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Geometry Factors on the Oxygen Reduction Reaction

Mengran Li°, Wei Zhou®*, Vanessa K. Peterson,” Mingwen Zhao® and Zhonghua Zhu®*

The oxygen reduction reaction (ORR) activity of cathodes has to be improved to realize the low-temperature operation of

solid-oxide fuel cells (SOFCs). Whilst geometric factors are conventionally accepted to influence the ORR activity of

perovskite cathodes, other factors may also contribute and therefore need to be explored. Here, we substituted 20%

niobium and tantalum which have similar ionic radii into strontium cobaltites to obtain the two perovskite oxides
SrCoggNbg 2035 (SCN20) and SrCoggTag203.5 (SCT20), respectively. Our study of the isostructural SCN20 and SCT20 allows
geometric effects to be separated from other factors, and we observe better cathode performance of SCT20 cathode,

which may be related to the lower electronegativity of Ta”, thus resulting in higher oxygen surface exchange kinetics and

diffusivity as compared with Nb>*.

1. Introduction

Solid-oxide fuel cells (SOFCs) are energy devices that convert
various fuels into electricity with high efficiencies. Lowering
the operating temperature of SOFCs is of importance and
interestl, because this facilitates the use of low-cost
materials, start-up/shutdown
procedures, and improves the long-term durability of the
system.2 However, the polarization losses of the SOFC
electrodes, especially those arising from the slow kinetics of
the oxygen reduction reaction (ORR) at the cathodes still
remain as the major challenge for low temperature sorc.>®

It is widely accepted that the ORR occurs when oxygen is
absorbed and diffuses towards the triple phase boundary
(TPB), where the cathode (electronic conductor), electrolyte
(ionic conductor), and gaseous phase meet, followed by charge
gain and diffusion into the electrolyte.ﬁ'8 Therefore, the oxygen
surface-exchange coefficient (k) and oxygen bulk-diffusion
coefficient (D) are regarded as key parameters affecting the
ORR, with larger values promoting a faster ORR. The
parameters k and D are enhanced by high mixed ionic and
electronic conductivities (MIECs).9 The mixed conductivities of
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a cathode will extend the active sites throughout the cathode
surface, therefore enhancing the ORR.

Efforts have been devoted to develop cathode materials for
low-temperature solid-oxide fuel cells (LT—SOFCs)m"ls, and
perovskite oxides with high MIECs are regarded as one of the
most promising candidates for catalyzing the ORR at low
temperature.19 It is well known that perovskite structures are
stable to extensive compositional modification, with such
strategy useful in tuning properties for target application.20
Amongst the MIEC materials, perovskite-structure strontium
cobaltites show high mixed conductivitie521, and are therefore
of great interest for application as LT-SOFC cathodes.
However, the perovskite phase of strontium cobaltite is
unstable at the operating temperature of SOFCs. 2 Strategic
doping with high valence-state cations such as P>*, Nb>* and
Sb>*, were found to be of benefit, i.e. stabilizing the perovskite
structure at high temperature.ZS'28

Furthermore, researchers also explored the strategic design of
next-generation LT-SOFC cathodes by examining approaches
such as the use of the octahedral factor®® or the Goldschmidt
* in an effort to predict perovskite
%32 ror

tolerance factor™
structures with favourable electrochemical activities
example, cathode performance is enhanced by disordered
oxygen vacancies, increasing structural symmetry, critical
radius®® and lattice free volumesgz, as well as lowering metal-
oxygen bonding energies.9 However, such factors may co-exist,
and are usually affected by the crystal structural geometry.
The determination of their independent contribution to
cathode performance remains a challenge. To this end,
geometric factors should be constrained in a study of other
factors. It is well known that Nb>* and Ta®" share the same
jonic radii (0.64 A for both)34' 35 and fixed high valence-states
(5+) at high temperature in an oxidizing environment, but they
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are different in electronegativity. The Pauling electronegativity
of Nb>* (1.87) is larger than that of Ta>* (1.8*% ¥
Electronegativity is the tendency of an atom or group to
attract electrons,38 and is therefore expected to influence the
electrochemical performance of SOFC cathodes.

Herein, we compared the properties of SrCoggNbg,0;55
(SCN20) and SrCogpgTag,03.5 (SCT20) including their crystal
structures, conductivities, k and D values, as well as their ORR
activities. The similar ionic radii of Nb and Ta are expected to
promote similar geometry factors, enabling the contributions
from non-geometry factors such as electronegativity on the
ORR to be separated from that arising from geometrical
factors.

2. Experimental

Phase-pure SCN20 and SCT20 powders were synthesized
through solid-state methods. Stoichiometric mixtures of
SrCo0; (= 99.9%, Aldrich), Co304((> 99.9%, < 10um, Aldrich),
and Nb,Os (= 99.9%, Aldrich) or Ta,05 (= 99.9%, Aldrich) were
ball-milled for 24 h, followed by pelletizing and sintering at
1200 °C for 20 h in stagnant air.

Thermogravimetric analysis (TGA) was performed to estimate
the oxygen content of SCN20 and SCT20 at different
temperatures by annealing powder samples from room
temperature to 850 °C at 1 °C/min. The samples were pre-
treated by pelletizing at the same pressure to ensure similar
grain size and baking at 200 °C for 2 h to remove absorbed
moisture. Weight changes of SCN20 and SCT20 were recorded
when the flowing gas was changed from pure N, to air, and the
samples were first heated at 460 °C (furnace temperature 500
°C) until the weight reach equilibrium in flowing pure N,. The
initial oxygen contents of samples were obtained from the
Rietveld refinement results of NPD patterns, and double
checked by the titration method as described in our previous
work.”® The oxidation state (Z) changes of Co were then

estimated according to the change in oxygen non-
stoichiometry (8):

Z_3—26

T 08

Symmetrical cells for impedance studies were fabricated by
nitrogen-borne spraying the cathode powders, which were
suspended in isopropyl alcohol, onto both sides of a
Smg,Ceq 3019 (SDC) electrolyte disk, and then calcining at 1000
°C in stagnant air for 2 h. Silver mesh was used as current
collectors of the symmetrical cells, which were attached to
both sides of the cell using silver paste. The samples for
electrical conductivity and electrical conductivity relaxation
(ECR) tests were dense bars with dimension 0.65 cm x 0.2 cm x
0.1 cm. The cathode powder was ball milled at 400 rpm for 3
h, pelletized at 400 MPa, and then sintered at 1200 °C for 10 h.
Both SCN20 and SCT20 have densities > 95% relative to their
theoretical densities as confirmed by Archimedes method. The

2| J. Name., 2012, 00, 1-3

bars were well polished and attached with silver leads as
electrodes using silver paste.

The anode-supported single cells were fabricated by co-
pressing the anode and SDC electrolyte into pellets, and
sintering at 1350 °C for 3 h. The anode material was prepared
by ball milling commercial NiO, SDC, and Dextrin pore former
in a weight ratio of 6:4:1, respectively, for 24 h in ethanol. The
cathode material was sprayed onto the SDC electrolyte,
followed by calcination at 1000 °C for 2 h.

The ORR performance of the target cathode materials was
evaluated using electrochemical impedance spectroscopy (EIS)
in a symmetrical-cell configuration. The mechanism of the ORR
was analysed by using LEVM software. A four-probe dc
method was used for electrical conductivity measurements.
The surface-exchange coefficient (k) and oxygen bulk-chemical
diffusivity (D) of the cathode materials were obtained using
ECR performed by recording the changes of the electrical
conductivity with time after a step change in the ambient
atmosphere with O, from 0.21 to 0.0998 atm. The change of
the electrical conductivities against time were fitted using
ECRTOOL* to obtain k and D. A PGSTAT302 Autolab
workstation was used for the electrochemical measurements
including EIS, electrical conductivity, and ECR.

The crystal structures of the cathode materials were studied
using X-ray powder diffraction (XRD) and neutron powder
diffraction (NPD). X-ray photoelectron spectroscopy (XPS) was
used to examine the binding energy of Co ions in the sample at
room temperature. High resolution NPD data were collected
using ECHIDNA at the ANSTO with a neutron wavelength of
1.6219(2) A, determined using the La“BG NIST standard
reference material 660b. NPD data were collected from
samples in a 6 mm vanadium can for 6 h over the angular
range (26) 4 to 164°. GSAS-I"t was employed to perform
Rietveld analysis of the NPD data using a Pm3m cubic
perovskite starting structure.*? Scanning electron microscopy
(SEM, Philips XL30) was also used to characterize the cathode
microstructure.

The first-principles calculation were conducted with the
Vienna ab inito simulation package (VASP)43’ a4 using density-
functional theory (DFT). lon-electron interactions were treated
using  projector-augmented-wave potentials45 and a
generalized gradient approximation (GGA) in the form of
Perdew-Burke-Ernzerhof was adopted to describe electron-
electron interactions.”® The GGA+U calculations were
performed with the simplified spherically-averaged approach,
where the Ugs (Ues=U - J) is applied to d electrons. Electron
wave functions were expanded using plane waves with an
energy cut off of 520 eV. The Kohn-Sham equation was solved
self-consistently with a convergence of 10°. The stoichiometry
of the simulated systems was set to SrCogysNbg,s03,
SrCog.75Tap. 2503 due to computational limits.

3. Results and Discussions

This journal is © The Royal Society of Chemistry 20xx
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Figure 1(a) Rietveld refinement plot of SCN20 (top) and SCT20 (bottom) powders at room temperature using NPD. Data are shown as black dots, the calculation as a
red line, and the difference between the two as a green line. For SCN20 the weighted profile R-factor (Ryp) = 4.53%, the integrated intensity R-factor (R&) = 3.46%,
and goodness of fit (x2)= 2.48. For SCT20 Ry, = 5.29%, R = 4.13%, and X2 = 3.42. (b) X-ray diffraction patterns of SCN20 and SCT20 at room temperature. (c) X-ray

photoelectron spectroscopy profile of Nb and Ta cation in SCN20 and SCT20 respectively at room temperature.

Table 1 Crystallographic details of SCN20 and SCT20 obtained from Rietveld refinement using NPD data at room temperature.

Pm3m space group

S I At Sit (o]
amples Lattice parameter (A) om e x v z ceupancy
Sr 1b 0.5 0.5 0.5 1.000
Co la 0 0 0 0.79(1)
SCN20 3.8971(1
@ Nb 1a 0 0 0 0.215(9)
0 3d 0.5 0 0 0.966(6)
Sr 1b 0.5 0.5 0.5 1.000
C 1 0 0 0 0.79(1
SCT20 3.8978(2) ° a (1)
Ta la 0 0 0 0.21(1)
0 3d 0.5 0 0 0.947(5)

The NPD results reveal that SCN20 and SCT20 both exhibit
cubic perovskite structures in Pm3m space-group symmetry at
room temperature, with similar lattice parameters of a
3.8971(1) A for SCN20 and a = 3.8978(2) A for SCT20 (Figure
1(a) and Table 1). Broad, small reflections were noted in the
NPD data that were unindexed in Pm3m and these were

This journal is © The Royal Society of Chemistry 20xx

excluded from the structure refinement. XPS results in Figure
1(c) shows that the binding energy (B.E.) of Nb 3d5/2 (206.69
eV) can be assigned to Nb>* [ref. 47], and B.E. of Ta 4f7/2 (25.64
eV) to Ta>" [ref. 48], indicating the same 5+ charge on both Nb
and Ta cations in SCN20 and SCT20 respectively. The
isostructural nature of the SCN20 and SCT20 is expected, given
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the similar ionic radii of Nb>* and Tas+, which ensured similar-
sized unit-cells. NPD results indicate a refined oxygen-
stoichiometry (3-6) of SCN20 of 2.898 (18), which is higher
than that obtained for SCT20 of 2.843(15). The average valence
state of cobalt in both samples can be obtained according to
the charge balance: the average oxidation-state of cobalt
cations in SCN20 is +3.44(6), which is larger overall but the
same within 1 estimated standard deviation of the +3.33(6) for
SCT20. Considering the similar lattice geometries and doping
level of SCT20 and SCN20, the different cobalt oxidation-state
may be explained by the different electronegativity of the
dopants. A dopant with higher electronegativity will draw
electron density from neighbouring cobalt, resulting in
increased positive charge on the cobalt. Given the higher
electronegativity of Nb>* than Ta®*, it is understandable that
the average cobalt oxidation-state is slightly higher in SCN20 in
comparison to SCT20.

Further, we studied the atomic-orbital-resolved electron
density of states (PDOS) projected onto the Co close to Nb or
Ta through first-principles calculations. From the PDOS results
(Figure S1), Co-PDOS peak broadening is noticeable in SCT20
relative to SCN20, suggesting a weaker localisation of Co d
states or less ionic character of Co in SCT20 than that in
SCN20.% 20 Therefore, the Co surrounding Ta presents slightly
lower charge, which leads to a higher level of oxygen vacancy
as compared with Nb. Similar Co-PDOS peak broadening also
occurs in BagsSrysCoggFeg,055 With relatively more oxygen
vacancie551, further confirming that the higher oxygen vacancy
level in SCT20 is related to the relatively lower charge of
neighbouring Co because of Ta’s lower electronegativity.

(a)woz T r . . .

Weight (%)

T
200 300 400

(b) **Teer0

-

310

-
ISCN20
3354
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3254
T T T T
936
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944 946 948 950

938 940 942
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Figure 2(a) Weight change (obtained from TGA) and oxygen vacancy content (8)
of SCN20 and SCT20 powders with temperature using a ramp rate of 1 °C/min
and 2 h hold at 200 °C. (b) Change in the estimated oxidation-state of Co with
time on exposure to pure N, then air, at 462 °C. Approximately 4.9 min is taken
for the oxidation state of Co to reach equilibrium in SCT20 and 7.5 min in SCN20.
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TGA was conducted to study the oxygen vacancy content (8) in
SCN20 and SCT20 at different temperatures in flowing air,
based on the room-temperature oxygen vacancy content
derived from the NPD results. The initial oxygen vacancy
contents (&), calculated from the Rietveld refinement results of
NPD in Table 1, are around 0.102 in SCN20 and 0.157 in SCT20.
While the & values from titration method also confirms a lower
oxygen vacancy level of SCN20 (0.14) than SCT20 (0.17).
Figure 2(a) shows that both samples keep decreasing in mass
with increasing temperature. These weight losses mainly stem
from oxygen release, so the oxygen vacancy contents in both
samples increase with temperature. More vacancies are
observed in SCT20 than SCN20 at the same temperature. In
addition, SCN20 decreases its weight slightly faster at
temperature over ca. 780°C, implying that it is a little easier for
SCN20 to form oxygen vacancies at high temperature.

Because Nb>* and Ta®* have fixed oxidation states, the intake
or release of oxygen strongly relies on the change of the Co
oxidation state. The Co oxidation states are therefore
monitored to estimate how quickly the cobalt responds to the
change of oxygen pressure. Both SCN20 and SCT20 powders
were prepared for TGA by pressing and crushing in a
procedure ensuring similar grain sizes (Figure S2) and BET
surface area (1.038m2/g for SCT20 and 1.186m2/g for SCN20).
It is observed from Figure 2(b) that Co takes a shorter time
(~4.9 min) in SCT20 to reach equilibrium than in SCN20 (~7.5
min). The quicker response of Co in SCT20 implies a faster
oxygen surface-exchange process compared with SCN20.
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Figure 3 SCN20 and SCT20 (a) oxygen surface-exchange coefficient (k) and (b)
oxygen diffusivity (D) as a function of temperature obtained from ECR.

The oxygen surface-exchange coefficient (k) and the bulk-
chemical diffusivity (D) are key factors affecting the catalytic

This journal is © The Royal Society of Chemistry 20xx
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activity of a cathode to reduce oxygen. Electrical conductivity
relaxation (ECR) was performed to study these two parameters
as a function of temperature. Figure 3 compares k and D of
SCN20 and SCT20. We note that oxygen diffuses slightly faster
in bulk SCT20 than in SCN20. Further, SCT20 exhibits a higher
activity in terms of the surface exchange of oxygen and has a
lower activation energy than SCN20, resulting in a higher level
surface-exchange coefficient at lower temperature. The faster
oxygen intake of SCT20 than SCN20 at low temperature (462
°C) as discussed in Figure 2(b) is consistent with this
observation.

Given the similar geometries and electrical conductivities of
SCN20 and SCT20 (Figure S3), it is likely that the higher oxygen
surface-exchange rate for SCT20 mainly result from the lower
electronegativity of the tantalum, leading to increased oxygen
vacancies.

To the best of our knowledge, studies on the effects of
electronegativity on the ORR at room temperature have been
very limited. Enhanced oxygen chemisorption onto ORR
catalysts was achieved by Yang et al.”? by doping boron with
low electronegativity, into carbon nanotubes. The increased
positive charge on boron was thought to play a significant role
in the capture of oxygen. According to the electronegativity
theory of Sanderson53, the effective electronegativity of atoms
is equal to the geometric mean of the initial atom
electronegativity due to electron distribution. Therefore, the
global electronegativity of SCN20 will be slightly higher than
that of SCT20. Low electronegativity leads to a decrease in
work function, which significantly affects charge exchange and
represents a barrier for adding or removing electrons in a
solid.>® Therefore, the process of charge exchange with oxygen
during the oxygen surface-exchange reaction is probably
improved as a result of the relatively-lower level work function
in SCT20. Of more significance to the ORR is the higher level of
oxygen vacancies that arises from the lower-electronegativity
of tantalum. To the best of our knowledge, electronegativity
has never been considered to be a factor that may influence
the concentrations of oxygen vacancies in perovskite oxides.
Figure S6 further shows that SCT20 has a higher ionic
conductivity than SCN20, with such difference increasing at
lower temperature. The higher ionic conductivity of SCT20
arises from the higher oxygen vacancy content, which may be
attributed to the lower electronegativity.

This journal is © The Royal Society of Chemistry 20xx
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Figure 4 Average area-specific resistance (ASR) of SCN20 and SCT20 within a
cathode | SDC |cathode symmetrical cell in flowing air.

The ORR electrochemical activities of SCN20 and SCT20 were
investigated using EIS in symmetrical cells with SDC electrolyte.
The area-specific resistance (ASR), derived from the
impedance spectra, is the key variable characterizing the
cathode performance, and a low ASR results in a high ORR
activity. Figure 4(a) presents the ASR of SCN20 and SCT20 as a
function of temperature between 500 and 700 °C. The ASR of
SCT20 is lower than SCN20, being 0.092-0.097 Q-cm” and 0.21-
0.24 Q-cm?® at 550 °C, respectively. The lower ASR of SCT20
implies that the SCT20 cathode is more favourable for
catalyzing the ORR. Additionally, SCT20 cathodes also exhibit a
lower activation energy (104 kJ/mol) for the ORR than SCN20
(118 kJ/mol).

Figure 5 Scanning electron microscope (SEM) images of topography and cross
sections of SCN20 and SCT20 cathodes in a configuration of symmetrical cell.

Given the similar microstructures as indicated by SEM (Figure
5) and good compatibility with electrolyte (Figure S4) of the
two cathodes, the better ORR performance of SCT20 is likely
attributable to the higher oxygen surface-exchange coefficient
and faster bulk-oxygen diffusion. It is likely that the low
electronegativity plays an important role in improving the ORR
activity in the case of SCT20 and SCN20.

J. Name., 2013, 00,1-3 | 5
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Impedance spectra of SCN20 and SCT20 were fitted to an
equivalent circuit involving two processes: charge transfer and
non-charge transfer (Figure S7-S11). The resistance of SCT20
corresponding to these processes are both lower than those of
SCN20 (Table S1). The lower ASR of both processes in SCT20
compared with SCN20 indicates that low global
electronegativity can significantly improves both charge
transfer and non-charge transfer processes in the ORR. The
observed improvement can be reconciled with the relatively-
lower work functions of SCT20 as a result of lower global
electronegativity.
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Figure 6 The power densities of anode-supported single cell with SCN20 and
SCT20 as cathode respectively.

Accordingly, single-cell performance tests (Figure 6) show a
peak power density of ~1.22 W/cm2 for SCT20 at 600 °C,
higher than that of ~0.95 W/cm2 for SCN20. The better
performance is a result of the higher ORR activity of SCT20
when compared with SCN20 as cathodes of the single cells.

Conclusions

The effects of non-geometry factors on the ORR activity of
cathodes for SOFCs was investigated by comparing the SCN20
and SCT20 materials, where the two different dopants (Nb5+
Ta5+) radii  but different
electronegativity. Given the similar lattice geometries of the

and share similar ionic

two materials, the lower electronegativity of Ta™t in

6 | J. Name., 2012, 00, 1-3
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comparison to Nb>* is revealed to induce a slightly lower
valence of cobalt, resulting in a higher concentration of oxygen
vacancies. Lower global electronegativity is also suggested to
reduce the work function of the sample, enhancing the charge-
transfer processes during the oxygen surface-exchange
process. As a result, SCT20 was found to have a better ORR
performance than SCN20 at lower temperature as SOFC
cathode. Our findings indicate that electronegativity is another
factor besides geometry affecting the ORR activity of the
perovskite materials, and provide new effective strategies to
design novel high-performance MIEC materials.
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In this work, the crystal geometry factor was constrained for the first time by substituting same con-
tent of cations Nb>* and Ta>*, which share very similar ionic radii, into SrCoOs_s (SC) oxide respectively,
in order to study the non-geometry factors that may affect the oxygen reduction reaction at the oper-
ating temperature of solid oxide fuel cells. We observed more oxygen vacancy content and better ORR
activity for SC doped with Ta>" as compared to SC with Nb>*, which plausibly arises from the benign
effects of the lower electronegativity of Ta>" than Nb>* on the Co ions in the lattice.



