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ABSTRACT

Cobalt pyrovanadate was successfully synthesised by a solid state route and the conductivity in both oxi-
dising and reducing environments was determined for the first time. Impedance measurements between
300°C and 700°C in air determined that Co,V,057 is an intrinsic semiconductor with activation energy
of 1.16(3) eV. The conductivity in air reached a maximum of 4 x 10~4Scm~! at 700°C. Semiconducting
behaviour was also observed in 5% H,/Ar, albeit with a much smaller activation energy of 0.04(4)eV.
Between 300 °C and 700 °C the conductivity ranged from 2.45Scm~! to 2.68 Scm~', which is approach-
ing the magnitude required for SOFC anode materials. Thermogravimetric analysis found a significant
weight loss upon reduction of the compound. X-ray diffraction analysis, coupled with data from previous
research, suggested compound degradation into Co;_xV1+x04, CoO and VO. The redox instability and the
low conductivity lead us to the conclusion that cobalt pyrovanadate is unsuitable for utilisation as an
anode material for SOFCs although the conductivity is reasonable in a reducing atmosphere.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Development of novel anode materials for solid oxide fuel cells
(SOFCs) is an essential step in the production of efficient interme-
diate temperature fuel cells. Extensive research has already been
conducted in this area with some success [1-4], however the major-
ity of anode materials consist of Ni-electrolyte cermets which still
suffer from Ni agglomeration, fuel inflexibility and poor sulphur
tolerance [5-8]. Additionally, many of these materials are devel-
oped for using at high temperature. Reduction of the temperature
of SOFCs will allow for use of inexpensive metallic materials, will
reduce start-up and shut down times and will reduce the inter-
facial reactions occurring between fuel cell components because
the cross diffusion at the interfaces is less significant [9]. Fur-
ther research is needed to identify compounds which contain
all the appropriate properties necessary to produce an efficient
anode material for use in intermediate temperature (500-700 °C)
SOFCs.

Vanadium based compound have come under consideration
as SOFC materials for both electrolyte and electrode application,
as bismuth transition metal vanadates and rare earth vanadates
respectively [10-12]. In general, vanadium containing compounds
are of interest as anode materials due to their high catalytic activity
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[13] and the possibility of metallic-type conduction upon reduction
[11,14].

Co,V,07 has been found to have a high catalytic activity for the
selective oxidation of isobutene at 550 °C under anaerobic condi-
tions [15], suggesting that the compound has labile lattice oxygen
available for hydrocarbon oxidation. Cobalt pyrovanadate forms
with the dichromate structure (K,Cr,07), space group P21 /c, which
consists of edge sharing CoOg octahedra and isolated pairs of VO4
tetrahedra with a V-O-V angle of 117.5° [16]. According to the lit-
erature, Co,V,07 should be stable within SOFC operating ranges
as the melting temperature is at either 830°C [17] or 870°C [18].
Partial reduction of these compounds should create the possibility
of forming conductive, catalytically active compounds for use as
SOFC anodes. Previous work on this compound has focused on the
magnetic properties, catalytic efficiency or possible use in lithium
batteries [15,19-21].

To the best of our knowledge, no research has been reported on
the conductivity of cobalt pyrovanadate. Here we report on the con-
ductivity and stability of Co,V,07 in both oxidising and reducing
atmospheres. These properties can partially be used to determine
the suitability of reduced Co,V,07 as an anode material for solid
oxide fuel cells.

2. Experimental
2.1. Synthesis

Co,V,07 was synthesised by a conventional solid state method, according
to previous work by Touaiher et al. [8]. Powders of CoCO; (99% metals basis,

Alfa Aesar) and V,0s (99.6+% metals basis, Sigma-Aldrich) were ground and
fired sequentially at 150°C, 300°C and 450°C for 24h, 600°C for 1 week and
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Fig. 1. Rietveld refinement of Co,V,07 using GSAS.

700°C for 24 h with an intermediate grinding step in between each firing. Pellets
(2~ 13 mm x 2 mm) were uniaxially pressed at 221 MPa and sintered in air at 700 °C
for12h.

2.2. Analytical procedures

Phase purity and crystal parameters of the samples were examined by X-
ray diffraction (XRD) analysis using a Bruker D8 Advance diffractometer (Cu Ka1
radiation, A =1.5405A). GSAS [22] software was used to perform a least squares
refinement of the lattice parameters of all the samples. XRD analysis was performed
post-sintering and post-conductivity measurements in both air and 5% Hy /Ar, with-
out re-oxidation.

The densities of the pellets were determined from the measured mass and
volume prior to conductivity measurements. Theoretical densities were calcu-
lated using experimental lattice parameters and the chemical formula Co,V,0;.
The relative densities were calculated from the actual and theoretical density
values. The average relative densities of the pellets were determined to be
73%.

Thermal analysis was conducted using a Stanton Redcroft STA 1500 Thermal
Analyser on heating from room temperature to 700 °C and on cooling from 700 °C to
room temperature in air, with a heating/cooling rate of 5°Cmin~', and in 5% H,/Ar,
again with a heating/cooling rate of 5° min~', and with a flow rate of 5% Hy/Ar of
20 mLmin~'. The sample was mounted in a platinum crucible with Pt-Rh used as a
reference material.

2.3. Conductivity testing

The pellets (& ~ 13 mm x 2 mm) were coated on opposing sides using platinum
paste and fired at 700 °C for 12 h. The conductivity of the samples was measured in
the range 300-700 °C. Measurements in air were conducted using a psudeo-4-probe
A.C. method using a Solartron Analytical 1287 electrochemical interface coupled
with a Solartron Analytical 1250 frequency response analyser controlled by ZPlot
software over the frequency range 65kHz to 100 mHz. Measurements in dry 5%
Ha/Ar, dried by passing the gas through 98% H,SO4, were conducted using a D.C.
method using a Solartron Analytical 1287 electrochemical interface controlled by
Scribner Associates Inc CorrWare software with a constant current of 0.001 A, after
reduction in the same atmosphere at 600 °C for 275 min.

3. Results and discussion
3.1. Structure

X-ray diffraction analysis, alongside Rietveld refinement (shown
in Fig. 1), indicates that single phase Co,V,07 was successfully syn-
thesised. The refinement used a single phase set-up with Co,V,07
modelled using a P2;/c space group, a=6.594(2)A, b=8.380(1)A,
€=9.470(9)A and B=100.17(3)° [23]. The refinement gave x2, wRp
and R, values of 1.479, 3.47% and 2.68%, respectively, indicating a
good fit to the experimental data and confirmed the formation of
Co,V507. The lattice parameters are similar to those found pre-
viously [14] with the lattice parameters not differing by more
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Fig. 2. TG-DSC analysis of the Co,V,07 sample in air (a) and 5% H;/Ar (b). Ramp
rate 5°C/min, 5% H, /Ar flow rate 20 ml/min.

than 0.01A or 0.5°; a=6.593(8)A, b=8.37(1)A, c=9.48(1)A and
B=100.22(2).

3.2. Thermal analysis

Thermal stability was analysed using thermogravimetric analy-
sis (TGA) and differential scanning calorimetry (DSC) curves. Fig. 2
shows the TGA and DSC curves of Co,V,07 from room temperature
to 700°C in both air and dry 5% H /Ar.

The TGA of Co,V,07 in air exhibits no significant changes in
compound weight. The DSC trace of Co,V,07 in air shows no obvi-
ous phase transitions, as would be expected from previous research
[9,10]. The deviation of the DSC curve observed between 700 °C
and 650°C on the DSC trace is due to the lag of the instrument on
changing from heating to cooling.

In 5% H;/Ar the TGA trace of Co,V,07 shows no change up to
~420°C, at which weight loss begins to occur. A small peak can be
observed on the DSC trace at 575 °C which corresponds to the kink
in the TGA trace, suggesting that this is the result of non-linear
reduction. At 500°C significant weight loss occurs, which corre-
sponds with an increase in heat flow on the DSC trace suggesting
that the weight loss is exothermic. Lag is again noted on the transi-
tion from heating to cooling on the DSC trace. The total weight loss
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Fig. 3. Total conductivity of Co,V,07 in air and dry 5% H;/Ar as a function of tem-
perature plotted in Arrhenius form.

after reduction is 8.77% and is likely to be due to the loss of oxygen
from compound decomposition.

3.3. Conductivity and redox stability

The conductivity of the sample was measured between 300°C
and 700°C in both air and 5% Hj/Ar. Fig. 3 exhibits a single
conduction mechanism over the measured temperature range in
air. The conductivity ranges from 5 x 1078 Scm~! at 300°C and
4 x10~*Scm~! at 700 °C with calculated activation energy for con-
duction of 1.16(3)eV. Typical impedance spectra demonstrating
the shifts in the observable phenomena over the frequency range
are presented in Fig. 4. Both the bulk and grain boundary con-
ductivities are evident in Fig. 4a, identified by the characteristic
capacitance of each electrochemical process [24]. As the tempera-
ture increases these features shift to higher frequencies and thus
the electrodic resistance becomes observable, as shown in Fig. 4b.
This shift prevents accurate separation of the bulk and grain bound-
ary conductivities throughout the measured temperature range,
thus total conductivity, a combination of bulk conductivity and
grain boundary conductivity, is used.

In Co,V,07, cobalt is found in edge sharing octahedra with
a cobalt-cobalt distance of ~3A [8], thus the likely percolation
pathway is through electron hopping between cobalt d-orbitals.
Additionally, the isolated nature of the vanadium tetrahedra and
the structural change of vanadium upon reduction intimates that
conduction between vanadium d-orbitals is unlikely to be the dom-
inant pathway for conduction.

In 5% Hy/Ar the conductivity exhibits a single conduction
mechanism with a calculated activation energy of 0.04(4)eV. The
conductivity shows a significant increase upon reduction, as evi-
denced in Fig. 5. The sample is almost fully reduced after exposure
to 5% Hy/Ar at 700°C for 1h. Conductivity in 5% H,/Ar between
300°C and 700°C ranges from 2.68Scm~! to 2.45Scm™!. The sig-
nificant change in conductivity, in conjunction with the weight
change upon reduction from the thermogravimetry data, implies
that the compound degrades upon reduction.

The X-ray diffraction data of the reduced sample, Fig. 6, displays
no evidence of Co,V,07, which, in conjunction with the TGA/DSC
data, leads to the conclusion that Co,V,07 is not redox stable.
The compound appears to decompose into Co,VO4 (JCPDS num-
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Fig.4. Complex impedance plots and equivalent circuit diagrams for Co,V, 07 in air
at 400°C (a) and 550°C (b).
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Fig. 6. X-ray diffraction pattern of Co,V,07 post sintering (PS) and after reducing
in 5% Hy/Ar at 700°C for 12 h.

ber 01-073-1633) and VO (JCPDS number 03-065-2896) through
the degradation pathway below:

600°C, 5%H;, /Ar
C02V207—2/>

Co,VO4 + VO + 2H,0 (1)

Thermogravimetric analysis, Fig. 2, revealed a weight loss of
8.77% upon reduction of the compound. This correlates well with
the theoretical weight loss from the decomposition route given in
Eq. (1), 9.64%. The difference between the values is likely due to
incomplete reduction of the compound during thermogravimetric
analysis.

Co,VOy is cubic, space group Fd3m, with vanadium and cobalt
randomly distributed in 12-coordinate sites and edge-sharing MOg
octahedra [25]. From geometric considerations, this compound is
likely to have conduction through the mixed transition metal octa-
hedra. Cobalt in this compound is found as Co2*, which has the
electronic structure 3d’, tpg° 42, Due to electron-electron repul-
sion, conduction through cobalt octahedra is likely to have higher
activation energy for conduction that through vanadium, found as
V4*, with the electronic configuration 3d’, tag! e,°.

Previous research indicates that the activation energy observed
for this compound, 0.04eV, correlates well to that found by
Rogers et al. in 1963 for CoV,04, 0.07 eV, while a much higher
activation energy was observed for Co,VOy4, 0.37eV [26]. Both
Co,VO,4 and CoV,04 form with the spinel structure, although
with differing distributions of cobalt and vanadium cations and,
therefore, have similar X-ray diffraction patterns. No information
is available on the thermal properties of either of these com-
pounds, however as the DSC curve does not demonstrate any
significant peaks on cooling, no differentiation between these com-
pounds would have been available using this data. The activation
energy would suggest that the decomposition route in Eq. (2) is
more credible, despite the evidence to the contrary from XRD
analysis.

600°C, 5%H, /Ar
—_—

Co,y V504 CoV,04 + CoO + 2H,0 (2)

It is also possible that non-stoichiometric phases were formed
during decomposition, which would proceed through the route

suggested in Eq. (3).

600°C, 5%H, /Ar
e T

Coy V5,07 COz,xV1+XO4 + xCo0 + (1 — X)VO + 2H,0 (3)

Considering that vanadium monoxide was formed upon reduc-
tion, the decomposition route proposed in Eq. (2) is less probable
than that proposed in Eq. (3). Taking into account the impurity of
the sample, the magnitude of the conductivity for a pure, dense
sample of CoV,04 should be significantly higher than the observed
conductivity. Despite the possible increased conductivity, research
into alternative transition metal spinels found significant redox
instability [27]. Due to the high probability of redox instability,
this compound is unlikely to be a suitable candidate for an anode
material for solid oxide fuel cells.

4. Conclusions

Cobalt pyrovanadate was successfully synthesised using a solid
state synthesis techniques. Impedance measurements between
300°C and 700°C in air determined that Co,V,05 is an intrinsic
semiconductor with a band gap of 1.16(3)eV. The conductivity of
the sample in 5% H,/Ar also exhibits semiconductor behaviour,
albeit with a much smaller activation of 0.04(4)eV. The conduc-
tivity in air reached a maximum of 4 x 10~4Scm~! at 700°C. In 5%
H,/Ar, albeit with a much smaller activation energy of 0.04(4)eV,
the conductivity ranged from 2.45Scm~! to 2.68 Scm~!, which is
approaching the magnitude required for SOFC anode materials.

Thermogravimetric analysis found a significant weight loss
upon reduction of the compound and X-ray diffraction analysis
indicated compound degradation into Co,_yV1+x04, CoO and VO.
The redox instability and the low conductivity lead us to the con-
clusion that cobalt pyrovanadate is unsuitable for utilisation as an
anode material for SOFCs although the conductivity is reasonable in
areducing atmosphere. Conductivity measurements on a pure sam-
ple of CoV,04 should result in significant increases in the observed
magnitude of the conductivity.
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