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a b s t r a c t

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 Co2V2O7 is an intrinsic semiconductor with activation energy
of 1.16(3) eV. The conductivity in air reached a maximum of 4 × 10−4 S cm−1 at 700 ◦C. Semiconducting
behaviour was also observed in 5% H /Ar, albeit with a much smaller activation energy of 0.04(4) eV.
vailable online 31 December 2010
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Between 300 ◦C and 700 ◦C the conductivity ranged from 2.45 S cm−1 to 2.68 S cm−1, 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 Co2−xV1+xO4, CoO and VO. The redox instability and the
low conductivity lead us to the conclusion that cobalt pyrovanadate is unsuitable for utilisation as an

altho
olid oxide fuel cell anode material for SOFCs

. Introduction

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

Vanadium based compound have come under consideration

s SOFC materials for both electrolyte and electrode application,
s bismuth transition metal vanadates and rare earth vanadates
espectively [10–12]. In general, vanadium containing compounds
re of interest as anode materials due to their high catalytic activity
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ugh the conductivity is reasonable in a reducing atmosphere.
© 2010 Elsevier B.V. All rights reserved.

[13] and the possibility of metallic-type conduction upon reduction
[11,14].

Co2V2O7 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 (K2Cr2O7), space group P21/c, which
consists of edge sharing CoO6 octahedra and isolated pairs of VO4
tetrahedra with a V-O-V angle of 117.5◦ [16]. According to the lit-
erature, Co2V2O7 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 Co2V2O7 in both oxidising and reducing
atmospheres. These properties can partially be used to determine
the suitability of reduced Co2V2O7 as an anode material for solid
oxide fuel cells.

2. Experimental
2.1. Synthesis

Co2V2O7 was synthesised by a conventional solid state method, according
to previous work by Touaiher et al. [8]. Powders of CoCO3 (99% metals basis,
Alfa Aesar) and V2O5 (99.6+% metals basis, Sigma–Aldrich) were ground and
fired sequentially at 150 ◦C, 300 ◦C and 450 ◦C for 24 h, 600 ◦C for 1 week and

dx.doi.org/10.1016/j.jallcom.2010.12.166
http://www.sciencedirect.com/science/journal/09258388
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mailto:shanwen.tao@strath.ac.uk
dx.doi.org/10.1016/j.jallcom.2010.12.166


4118 P.I. Cowin et al. / Journal of Alloys and Compounds 509 (2011) 4117–4121

7
(
f

2

r
r
r
p
o

v
l
T
v
7

A
r
a
2
r

2

p
t
A
w
s
H
m
S
r

3

3

i
t
m
c
a
g
C
v

Fig. 1. Rietveld refinement of Co2V2O7 using GSAS.

00 ◦C for 24 h with an intermediate grinding step in between each firing. Pellets
∅≈ 13 mm × 2 mm) were uniaxially pressed at 221 MPa and sintered in air at 700 ◦C
or 12 h.

.2. Analytical procedures

Phase purity and crystal parameters of the samples were examined by X-
ay diffraction (XRD) analysis using a Bruker D8 Advance diffractometer (Cu K�1
adiation, � = 1.5405 Å). GSAS [22] software was used to perform a least squares
efinement of the lattice parameters of all the samples. XRD analysis was performed
ost-sintering and post-conductivity measurements in both air and 5% H2/Ar, with-
ut re-oxidation.

The densities of the pellets were determined from the measured mass and
olume prior to conductivity measurements. Theoretical densities were calcu-
ated using experimental lattice parameters and the chemical formula Co2V2O7.
he relative densities were calculated from the actual and theoretical density
alues. The average relative densities of the pellets were determined to be
3%.

Thermal analysis was conducted using a Stanton Redcroft STA 1500 Thermal
nalyser on heating from room temperature to 700 ◦C and on cooling from 700 ◦C to
oom temperature in air, with a heating/cooling rate of 5 ◦C min−1, and in 5% H2/Ar,
gain with a heating/cooling rate of 5 ◦ min−1, and with a flow rate of 5% H2/Ar of
0 mL min−1. The sample was mounted in a platinum crucible with Pt-Rh used as a
eference material.

.3. Conductivity testing

The pellets (∅≈ 13 mm × 2 mm) were coated on opposing sides using platinum
aste and fired at 700 ◦C for 12 h. The conductivity of the samples was measured in
he range 300–700 ◦C. Measurements in air were conducted using a psudeo-4-probe
.C. method using a Solartron Analytical 1287 electrochemical interface coupled
ith a Solartron Analytical 1250 frequency response analyser controlled by ZPlot

oftware over the frequency range 65 kHz to 100 mHz. Measurements in dry 5%
2/Ar, dried by passing the gas through 98% H2SO4, were conducted using a D.C.
ethod using a Solartron Analytical 1287 electrochemical interface controlled by

cribner Associates Inc CorrWare software with a constant current of 0.001 A, after
eduction in the same atmosphere at 600 ◦C for 275 min.

. Results and discussion

.1. Structure

X-ray diffraction analysis, alongside Rietveld refinement (shown
n Fig. 1), indicates that single phase Co2V2O7 was successfully syn-
hesised. The refinement used a single phase set-up with Co2V2O7

odelled using a P21/c space group, a = 6.594(2) Å, b = 8.380(1) Å,
◦ 2
= 9.470(9) Å and ˇ = 100.17(3) [23]. The refinement gave � , wRp

nd Rp values of 1.479, 3.47% and 2.68%, respectively, indicating a
ood fit to the experimental data and confirmed the formation of
o2V2O7. The lattice parameters are similar to those found pre-
iously [14] with the lattice parameters not differing by more
Fig. 2. TG–DSC analysis of the Co2V2O7 sample in air (a) and 5% H2/Ar (b). Ramp
rate 5 ◦C/min, 5% H2/Ar flow rate 20 ml/min.

than 0.01 Å or 0.5◦; a = 6.593(8) Å, b = 8.37(1) Å, c = 9.48(1) Å and
ˇ = 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 Co2V2O7 from room temperature
to 700 ◦C in both air and dry 5% H2/Ar.

The TGA of Co2V2O7 in air exhibits no significant changes in
compound weight. The DSC trace of Co2V2O7 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% H2/Ar the TGA trace of Co2V2O7 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



P.I. Cowin et al. / Journal of Alloys and Compounds 509 (2011) 4117–4121 4119

F
p

a
f

3

a
c
a
4
d
t
a
d
c
t
t
T
a
t
g

a
p
A
t
c
i

m
c
d
t
3
n
c
t

n
d
T

Fig. 4. Complex impedance plots and equivalent circuit diagrams for Co2V2O7 in air
at 400 ◦C (a) and 550 ◦C (b).
ig. 3. Total conductivity of Co2V2O7 in air and dry 5% H2/Ar as a function of tem-
erature plotted in Arrhenius form.

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

.3. Conductivity and redox stability

The conductivity of the sample was measured between 300 ◦C
nd 700 ◦C in both air and 5% H2/Ar. Fig. 3 exhibits a single
onduction mechanism over the measured temperature range in
ir. The conductivity ranges from 5 × 10−8 S cm−1 at 300 ◦C and
× 10−4 S cm−1 at 700 ◦C with calculated activation energy for con-
uction of 1.16(3) eV. Typical impedance spectra demonstrating
he shifts in the observable phenomena over the frequency range
re presented in Fig. 4. Both the bulk and grain boundary con-
uctivities are evident in Fig. 4a, identified by the characteristic
apacitance of each electrochemical process [24]. As the tempera-
ure increases these features shift to higher frequencies and thus
he electrodic resistance becomes observable, as shown in Fig. 4b.
his shift prevents accurate separation of the bulk and grain bound-
ry conductivities throughout the measured temperature range,
hus total conductivity, a combination of bulk conductivity and
rain boundary conductivity, is used.

In Co2V2O7, cobalt is found in edge sharing octahedra with
cobalt-cobalt distance of ∼3 Å [8], thus the likely percolation

athway is through electron hopping between cobalt d-orbitals.
dditionally, the isolated nature of the vanadium tetrahedra and

he structural change of vanadium upon reduction intimates that
onduction between vanadium d-orbitals is unlikely to be the dom-
nant pathway for conduction.

In 5% H2/Ar the conductivity exhibits a single conduction
echanism with a calculated activation energy of 0.04(4) eV. The

onductivity shows a significant increase upon reduction, as evi-
enced in Fig. 5. The sample is almost fully reduced after exposure
o 5% H2/Ar at 700 ◦C for 1 h. Conductivity in 5% H2/Ar between
00 ◦C and 700 ◦C ranges from 2.68 S cm−1 to 2.45 S cm−1. The sig-
ificant change in conductivity, in conjunction with the weight
hange upon reduction from the thermogravimetry data, implies

hat the compound degrades upon reduction.

The X-ray diffraction data of the reduced sample, Fig. 6, displays
o evidence of Co2V2O7, which, in conjunction with the TGA/DSC
ata, leads to the conclusion that Co2V2O7 is not redox stable.
he compound appears to decompose into Co2VO4 (JCPDS num-

Fig. 5. Stabilisation of the conductivity of Co2V2O7 in dry 5% H2/Ar at 600 ◦C using
both AC and DC techniques.



4120 P.I. Cowin et al. / Journal of Alloys and C

F
i

b
t

C

8
t
E
i
a

r
o
l
h
e
s
a
V

f
R
a
C
w
t
i
p
s
p
e
m
a

C

d

[

[
[

[
[

[

[16] M. Touaiher, K. Rissouli, K. Benkhouja, M. Taibi, J. Aride, A. Boukhari, B. Heulin,
ig. 6. X-ray diffraction pattern of Co2V2O7 post sintering (PS) and after reducing
n 5% H2/Ar at 700 ◦C for 12 h.

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

o2V2O7
600 ◦C, 5%H2/Ar−−−−−−−−−→Co2VO4 + VO + 2H2O (1)

Thermogravimetric analysis, Fig. 2, revealed a weight loss of
.77% upon reduction of the compound. This correlates well with
he theoretical weight loss from the decomposition route given in
q. (1), 9.64%. The difference between the values is likely due to
ncomplete reduction of the compound during thermogravimetric
nalysis.

Co2VO4 is cubic, space group Fd3̄m, with vanadium and cobalt
andomly distributed in 12-coordinate sites and edge-sharing MO6
ctahedra [25]. From geometric considerations, this compound is
ikely to have conduction through the mixed transition metal octa-
edra. Cobalt in this compound is found as Co2+, which has the
lectronic structure 3d7, t2g

5 eg
2, Due to electron-electron repul-

ion, conduction through cobalt octahedra is likely to have higher
ctivation energy for conduction that through vanadium, found as
4+, with the electronic configuration 3d1, t2g

1 eg
0.

Previous research indicates that the activation energy observed
or this compound, 0.04 eV, correlates well to that found by
ogers et al. in 1963 for CoV2O4, 0.07 eV, while a much higher
ctivation energy was observed for Co2VO4, 0.37 eV [26]. Both
o2VO4 and CoV2O4 form with the spinel structure, although
ith differing distributions of cobalt and vanadium cations and,

herefore, have similar X-ray diffraction patterns. No information
s available on the thermal properties of either of these com-
ounds, however as the DSC curve does not demonstrate any
ignificant peaks on cooling, no differentiation between these com-
ounds would have been available using this data. The activation
nergy would suggest that the decomposition route in Eq. (2) is
ore credible, despite the evidence to the contrary from XRD

nalysis.

600 ◦C, 5%H /Ar

o2V2O7

2−−−−−−−−−→CoV2O4 + CoO + 2H2O (2)

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

[
[
[

ompounds 509 (2011) 4117–4121

suggested in Eq. (3).

Co2V2O7
600 ◦C, 5%H2/Ar−−−−−−−−−→Co2−xV1+xO4 + xCoO + (1 − x)VO + 2H2O (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 CoV2O4 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 Co2V2O7 is an intrinsic
semiconductor with a band gap of 1.16(3) eV. The conductivity of
the sample in 5% H2/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 × 10−4 S cm−1 at 700 ◦C. In 5%
H2/Ar, albeit with a much smaller activation energy of 0.04(4) eV,
the conductivity ranged from 2.45 S cm−1 to 2.68 S cm−1, 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 Co2−xV1+xO4, 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
a reducing atmosphere. Conductivity measurements on a pure sam-
ple of CoV2O4 should result in significant increases in the observed
magnitude of the conductivity.
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