equation (1). As the oxygen concentration decreased to the lowest value
of 200 ppm, the AE had the largest value correspondingly. As the oxygen concentration increased from
200 ppm back to the base value of 500000 ppm, AE decreased successively and finally almost recovered
the starting value of zero. By fitting the AE values with the corresponding oxygen concentrations, good
linear relationships were obtained. Using the slopes of the fitting lines, the actual electron transfer
numbers were computed and are shown in Figure 3. In Figure 3, the actual electron transfer numbers
agreed well with the theoretical value of 4. These results indicated that the prepared oxygen sensor has
a correct response with the alteration of oxygen concentration, although in an atmosphere containing
water and at elevated pressures.
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Figure 2. The response (AE) of the oxygen sensor as the base oxygen concentration of 500000 ppm was
used at a temperature of 873 K and pressures of 1-80 atm, and the oxygen concentration changed
successively from 500000 ppm to 200000 ppm, 50000 ppm, 20000 ppm, 5000 ppm, 2000 ppm,
500 ppm, 200 ppm, 500 ppm, 2000 ppm, 5000 ppm, 20000 ppm, 50000 ppm, 200000 ppm and
500000 ppm in sequence. (a): 1 atm; (b): 20 atm; (c): 40 atm; (d): 60 atm; and (e): 80 atm
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Figure 3. The electron transfer number of the YSZ oxygen sensor in a water content atmosphere at a
temperature of 873 K and pressures of 1-80 atm and the oxygen concentration changed
successively from 500000 ppm to 200000 ppm, 50000 ppm, 20000 ppm, 5000 ppm, 2000 ppm,
500 ppm, 200 ppm, 500 ppm, 2000 ppm, 5000 ppm, 20000 ppm, 50000 ppm, 200000 ppm and
500000 ppm in sequence.

To study the repeatability of the sensor in the water content atmosphere, it was detected that the
oxygen concentration changed successively from 500000 ppm to 200000 ppm, 500000 ppm, 20000 ppm,
500000 ppm, 2000 ppm, 500000 ppm, 200 ppm, 500000 ppm, 2000 ppm, 500000 ppm, 20000 ppm,
500000 ppm, 200000 ppm, and 500000 ppm in sequence, and the corresponding AE results at 1 atm and
80 atm are presented in Figure 4. As shown in Figure 4, as the oxygen concentration changed from the
base value of 500000 ppm to another value, the AE value changed correspondingly. However, as the
oxygen concentration changed back to 500000 ppm, the AE almost recovered to zero. These results
indicated that the sensor exhibited good repeatability in a water content atmosphere, although at elevated
pressures up to 80 atm.

To improve the performance of the YSZ-based oxygen sensor, various materials were considered
as the reference and sensing electrodes. Konys [23] used Bi-Bi>O3 as the oxygen reference in a YSZ
oxygen sensor and found that the sensor responds well and can potentially be applied on a large scale.
Elyassi [24] prepared a novel YSZ oxygen sensor by using CeO-ZrO; as the solid-state reference and
obtained a satisfactory response in a simulated exhaust gas atmosphere. Adhi [25] adopted Fe-FezO4 and
Bi-Bi20s3 as references to prepare YSZ oxygen sensors, and the experimental results indicated that the
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sensor outputs have stable cell potentials, which agreed well with the theoretical ones given by the Nernst
equation. Compared with the sensor with the Bi-Bi.Os reference, the sensor with the Fe-FezO4 reference
showed a shorter response time. Rivai [26] investigated the performance of a YSZ solid electrolyte
oxygen sensor with a Bi-Bi2Os reference electrode and found that the measured EMFs were in good
agreement with the theoretical values of the EMF. lio [27] adopted perovskite-type oxides as a sensing
electrode material for a potentiometric YSZ oxygen sensor, which was sensitive to oxygen in a
concentration range of 0.05-21% at 600 °C. The number of electrons for this sensor was approximately
4.2. Miura [28] used Mn20s as the reference electrode material of a YSZ oxygen sensor and found that
the response of the sensor reliably obeys the Nernst equation.
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Figure 4. Repeatability of the YSZ oxygen sensor in a water content atmosphere at a temperature of 873
K and pressure of (a): 1 atm; (b): 80 atm. The oxygen concentration changed successively from
500000 ppm to 200000 ppm, 500000 ppm, 20000 ppm, 500000 ppm, 2000 ppm, 500000 ppm,
200 ppm, 500000 ppm, 2000 ppm, 500000 ppm, 20000 ppm, 500000 ppm, 200000 ppm, and
500000 ppm in sequence.

3.2 Electrochemical impedance spectra of the oxygen sensor

According to Figure 2 and Figure 4, the oxygen sensor responded well with the alteration of
oxygen concentration in the atmosphere. However, the length of time for each experiment correlated
with the pressure of the water content atmosphere. As the pressure increased, the length of time
increased. These results indicated that the response rate of the sensor depends heavily on the pressure in
the autoclave chamber. To further understand the response rate of the YSZ oxygen sensor at elevated
pressures, electrochemical impedance spectra of the sensor at oxygen concentrations of 500000 ppm,
temperatures of 873 K and pressures of 1-80 atm were obtained, and the results are presented in Figure
5. As shown in Figure 5, the electrolyte resistances represented by the left intercept of the impedance
arc with the real axis are almost unchanged as the pressure is increased from 1 to 80 atm. These results
demonstrate the stability of the YSZ electrolyte in the water content system at high pressures. However,
the real parts of the impedance spectra corrected for the electrolyte resistances represented by the
difference between the right and left intercept of the impedance arc with the real axis, which describes
the mass transfer of reactants/products (e.g., absorption, desorption, diffusion, etc.) and charge transfer
reactions, are heavily dependent on the pressure in the autoclave chamber.
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Figure 5. Impedance spectra of the YSZ oxygen sensor in a water content atmosphere at a temperature
of 873 K and pressures of 1-80 atm, and the oxygen concentration was 500000 ppm.
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Figure 6. Real part and phase angle of the impedance spectra of the YSZ oxygen sensor in a water
content atmosphere corrected for the electrolyte resistances at a temperature of 873 K and
pressures of 1-80 atm, and the oxygen concentration was 500000 ppm.

Based on the steady electrolyte resistance, a modified Bode representation can be written as

7.
— -1 J
@ = tan (Zr = Re) (2)

From equation (2), the phase angle (®) corrected for the electrolyte resistance can be calculated.
Because the interpretation of the electrode interfacial properties is confounded by the contribution of the
electrolyte resistance, the adjusted real part and phase angle are shown in Figure 6.

In Figure 6, the scatter seen in the low frequency of the real part demonstrated the strong impact
of pressure on the electrode reactions. Due to the noise in the experimental data, at high frequencies such
as Zr — Re, the augmentation to the inverse tangent in equation (2) will have a sign controlled by noise
in the denominator, and the phase calculated from equation (2) will have values scattered about @ (o0).
With all of the phase angles lower than 90° at high frequencies, valuable information concerning the
existence of CPE behavior that was obscured in the traditional Bode presentation is indicated in Figure
6.

The performance of the “Cr-Cr.03, Au/YSZ/Au, water content system (oxygen gas)” YSZ
oxygen sensor applied at high pressures depends on a sequence of processes, such as mass transfer of
reactants/intermediates/products, gas-solid reactions, charge transfer reactions, electronic and ionic
conduction, etc. Thus, the overall impedance spectrum is a representation of a series of impedance
elements describing each process.
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2 =) z(f) (3)
l

The individual zi elements may be represented as parallel circuits consisting of several processes.
However, relatively small differences or even overlapping phenomenon usually exist in the time constant
distribution among individual elements. The parallel connections of impedance elements, such as (RC)
circuits, (RQ) circuits, and Gerischer elements, are redundant, and a complete separation into individual
elements by means of electrochemical measurement techniques may be impossible.

Here, we use the method introduced by Jensen [29]; according to the change that occurs in an
impedance spectrum when the pressure of the system is changed, a new impedance spectrum is yielded
by using the spectrum just before such a change and another spectrum just after the change. Hence, it is
possible to extract the signal attributed to the pressure change from the sum of elements and selectively
detect the pressure contributing to the impedance spectrum.

Now, assume the pressure of the system is changed from condition A to condition B. As a result,
a number of impedance elements, zj, are modified, and a number of impedance elements, zx, remain
constant. Hence, for this change in pressure, the change in Z can be written as

0z dz;
AZ =7|5 — ZlA—a AP = Z

ZaZ’AP+Z kAP = ZaI;AP 2( — 20 (4)

Then, we deflne

. 0Z(f) o 0Z(f)
The change in Z can then be written as
. 0Z(f) 0Z(f)  _Nfs
MZ(f) = 317758 = Fincpy 14 = Z(zﬂg - %) (6)

In this work, Z' is only known for a discrete set of frequencies; for the nth frequency between 2

and n-1, the real part of equation (6) can be rewritten as
A2 (F) = [Zp (fas1) — Zi’;(fn_l)] — [Z3(fn+1) = Za(fu-1)] 7)

n(fn+1) - ln(fn—l)

where Z, (f,,) is the real part of the spectrum in Figure 5 in condition A (1 atm) at frequency f,
and Zz (f,,) is the real part of the other spectrum in condition B (20 atm, 40 atm, 60 atm, and 80 atm,
respectively.) at fn. AZ’(f) is plotted vs log frequency and is referred to as a AZ’(f) spectrum, as shown
in Figure 7 (a). By using the circuit shown in Figure 7 (b), the fitted results of the impedance spectrum
in Figure 5 were presented in Table 1.
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Figure 7. (a) AZ’ spectra recorded on the YSZ oxygen sensor in a water content atmosphere at a
temperature of 873 K and pressures of 1-80 atm. The oxygen concentration was 500000 ppm,
and the 1 atm line was a background noise measurement. (b) Equivalent circuit of the studied
sensor.

Table 1. Fitting parameters of impedance spectra of the YSZ sensor in a water content atmosphere, at
temperature of 873 K and pressures of 1-80 atm, and oxygen concentration was 500000 ppm.

Pressure Rs R1 Qi(F) m R2 Q2(F) N1
(atm)  (Ohm.cm?) (Ohm.cm?) (Ohm.cm?)
1 735 376 1.3x10% 0.83 749 2.5x10% 0.71
20 738 385 2.9x10® 0.81 851 2.2x10° 0.69
40 736 396 6.3x10° 0.78 942 5.6x10° 0.68
60 735 405 7.5x10° 0.79 1115 1.6x10° 0.65
80 739 408 3.2x10° 0.75 1354 8.4x101° 0.68

According to Figure 7 and Table 1, pressure in the autoclave chamber strongly affected the AZ’
spectra, possibly due to the transfer processes of the active substances, such as oxygen-intermediate
transport near the working electrode interfaces, desorption/absorption, disassociation/association,
surface diffusion, and ion transfer across the double layer. The reaction mechanism scheme of the “Cr-
Cr203, Au/YSZ/Au, water content system (oxygen gas)”” Sensors operating in a water content atmosphere
at elevated pressures is shown in Figure 8.
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Figure 8. The reaction mechanism scheme of the “Cr-Cr203, Au/YSZ/Au, water content system (oxygen
gas)” sensor in a water content atmosphere at high pressures
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On the working electrode, water molecules may be absorbed on the electrode interfaces by
physisorption and chemisorption via chemical bonds and van der Waals forces, respectively [30]. At the
“Au/YSZ/water content atmosphere” boundary, the absorbed water molecules can disassociate into
hydrogen ions and hydroxide ions; these ions and the oxygen atoms originating from the oxidation
reaction of oxygen ions may be converted into hydroxide ions, water molecules and other intermediates.
The most likely transfer paths for these electroactive intermediates to depart from the boundary are (1)
desorption into the water content atmosphere; (2) spreading into the “Au/water content atmosphere”
interface followed by desorption; and (3) spreading into the “YSZ/water content atmosphere” interface
followed by desorption.

Similarly, numerous electroactive intermediates were formed at the Au/Y SZ interface, and there
are two probable routes for these components to be transferred: entry into the bulk electrode via site-
exchange reaction with Au atoms [31-32] or spreading to the three phase boundary (TPB) and mixing
with the electroactive intermediates yielded there.

On the surface of the YSZ, hydrogen ions can react with oxygen ions to form hydroxide ions
[33]. However, due to the weak electroconductivity of YSZ, the oxidation of oxygen ions on the surface
is strongly limited.

The diffusion coefficient of electroactive intermediates in the autoclave chamber can be
estimated using the following empirical formula with an applicable pressure range of 1 to 25 atm [34-
35]. ]

1.
LY o

where Dag is the mass diffusivity of electroactive intermediates in the water content medium, in
cm?/s; T is the absolute temperature, in K; Ma and Mg are the molecular weights of electroactive
intermediates and water, respectively; P is the absolute pressure, in MPa; cag is the “collision diameter,”
a Lennard-Jones parameter, in A; and Qp is the “collision integral” for molecular diffusion, a
dimensionless function of the temperature and the intermolecular potential field for one molecule of
electroactive intermediates and one molecule of water.

Above 25 atm, the effect of viscosity resulting from density alteration must be considered beyond
equation (8). Because the volume of the chamber is defined, the density of substances increases with
increasing pressure, which results in the augmented dynamic viscosity of the water content medium. For
a good approximation, the diffusivity of the species depended on the pressure to a larger extent compared
with the common inverse relationship in equation (8) [7]. Similarly, together with the strong dependence
on the temperature observed in equation (8), the diffusivity of electroactive intermediates is additionally
strengthened by the change in viscosity resulting from the density alteration.

These characteristics are in good correspondence with the strong dependency of gas diffusion
processes on the pressure of the water content system, which are represented by the peaks in the AZ’
spectra.

According to the Langmuir equation, the chemical and physical absorption of active substances
at the electrode interfaces can be expressed as [36-37].

Q
= PKoexp (1) Qen >0 (9)

1-06.
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Opn
1—=0,n

where & is the relative coverage, P is the pressure, Ko is a constant, k is the Boltzmann constant,

T is the temperature, and Q is the enthalpy for absorption of water. Equations (9) and (10) demonstrate

that the absorption of active substances is not only temperature-dependent but also pressure-dependent.

As the pressure increased from 1 to 80 atm, numerous hydroxide and hydrogen ions were

generated and absorbed on the electrode interfaces. Thus, the absorption and diffusion of electroactive

species are substantially limited due to the occupation of the majority of absorbing sites. Because of

these kinds of gas-solid reactions (dissociation and absorption of water molecules, occupation of the

absorption sites, diffusion/absorption/desorption of electroactive species on the electrode interfaces), the

peak on the AZ’ spectra depends strongly on the pressure of the water content system. This result is

consistent with the strong impact of pressure on the response rate of the oxygen sensor working in a
water content atmosphere at elevated pressures.

_) Qph >0 (10)

4. CONCLUSIONS

The YSZ oxygen sensor responded correctly o the changes in oxygen concentration in the
autoclave chamber, although at elevated pressures, the electron transfer numbers agreed well with the
theoretical value of 4. Electrochemical impedance spectra (EIS) of the sensor at an oxygen concentration
of 500000 ppm, a temperature of 873 K and pressures of 1-80 atm were determined, and they
demonstrated that the overall electrode resistances are strongly dependent on the pressure of the system,
which was probably due to the change of physical and chemical characteristics of the working medium.
This result is consistent with the strong impact of pressure on the response rate of the oxygen sensor
working in a water content atmosphere at elevated pressures.
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