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Abstract

Nickel oxide reduction kinetics and formation of the electric potential of anode-supported solid oxide fuel cell (SOFC)
were studied using in situ Raman spectroscopy (RS) and conventional electrochemical techniques. It was shown that the
time dependence of the electric potential and the intensity of the Raman spectra during anode substrate reduction can be
conditionally divided into two stages. At the initial stage, in the first seconds after hydrogen supply, the open circuit voltage
(OCV) quickly rises and stabilizes at a value of about 0.85 V. This stage is not accompanied by noticeable changes in RS.
Then, there is a more gradual rise, requiring tens of minutes, to the OCV equilibrium value. The beginning of the second
stage of the increase in the OCV coincides with a sharp change in the intensity of the specific spectral line in the Raman
spectrum. An increase of the OCV in the first seconds after hydrogen supply is explained by an increase in the hydrogen
concentration at the outer boundary of the SOFC anode. The sharp change in the intensity of the Raman spectrum, in turn,
can be explained by the reduction of NiO to the metallic state in the near electrolyte region. In this work, a detailed reduc-
tion model of the NiO-YSZ (yttria-stabilized zirconia) cermet composite supporting substrate of an anode-supported SOFC
was constructed. The model was developed on the assumption that the rate of the nickel oxide reduction reaction at each
point of the sample depends only on the partial pressure of hydrogen, the fraction of oxidized nickel, and temperature. In the
case of repeated reduction and at high temperatures, it can be assumed that the reaction has first-order kinetics, i.e., reaction
rate is proportional to the fraction of oxidized nickel. At primary reduction and temperatures of 400-600 °C, the reaction is
described by Avrami-Erofeev kinetics.
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Introduction

Solid oxide fuel cells (SOFCs) are electrochemical devices
that directly convert the chemical energy of the oxidation
of hydrogen and gaseous hydrocarbons into electrical and
high-potential thermal energy. Power plants based on SOFC
stacks have a record efficiency among electric power genera-
tors: the efficiency exceeds 60% [1], and taking into account
high-potential thermal energy, it exceeds 90% [2, 3].
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SOFC is a multilayer ceramic assembly consisting of a
gas-tight electrolyte, porous anode, and cathode. Air is sup-
plied to the cathode of the cell, where molecular oxygen is
reduced to O~ anions. Due to the difference in the chemical
potential of oxygen through the electrolytic membrane, oxy-
gen anions, newly formed at the cathode of the cell, migrate
to the anode, where, in turn, the fuel is oxidized (H, or syn-
thesis gas obtained from hydrocarbons) with the formation
of water (and carbon dioxide in case of synthesis gas supply)
and free electrons. When connected to a load element, an
electric current flows through a closed circuit [4].

The technology of SOFC with an electrolyte-supported
structure, so called the first generation SOFC, has received
the widest development. For the most part, this is due to
the peculiarities of manufacturing a single SOFC. In the
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electrolyte-supported structure, the main mechanical load
is carried by the solid electrolyte membrane, which is an
anionic conductor located in the center of the cell. The
membrane formation temperature lies above 1450 °C. In
turn, standard electrode materials, which are made directly
on both surfaces of the ceramic membrane (with the thick-
ness of 150-200 pm), are formed at significantly lower
temperatures (1100-1300 °C), which makes it possible to
manufacture plane-parallel defect-free SOFCs [5-7].

Second-generation SOFCs include cells with anode-
supported structure. The main difference from SOFC of
the first generation is the transition from anionic mem-
branes with a thickness of 150-200 pm to thin-film mem-
branes with a thickness of 5-10 pm [8—11]. Currently,
among commercial power plants based on SOFC tech-
nology, electrochemical generators based on SOFC with
a supporting anode substrate are most widely used. The
basis of such an SOFC is a substrate based on nickel oxide
and an anion-conducting material. Since the sintering of
all layers of the membrane-electrode assembly takes place
in an air atmosphere, before starting electrochemical tests,
it is necessary to reduce nickel oxide, which is part of the
anode electrode, to a metallic state. Incomplete reduction
or significant non-uniform reduction of the anode substrate
can affect both the mechanical stability of the SOFC and
its electrochemical performance. For this reason, the study
of the kinetics of the supporting anode substrate reduction
is an extremely urgent and significant task.

In our previous works [12—14], the kinetics of the forma-
tion of the electric potential of SOFCs with a supporting
anode substrate was studied using in situ Raman spectros-
copy (RS) and conventional electrochemical techniques.
The studies were carried out using a combined technique
developed and created at the Osipyan Institute of Solid State
Physics RAS (Russia). This technique combines the oppor-
tunities of in situ RS, as well as electrochemical techniques
and gas analysis [15-17].

In the previous work [12], fuel cell open-circuit voltage
(OCV) during the reduction of fuel cell anode in the hydrogen
atmosphere was measured. In the same time, the intensity of
1100 cm™" line in the Raman spectrum of the electrolyte-anode
boundary was monitored. It was shown that the time depend-
ence of the potential and intensity of the Raman spectra can be
conditionally divided into two stages (Fig. 1).

At the initial stage, in the first seconds after hydrogen
supply, the OCV quickly rises and stabilizes at a value of
about 0.85 V. This stage is not accompanied by any notice-
able changes in the Raman spectra. Then, there is a more
gradual rise, requiring tens of minutes, to the OCV equi-
librium value. The beginning of the second stage of the
increase of the OCV coincides with a sharp change in the
intensity of 1100 cm™! line in the Raman spectrum. An
increase of the OCV during first seconds after hydrogen
supply is explained by an increase in the hydrogen concen-
tration at the outer boundary of the SOFC anode. The sharp
change in 1100 cm™" line intensity of the Raman spectrum,
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in turn, can be explained by the reduction of nickel oxide to
the metallic state in the near-electrolytic region.

In the present work, a more detailed model for the
reduction of a cermet composite NiO-YSZ (92 mol.%
ZrO,+8 mol.% Y,0;) supporting substrate of an anode-
supported SOFC was developed. The model was built on
the assumption that the rate of the nickel oxide reduc-
tion reaction at each point of the sample depends only on
the partial pressure of hydrogen, the fraction of oxidized
nickel, and temperature. In the case of repeated reduction
at high temperatures, it can be assumed that the reaction
has first-order kinetics, i.e., it depends only on the fraction
of nickel oxidized to the first degree. At primary reduction
and temperatures of 400-600 °C, the reaction is described
by Avrami-Erofeev kinetics.

Experimental section

For current research, a model sample of a solid oxide fuel
cell with a supporting anode substrate was fabricated. A two-
layer anode substrate (600 um thick current-collecting and
40 pm thick functional sublayers) with a 9 pm thick thin-
film electrolyte with the composition of 8YSZ (92 mol.%
ZrO,+8 mol.% Y,0;) was used as a carrier substrate [19].
An anode substrate with a thin-film electrolyte with the
size of 100X 100 mm was cut into disks with the diameter

of 21 mm using a compact precision marker MiniMarker
2-20A4 based on a fiber laser.

The cathodic functional layer based on LSCF-6428-N paste
[20] with the composition of (Lag 651y 4).97C00 2Fe g05.q4 and
a specific surface area of 10—15 m%/g was applied to the anode
substrate with a thin-film electrolyte by screen printing tech-
nique using an Ekra E2 machine using mesh #32 (32 threads
per 1 cm). The cathode electrode was deposited using a mesh
with a hole that made it possible to transmit light radiation and
detect Raman scattered radiation from the internal interface of a
model SOFC. Such sample geometry is described in our previ-
ous manuscripts [21-23] and patents [15-17]. After deposition,
the cathode electrode was dried at a temperature of 80 °C and
high temperature annealed according to the temperature profile
shown in Fig. 2.

A complex heating profile is necessary for optimal
removal of organic components, the maximum formation
temperature was 1000 °C, and the annealing time at this
temperature was equal to 1.5 h. The thickness of the cathode
layer after sintering was equal to 11 pm.

After application of the cathode electrode, gold electrodes
were applied to both sides of the model sample, which were
fired at a temperature of 900 °C for 1 h. Gold wires with the
diameter of 0.2 mm were connected to gold electrodes for
electrochemical studies.

For the optical studies, a pin-hole was prepared in the
cathode of the sample (Fig. 3). In combination with an opti-
cally transparent electrolyte, this hole makes it possible to
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study directly the anodelelectrolyte inner interface. The
measuring cell, equipped with a gas mixtures supply system,
was placed in a high-temperature furnace in order to ensure
the operating conditions of SOFC.

Electrochemical and optical studies of the model sample
were carried out using a combined technique that gives oppor-
tunity to carry out the simultaneous measurements using con-
ventional electrochemical methods (study of current—voltage
and power characteristics, chronopotentiometry, impedance
studies), as well as using Raman spectroscopy. The technique
is described in detail in previous works [14, 21-24].

In the optical part of the facility, a multimode green laser
with a power of 20 mW passes through an optical system in
order to create a monochromatic beam with a wavelength
of 532 nm, which is directed by a movable mirror onto the
sample. Scattered radiation is collected by a system of lenses
into a beam, which passes through an edge filter to cut off
the exciting radiation, and enters a monochromator (MDR-
12, LOMO, Russia). The radiation decomposed into a spec-
trum is fed into a liquid nitrogen-cooled Roper Scientific
LN/CCD-1340/400-EHRB/1 CCD camera (1340 %400 pix-
els, Netherlands), the data from which is sent to a computer
and processed by the WinSpec software.

As for the chronopotentiometric studies, a Gamry Refer-
ence 3000 potentiostat—galvanostat was used in this work.

Results and discussion
Experimental model development
Reduction kinetics

The basis for model development was the assumption that
the rate of the nickel reduction reaction Q(7', py, , Xyio) at
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each point of the sample depends on the temperature 7, the
partial pressure of hydrogen py , and the fraction of oxidized
nickel xy;q-

Based on the literature data [25], the reduction kinetics of
thin nickel oxide layers (25 pm) is quite fast and has an acti-
vation character, which is reflected in the following expres-
sion for the topochemical rate of the reduction reaction k_:

k. =26 % lOSGXp(—Ea/kT)[%], (1

where E, = 1.0eV is activation energy.

At the moment, the effect of partial pressures of hydro-
gen and water on the reaction rate is poorly understood, so
we used the results of work [26], where at a temperature of
500 °C, up to a certain threshold, a linear dependence of
the reduction rate on the partial pressures of water py o and
hydrogen py, was detected:

T, py,» *xio) = &Sv/RT(Py, = YPu,0) (nio)s )

WhereEhSV is the specific surface area of nickel particles,
v =
Hy0
function that depends on the morphology of nickel oxide
particles.
During the primary reduction at temperatures of
400-600 °C, the reaction is described by the Avrami-Erofeev
kinetics [27, 28], which means that the function f(xy;) has

the following form:

is the reduction reaction threshold, and f(xy;p) is a

f(xNiO) = Xnjo(In x Nio)m"_:lv 3)

where m ~ 0.6. When re-reduced at high temperatures, the
reaction can be considered to have first-order kinetics, i.e.,

f (xNiO) = XNio
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Diffusion

The molar flux of hydrogen in the sample substrate was cal-
culated from Fick’s law:

Jmot = —Per/RTV py,, )

where D = Di is the effective diffusion coefficient of
hydrogen in the pores of the substrate, € is the porosity of
the sample, and 7 is its tortuosity.

In the process of reduction, the porosity of the sample
changes, since the molar volume of metallic nickel is 41%
less than that of its oxide [29]. Knowing the ratio of NiO and
YSZ in cermet, as well as the initial sample porosity &, it is
possible to calculate the porosity depending on the fraction
of reduced NiO:

E= 60 + 0.4161\“0(1 - xNio), (5)

where gy is the volume fraction of nickel oxide in the
sample.

The effective diffusion coefficient was calculated using a
three-dimensional cube packing model [30], from which fol-
lows the expression for the tortuosity of the sample through
its porosity

1+¢€2

Tl rertde(-o ©

Gas transport

The very fast kinetics of the process leads to the fact that the
rate of the reduction reaction is often determined by the rate
of hydrogen supply and water removal, and the design of the
working chamber plays an important role in this. The gas
supply system can be characterized by the relative pressure

drop ’%, where p,, is the partial pressure of hydrogen in the
0

supplied mixture and p, is the average partial pressure of
hydrogen on the sample surface, depending on the fraction
of consumed hydrogen 9y, . This dependence can be consid-
ered linear except for the region of high fuel consumption
coefficients:

Po — Ds

I, = kiy o (7)

In order to optimize the experiment, a model of hydrogen
distribution in the gas chamber was calculated depending
on the distance from the gas tube to the sample. As a result
of this estimation, it was found that the optimal distance is
0.5 cm. From one point of view, k,, for such an optimal dis-
tance is close to 1, and from another point of view, hydrogen

and water concentration anode area distributions are uniform
enough to apply the one-dimensional model. Also, within
the framework of this model, it was found that the use of a
mixture of hydrogen and nitrogen as a fuel mixture leads to
a decrease in k,, for all considered distances.

For a better interpretation of the measurement results, a
calibration procedure was carried out to find k,, of the given
system. Namely, for the reduced state of the anode, the fuel
flow was varied at direct current, and the voltage at direct
current was measured.

Simplified reaction rate calculation

Assuming linear kinetics, the model equations at the initial
moment of time give the following expression for the reduc-
tion rate:

B 1+
(kpolfSatanhi)_l + (k, Ry (®)

— keSvinio - Detr s ;
where k = T A +7)l =4/ PR is the reaction front
depth, S, is the sample area, a is its thickness, and R, is the

hydrogen flow entering the working chamber (mol/s).
Expression Eq. (8) is applicable only at the initial stage

of the reaction, but gives us opportunity to note the charac-

teristic dependencies that are also valid for the full model.

Experimental validation

According to the developed model, the reduction reaction
can take place in one of 4 modes (Fig. 4) depending on the
temperature and the amount of fuel supplied:

(D Uniform reduction throughout the entire volume
of the sample, the reaction rate is limited by the
amount of hydrogen supplied.

(IT)  Uniform reduction over the entire volume of the
sample, the reaction rate is limited by the kinetics
of the NiO particle reduction reaction.

(IIT)  The reduction proceeds as a front, the reaction rate
is limited by the kinetics of the front movement.

(IV)  The reduction proceeds as a front, the reaction rate
is limited by the amount of supplied hydrogen.

From the point of view of reduction kinetics studies,
the experiment in mode II is the most reliable, since in this
mode diffusion through the pores and the supply of hydrogen
are fast enough not to affect the reaction rate. In this way,
we will obtain the most relevant data on the reaction rate,
without additional uncertainty, since the reaction rate in this
mode does not depend on the unknown effective diffusion

@ Springer
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Fig.4 The reduction mode 1000
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coefficient. However, in order to expand the boundaries of
region II to a temperature of 600 °C, it is necessary to con-
sider thin samples (10-20 pm) with a higher porosity. On the
other hand, at small xy;q, the reaction rate drops sufficiently
to get into region II.

Note that under typical SOFC conditions, the reaction
proceeds in mode IV, from which it is difficult to extract
the reaction kinetics. In order for the reaction to proceed in
mode III, it is possible to increase the hydrogen flow and
decrease the area of the sample, its porosity, and also, the
partial pressure of hydrogen.

Within the framework of the model developed, a series of
experiments were carried out, including the cycling of the
sample at 500 °C in redox atmospheres with the measure-
ment of the OCV. Each cycle consisted of complete reduc-
tion of the sample in 100% H, and subsequent partial oxida-
tion in 100% O, for various time intervals from 0.25 to 14 h.
The experimental conditions are marked in Fig. 4 with a dot
in region I'V.

Figure 5 shows the dependence of the OCV on time
during the reduction process. Each curve corresponds to
different initial fraction of oxidized nickel. Let us note
that the curves behave similarly. The abrupt initial voltage
growth corresponds to the growth of hydrogen concen-
tration in the anode chamber. Then, small peak follows
probably corresponding to NiO reduction initiation stage.
After that, almost linear growth of OCV ends by inflec-
tion point (maximum of second derivative). Finally, OCV
asymptotically tends to stable value. In the following, we
assume that reduction process is divided to two stages. The
first stage is front-like reduction in the regime IV. During
this stage, the major part of NiO reduces. At the second
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Temperature, °C

stage, the remaining NiO with low access to gas phase
reduces. This assumption is in agreement with TG analy-
sis of reduction process. In the following, we will provide
the evidence that inflection point of OCV corresponds to
switching from the first stage of reduction process to the
second.

The initial oxidized Ni fraction in the samples is esti-
mated from the time of oxidation using thermogravimetri-
cal curves for Ni oxidation process from [29].

The oxidation of the sample in pure oxygen occurs
almost uniformly, while in the case of oxidation in air, the
reaction proceeds with a front from the surface. This dif-
ference is caused by the fact that pure oxygen is delivered
to the sample volume by convective flows, whereas the
presence of ballast gas leads to the oxygen partial pressure
drop in the sample inner layers.

At first stage of the reduction process, the rate of reduc-
tion is almost constant and determined by the reaction
threshold pressure of hydrogen pg’z. To determine it, let us
find the fraction of utilized hydrogen dy;, during first stage
of the reduction process. One can find J;, comparing the
dependence of the measured time of the reduction process
first stage with the estimated sample reduction time in the
100% utilization of hydrogen assumption. In that way from
Fig. 6 follows 8H2 = 0.49 + 0.05. Then, one can use the
measured value of k,, = 1.10 + 0.02 and expression (7) to

th
find y = 22
H,0
ment with the data from [26].
As for the graphs of the OCV curves (Fig. 7), one can
notice a common characteristic feature for all cycles: this is

a linear section ending in a sharp rise in the OCV. The linear

= 1.24 + 0.08. This value is in good agree-
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Fig.5 Time dependence of
OCYV for 4 reduction processes
with different initial fraction of
oxidized Ni in the sample

sections on all reduction curves have the same height, and
their slope is inversely proportional to the recovery time.
This can be interpreted as the movement of the reduction

Fig.6 Dependence of the time
of the reduction process first
stage on the estimated sample
reduction time in the 100% utili-
zation of hydrogen assumption.
It is assumed that the reduction
process first stage ends at the
inflection point of OCV from
Fig. 5
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During the initial reduction of the sample, Raman spectra
were obtained (Fig. 8). We followed the peak in the region
of 1100 cm™~! Raman shift, which corresponds to the longi-
tudinal two-phonon vibrations of nickel oxide [31].

Intensity of 1100 cm™ line for metallic nickel is much lower
than that for NiO. Then, by the time of the disappearance of

" " " 1 " 1
Time after

| reduction start, s
11
—20
— 47
—56
—_—62

Intensity, a. u.

400

T T T T
600 800 1000 1200
Raman shift, cm™

Fig.8 Raman spectra collected during the primary reduction of the
anode-supported SOFC. Working temperature is 600 °C; fuel gas is
H, with the flow of 100 ml/min. Raman peaks around 180, 300, and
600 cm™' correspond to lattice vibrations of zirconia in the electrolyte
material, the studied NiO peak is noted in the region of 1100 cm™
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this peak, one can follow the appearance of metallic nickel at
the anodelelectrolyte inner interface. According to our model,
the peak disappearance time corresponds to the reduction of
the surface layer of nickel oxide particles with a thickness of
25+ 5 nm. On the other hand, the light penetration depth in Ni
is given by the following expression:

T 2z Im7
where A = 532nm is the laser wavelength and 7 is the com-
plex refractive index. An estimate using expression Eq.
(8) and data for refractive index from [32] give a value of
about 6§ = 24nm, which is in good agreement with the data
obtained by Raman spectroscopy.

Conclusions

Within the framework of this work, a model for the reduc-
tion of the cermet composite Ni-YSZ SOFC anode substrate
was developed. Based on this model, the reduction processes
can take place in four modes, depending on the temperature
and flow of the supplied fuel. At temperatures lower than
300 °C and fuel flows lower than 30 ml/min in the geometry
of our experimental stand, reduction occurs uniformly over
the entire sample, and the kinetics of the process is limited
by the amount of supplied hydrogen. With an increase in
hydrogen flows, the kinetics of the NiO particle reduction
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reaction become significant. In the region of higher tempera-
tures, a reduction front already takes place, the movement of
which is limited either by the amount of fuel supplied or by
its own kinetics of movement.

It has been found that the high rate of the NiO reduction
reaction requires a higher hydrogen flux per unit area of the
sample for direct kinetic measurements. From electrochemi-
cal measurements, according to the model, confirmation of
the previous assumptions about the front movement was
obtained. It has been shown to move at a constant speed.

The value of the reduction reaction threshold in the mode of
hydrogen deficiency, obtained in the work, is consistent with the
literature. Based on the data from the Raman spectra, calculations
were made for the thickness of the reduced NiO layer, which are
in good agreement with the thickness of the Ni skin layer.
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