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Abstract

The incorporation of calcium into the zircon-type lattice of Ce,_,Ca, VO, (x=0.2-0.4), stable at atmospheric oxygen pres-
sure, leads to a modest decrease in the unit cell volume and electrical conductivity, predominantly electronic. The aver-
age linear thermal expansion coefficients (TECs) of vanadate ceramics in air vary in the range (6.6-9.9)x 107% K~! at
393-1123 K, increasing with temperature and x. On reduction in hydrogen, zircon-type Ce,_ Ca, VO, undergoes phase
transformation into perovskite-like Ce,_,Ca VO,. This transition is accompanied by a 32% crystal lattice contraction and a
drastic increase in the conductivity, up to 120 S/cm at 1123 K for Ce (Ca, ,VO;. The average TECs of reduced metavana-
dates, (9.7-12.7) X 1079 K~ at 393-1123 K, are compatible with those of solid oxide electrolytes. As for the variations of
electronic resistivity, the polarization resistance of porous Ce,_,Ca VOj; electrodes in reducing atmospheres decreases with
calcium additions. The electrochemical activity of Ce,_,Ca,VO; in contact with zirconia-based electrolyte, and protective

ceria interlayer is higher for H,O electrolysis with respect to H, oxidation.
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Introduction

Important advantages of solid oxide fuel cells (SOFCs)
include relatively low requirements for fuel purity and
an ability to operate using various types of gaseous fuels,
including light hydrocarbons. Hydrogen sulfide, being a
component of associated petroleum gases and natural gas,
may however induce serious problems for the SOFC opera-
tion. The presence of H,S even in small amounts (at the ppm
level) causes catalytic poisoning and corrosion of nickel-
based cermet anodes ([1-4] and references therein). In order
to minimize irreversible degradation of the anode, additional
purification of the fuels from H,S is usually required. At the
same time, taking into account the relatively high costs of
desulfurization, direct use of the fuels with substantial sulfur
concentrations seems more attractive. Another serious chal-
lenge associated with the direct electrochemical oxidation of
hydrocarbons in SOFCs refers to the carbon deposition on
Ni-containing anodes. The latter problem is also relevant for
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the cathodes of solid oxide electrolysis cells (SOECs) during
CO, electrolysis.

Oxide phases based on perovskite-type CeVO; having
unique electrical and catalytic properties in reducing envi-
ronments, are often considered promising for the SOFC
anode components tolerant to the presence of H,S and other
sulfur-containing compounds [4—10]. As for doped lantha-
num vanadates, these materials possess an essentially high
catalytic activity towards electrochemical oxidation of H,S
[2-4]. Cerium metavanadate CeVO; can be prepared by
reduction of CeVO, orthovanadate with the zircon-type
structure stable in air [8, 9, 11], where the prevailing oxida-
tion states of cerium and vanadium cations are 3+and 5+,
respectively [12]. Pure CeVO;, where the main oxidation
state of vanadium is 3 +, does not exhibit reverse trans-
formation back into CeVO, on further reoxidation; on the
contrary, for Ca-doped Ce,_,Ca VO, at x> 0.2, this phase
transition is reversible on redox cycling without formation
of impurity phases [9, 13]. The incorporation of bivalent
cations, such as Ca®* or Sr**, in CeVO, leads to a crystal lat-
tice contraction and to increasing total conductivity [5, 7-9,
13-15]. For Ca** and Sr**, the solubility limits in CeVO,
were determined as 41-57 and 17.5-37 mol.%, respectively
[5,7, 14, 15]. At atmospheric oxygen pressure, Ce,_,Ca VO,
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are mixed conductors with dominating electronic conduc-
tivity and oxygen-ionic transport via interstitial mecha-
nism [8, 9]. The ion transference numbers of Ce,;_,Ca, VO,
(x=0-0.2) vary in the range (0.2-5.6) X 1073 at 973-1223 K,
increasing with temperature [8, 9]. The acceptor-doped
cerium vanadates in air were reported oxygen deficient [7,
15] or slightly oxygen-hyperstoichiometric [5, 8, 14]. One
should note that literature data on the solubility limits of
alkaline-earth cations in Ce,_,A,VO,, on the total electrical
conductivity under both oxidizing and reducing conditions,
as well as on the oxygen nonstoichiometry of these com-
pounds, are quite contradictory.

Continuing previous studies of cerium vanadate-
based materials [8, 9], the present work is focused on the
assessment of functional properties of Ce;_ Ca VO,_;
(x=0.2-0.4) as potential electrode materials and evaluation
of their electrochemical activity in contact with stabilized
zirconia solid electrolyte in the SOFC anode and SOEC
cathode regimes.

Experimental section

Fine Ce(4Ca,,VO,, Ce,,Ca,;VO,, and Ce,4Ca,,VO,
powders were synthesized via the nitrate-citrate route. The
stoichiometric amounts of Ce(NO;);26H,0, CaCOj;, and
NH,VOs; (99.9% purity) were dissolved in nitric acid with
subsequent addition of citric acid. The molar amount of cit-
ric acid was 50% higher with respect to the stoichiometric
citrate/nitrate ratio calculated assuming that the only gaseous
products of reaction between nitrate ions and citric acid are
H,0, CO,, and N,. The solution was dried until self-ignition.
The resultant powders were annealed at 773—-1073 K in air
for 40 h with several intermediate regrindings. Then these
powders were uniaxially pressed into discs and sintered in
air at 1373-1423 K for 5-10 h. The density of ceramics
was 80-95% of the theoretical value, determined by the
X-ray diffraction (XRD) results. The bar-shaped samples
were cut from the sintered ceramics for the conductivity and
dilatometric measurements. In order to verify the transition
from zircon into perovskite structure, selected samples were
annealed in flowing 5% H, — 3% H,0O—Ar gas mixture at
1123 K for 10 h and cooled down to room temperature in
the same flow.

The XRD analysis of the powders and ceramics was car-
ried out using a Rigaku SmartLab SE (CuK, radiation).
Static light scattering on an Analysette 22 NeXT nano laser
particle sizer (Fritsch, Germany) was used to assess parti-
cle size distribution in the powders, preliminarily dispersed
in bi-distilled water employing ultrasonic radiation. The
microstructural analysis was performed by scanning elec-
tron microscopy coupled with energy dispersive spectros-
copy (SEM/EDS) on a Supra 50VP (CarlZeiss, Germany)
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microscope. The thermal expansion behavior was studied
using a vertical alumina dilatometer Linseis L75/N1 at heat-
ing/cooling rates of 3 K/min in flowing air or 5% H,—Ar
mixture. The total electrical conductivity was measured by
the four-probe DC method (using Yokogawa GS200 DC
voltage/current source and Fluke 8846A precision multim-
eter) on cooling in air or in flowing 5% H,—Ar gas mixture
humidified at room temperature. As the phase transition on
reduction may be kinetically-stagnated [13], especially in
the case of ceramic samples, prior to the conductivity and
dilatometric measurements, the ceramics were equilibrated
in flowing 5% H, — 3% H,0—Ar gas mixture at 1123 K
until the stable values of the sample resistance/length were
obtained. In all other cases, the time necessary for con-
ductivity stabilization after the temperature change was
30-60 min.

The electrochemical behavior was tested employing half-
cells with vanadate working electrodes (WEs) and Pt coun-
ter and reference electrodes (CE and RE, respectively). The
solid oxide electrolyte membranes of 10 mol.% Sc,0;, and
1 mol.% Y,0; co-stabilized ZrO, (10Sc1YSZ) were pressed
into discs (diameter of 27 mm), sintered in air at 1773 K
for 10 h, and polished down to a thickness of 1.0 mm. The
pastes containing Ce,_,Ca, VO, or Ce(, (Gd, ;O, 45 (GDC10)
were prepared by mixing of ball-milled powders with a
V-006A binder (Heraeus, Germany). Porous WE layers
(geometric area of 1.2 cm?) were applied onto the elec-
trolyte membranes by screen printing. In order to prevent
chemical interaction between the electrode and electrolyte
materials, a protective GDCI10 interlayer was first depos-
ited onto the solid electrolyte surface (screen #90, where the
number indicates the number of threads per cm). Although
XRD analysis revealed no secondary phases formed in the
Ce,_,Ca VO,—10Sc1YSZ (50-50 wt/%) mixtures annealed
in air at 1373 K for 10 h, the unit cell parameters of both
phases were slightly changed after such thermal treatments,
indicating possible cation interdiffusion. WEs were applied
onto GDC10 interlayer by the same method (screen #43) in
four steps with intermediate drying. The resulting electrodes
were sintered in air at 1323-1373 K for 2 h. After sinter-
ing, the thicknesses of the protective interlayer and electrode
layer were 8—10 and 20-25 um, respectively; their sheet den-
sities were 2 mg/cm? and 12 + 1 mg/cm?, correspondingly.
Platinum RE (~ 1 mm in diameter) was placed at a distance
of at least 6 mm from the WE. The produced half-cell was
hermetically sealed on a holder using Kerafol glass sealant.
Flowing 97% H, — 3% H,0 gas mixture (100 ml/min) and
synthetic air were continuously supplied at the WE and CE,
respectively. The oxygen partial pressure, p(O,), in the fuel
chamber was monitored by an electrochemical zirconia sen-
sor. The electrode overpotential () and polarization resist-
ance (R,) as a function of current density (/) were measured
by the three-electrode technique in potentiostatic mode using
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an Autolab 302N PGStat instrument equipped with FRA32
module (Metrohm Autolab, Netherlands) at 1123 K, as
described elsewhere [10]. The values of ohmic and polariza-
tion resistances were determined from the impedance spectra
collected in the frequency range from 0.1 Hz to 1 MHz.

Results and discussion

XRD analysis of Ce;_,Ca, VO, powders and sintered ceram-
ics showed the formation of single phases with the zircon-
type structure (space group I4,/amd). Figure 1 displays
selected examples of the powder XRD patterns; the unit cell
parameters are listed in Table 1. The incorporation of Ca®*
leads to the lattice contraction confirming that acceptor-type
doping is mainly charge-compensated by the formation of
Ce** cations [9]. Note that the ionic radii of Ca>* and Ce>*
in the same coordination (8 in the present case) are very
close to one another [16]. The partial oxidation of Ce** into
Ce** on calcium doping in Ce,_,Ca VO, was also confirmed
by X-ray photoelectron spectroscopy [17]. After annealing
in 5% H, — 3% H,0O—Ar mixture at 1123 K and oxygen
partial pressure (p(O,)) of approximately 1072 atm, the
doped orthovanadates transform into metavanadates with

the perovskite-type structure (space group Pnma, Fig. 2).
Although the assumption [7] that these compositions are
oxygen-stoichiometric seems rather doubtful, the presence
of some V** fraction is considered reasonable taking into
account the slight lattice contraction with increasing Ca>*
concentration (Table 1). The same conclusion can be drawn
from the total conductivity variations discussed below. The
transformation from orthovanadates to metavanadates is
associated with 32 +0.3% volume contraction independent
on the dopant concentration. This effect should be accounted
when fabricating Ce,_,Ca, VO, electrodes; significant
dimensional changes may cause cracking or even delamina-
tion of the electrode layers.

Figure 3 illustrates typical powder morphology (A) and
ceramic microstructure (B) of the title materials, by the
example of Ce,Ca, ;VO,. The as-synthesized powders con-
sisted of agglomerates of fine submicron- and micron-scale
particles. Figures 4 and 5 display the particle size distribu-
tion assessed by the static light scattering technique. In all
cases, the particle size distributions in as-prepared powders
are clearly bimodal with the peak maxima at approximately
1 ym and 14-36 pm, depending on the composition. The
latter peak is obviously attributed to the size of agglom-
erates. After ball-milling of the powders, the distributions

Fig.1 XRD patterns of as-
synthesized Ce,_,Ca, VO,
powders after annealing in air
at 1073 K
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Table 1 Properties of
Ce,_,Ca VO,, s ceramics

x  Unit cell parameters

Average linear thermal expansion
coefficient TEC x 10°, K~

Activation energy for
the total conductivity
in air

p(0)=021atm p(0,)=10""atm T,K Air 5% H,-Ar  T,K E,, kJ/mol
14,/amd Pnma
02 a=7311A a=5504 A 393-853  6.63+0.04 9.67+0.07 613-1173 37.3+0.9
c=6449A  b=T7716A 853-1123 7.49+0.04 11.08+0.06
V=344704 A  c=5482A
V=234.082 A3
03 a=7262A a=5463 A 393-853  7.36+0.03 10.73+0.03 773-1233 37.2+0.8
c=6419A  b=7311A 853-1123 8.69+0.03 11.94+0.04
V=338517A% ¢=5485A
V=231.207 A3
04 a=7247A a=5442 A 393-853  7.91+0.02 11.44+0.06 723-1173 40+1
c=6416 A b=7.689 A 853-1123 9.86+0.05 12.67+0.03
V=336.962A%  ¢=5.466 A

V=228.717 A3

became monomodal with the peak at approximately 0.7 um;
one example for Ce,,Ca,;VO, is presented in Fig. 5. As
milling enables complete agglomerate destruction, the pastes
for electrode layer screen-printing were made of the milled
powders. The grain size in the sintered vanadate ceramics
varied in the range from 1 to 8 um.

Figure 6 shows the dilatometric curves of Ce;_.Ca VO,
ceramics on cooling in air and in flowing 5% H, — 95%-
Ar gas mixture. The calculated values of linear thermal
expansion coefficients (TECs) are listed in Table 1. The
dilatometric curves are smooth, which indicates an absence
of first-order phase transitions in the studied temperature

Fig.2 XRD patterns of
Ce,_,Ca, VO, powders after
annealing in 5% H,— 3% H,O-
Ar gas mixture at 1123 K
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Fig.3 SEM images of as-synthesized powder (A) and fractured
ceramics (B) of Ce,,;,Ca,;VO,

range. At atmospheric oxygen pressure, the TECs vary in
the range (6.6-9.9) x 107 K™, increasing with temperature
and calcium additions. This tendency may originate from
a continuous partial reduction of Ce** cations on heating.
The perovskite-type metavanadates exhibit a higher ther-
mal expansion with respect to their zircon-type analogues
(Fig. 6). For instance, in the case of Cej¢Ca;,VOs;, the
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Fig.4 Particle size distribution in the as-synthesized vanadate powders
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Fig.5 Comparison of the particle size distributions before and after
ball-milling

TEC values are (9.67 +0.07)x 107® K~! at 393-853 K and
(11.08 £0.06)x 107® K~! at 853-1123 K. These values are
very close to those of solid electrolytes based on stabilized
zirconia, (10-11)x 10~® K~! [18].

Temperature dependencies of the total electrical conduc-
tivity (o) of Ce;_,Ca, VO, 5 under oxidizing and reducing
conditions are shown in Fig. 7. In air, increasing calcium
concentration in Ce,;_, Ca VO, results in a slight decrease of
the conductivity, predominantly electronic. The o values and
the corresponding activation energies (Table 1) are, how-
ever, quite similar to one another for all zircon-type orthova-
nadates. After the transition of Ce,;_,Ca, VO, into perovskite
phase in humidified 5% hydrogen, the conductivity becomes
drastically higher, by 2-3 orders of magnitude depending

10
o air Ce,,Ca VO,
o x=0.2
8| & x=03
L @ x=04
. 6 5% H, - Ar
= o x=02
X s5hL
SO + x=03
j 4+ [
3+
2 F
i cooling rate 3 K/min
0
1 't 1 " 1 " 1 " 1 " 1 " 1 M 1 " 1

3738 4735 573 673« 731 8738 L0730 «1 0738 11173
T,K

Fig.6 Dilatometric curves of Ce,_,Ca, VO, ; ceramics, collected on
cooling in flowing air and 5% H, — 95%-Ar gas mixture
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Fig. 7 Temperature dependencies of the total electrical conductivity
of Ce,_,Ca, VO,, s in oxidizing and reducing atmospheres

on the composition and temperature. Such an increase is
associated with the formation of V3*4* cations and con-
tinuous 3D network of V — O — V bonds, which facilitates
electron transfer and delocalization in the perovskite lattice.
The conductivity of Ce;_,Ca VO, exhibits so-called pseudo-
metallic behavior with a weak temperature dependence, and
increases with increasing x. Similar trends are well known
for other perovskite-like vanadates, such as Ln;_,A VO,
(Ln=La, Nd; A=Ca, Sr; x>0.2), see [19, 20] and refer-
ences therein. Their origin is related to the appearance of
V4 states charge-compensating the substitution of Ce>*
with Ca?* and to charge-carrier delocalization. Notice that
another charge-compensation mechanism via the oxygen-
vacancy formation also cannot be excluded in the present
case, but its dominant role would have no effect on the con-
centration of electronic charge carriers and would decrease
electron mobility when Ca>" concentration increases. It
should be separately mentioned that the observed level of
electronic transport is considerably higher than that reported
in the literature [13, 14], which may result from a slow kinet-
ics of phase transition and/or different microstructures of
the ceramic materials. For Ce (Ca, ,VO3;, the conductivity
under reducing conditions is as high as 120 S/cm at 1123 K,
sufficient for using this material as a component of SOFC
anode/SOEC cathode.

Figure 8 displays selected examples of the impedance
spectra of Ce,, ,Ca, ;VO; and Ce, 4Ca, , VO, electrode lay-
ers in contact with 10Sc1YSZ solid electrolyte and GDC10
protective interlayer in flowing humidified H,, recorded
under open-circuit conditions at 1123 K. The spectra
consist of two separable arcs where the high-frequency
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Fig.8 Impedance spectra of Ce,,Ca;;VO; and Ce,4Ca,,VO; elec-
trode layers in contact with 10Sc1YSZ solid electrolyte and GDC10
protective interlayer under open-circuit conditions in humidified
hydrogen at 1123 K

signal is much smaller than the low-frequency one. These
signals are usually attributed to a limiting charge trans-
fer process and diffusion processes, respectively [21, 22].
Whatever the microscopic mechanisms, both contributions
decrease on Ca doping; the total polarization resistance of
Ce( ¢Ca; ,VOj; electrode under open-circuit conditions is
approximately 1 Ohm x cm?. The electrode polarization
curves at 1123 K are presented in Fig. 9. In correlation

400 - | Ce,,Ca,;VO,| | Ce,Ca,,VO,
polarization polarization
30| o anodic ® anodic
o i [ ] i
300 b cathodic cathodic
[m]
> 250
g o
= 200F i
150 | - o
1123 K
100 = H, - 3% H,0
ol 2 interlayer: GDC10
electrolyte: 10Sc1YSZ
0 1 1 1
0 50 100 150 200

lil, mA/cm?

Fig.9 Dependencies of the overpotentials of Cey,Cay;VO; and
Ce¢Ca;,VO; porous electrodes on the anodic and cathodic current
density in flowing H,-H,O at 1123 K
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Fig. 10 Cross section of the fractured electrochemical cell with
porous Ce ¢Ca, ,VO; electrode layer in contact with GDCI10 inter-
layer deposited onto the surface of 10Sc1YSZ solid electrolyte, before
(A) and after (B) electrochemical measurements under cathodic
polarization conditions

with the conductivity variations (Fig. 7), the overpoten-
tials of Ce( ¢Ca(,VO; electrode are significantly lower
than those of Ce,,Ca;;VO; both under anodic (SOFC
mode) and cathodic polarization (SOEC mode). The level
of the electrode performance is typical for all-ceramic
SOFC anodes [23]. In particular, the overpotentials of
Ce( Ca; 4VO; are comparable to those of (La, Sr)VO;—
YSZ [24] and Ce ;Sr, 3;VO3;—YSZ [7] composite elec-
trodes. When comparing the anodic and cathodic polari-
zation curves, one may conclude that the Ce,_,Ca, VO,
electrodes are more active for the water electrolysis pro-
cess than for hydrogen oxidation. Again, this difference
may correlate with variations of electronic transport under
the cathodic reduction and anodic oxidation conditions,
respectively. Another observation supporting this assump-
tion refers to a relatively fast degradation of the electrode
performance under anodic polarization. Most likely, this
behavior originates from increasing oxygen chemical
potential at the electrode surface, leading to the conduc-
tivity decrease and local transformation of perovskite into
the zircon-type polymorph. In general, these results show
that possible applications of doped cerium vanadates as
SOEC cathode components are preferable with respect to
the SOFC anodes.

Figure 10 displays one SEM image of the fractured
electrochemical cell with porous Ce, (Ca, ,VO; electrode
after cathodic polarization tests. No evidence of significant
microstructural degradation can be found. The electrode
layer and protective interlayer retain homogeneous micro-
structures without traces of cracking or delamination. At
the same time, further optimization of the electrode micro-
structure in order to increase porosity seems necessary.

Conclusions

Cerium-calcium orthovanadates Ce,_,Ca VO, (x=0.2-0.4)
with the zircon-type structure were prepared via nitrate-citrate
synthesis route and subsequent annealing in air. Doping with
calcium leads to moderate unit-cell volume contraction and to
a minor decrease in the total electrical conductivity at atmos-
pheric oxygen pressure when the dominant oxidation states
of cerium and vanadium cations are 34/4+4and 5+, respec-
tively. The average linear thermal expansion coefficients of
vanadate ceramics in air vary in the range (6.6-9.9)x 10~ K~
at 393-1123 K, increasing with temperature and calcium
additions. On reduction, zircon-type phases transform into
perovskite-like Ce,_ Ca VO; where Ce** and V>*** states
are dominant. This transition is accompanied by a 32% lat-
tice contraction, increasing TECs and a drastic (2—-3 orders
of magnitude) increase of the electrical conductivity. The
reduced materials remain thermomechanically compatible
with common solid oxide electrolytes. For instance, in 5%
H, — 95% Ar atmosphere, the TEC values of Ce, 3Ca, ,VO;
ceramics are (9.67+0.07)x 107® K~! at 393-853 K and
(11.08+0.06)x 107 K" at 853-1123 K. The substitution
of cerium with calcium in Ce,_ Ca VO; increases electronic
transport and decreases electrode polarization resistance in
reducing atmospheres. The latter is lower under cathodic
polarization with respect to anodic conditions, presumably due
to electronic conductivity variations. Doped cerium vanadates
are promising as catalytically active additives to the electrodes
of solid oxide fuel and electrolysis cells.
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