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This work reports conductivity relaxation measurements on both uncoated (1.2 mm thick) and coated (2.0 mm
thick) LasNigsCugs04,5 membranes in the temperature range between 550 and 850 °C and oxygen partial
pressures from 0.01 to 1.0 atm. The results show that surface kinetics has a significant effect on the relaxation
profiles, especially at low temperatures and should not be neglected when extracting transport parameters.
Oxygen chemical diffusion and surface exchange coefficients have been determined by transient conductivity
with surface modification. Higher activation energy of surface exchange compared to bulk diffusion is observed

for LagNip 5Cug 50445, similar to that for LagNiO4,s. Based on the oxygen partial pressure dependence of the
surface exchange coefficient, it has been revealed that oxygen dissociative adsorption rate-limits the surface

exchange.

1. Introduction

As a mixed oxide ion and electron conductor, LagNiO4,5 has
attracted interest due to potential applications as cathode materials for
intermediate temperature solid oxide fuel cells (SOFCs), membranes for
oxygen separation and reactors, and catalysts for chemical production
[1-8].

Large-scale application of LagNiO4,s membranes requires fabrica-
tion of dense, thin films, and powders of the material must therefore
have good sinterability. Consequently, strategies to improve sinter-
ability without deteriorating the catalytic activity and transport prop-
erties are pursued. A-site doping with Sr has shown to increase the
electronic conductivity, but decreases oxygen diffusivity [5]. Moreover,
Sr substitution leads to Sr segregation to the surface of lanthanum
nickelate affecting the catalytic activity [9,10]. Substitution of moderate
amounts of Cu for Ni has shown improved sinterability and decrease in
ASR without significant effect on the oxygen diffusivity [4,11-13].
However, for surface kinetics of Cu-substituted LagNiO4, s, conflicting
results have been reported. Flux measurements have shown that surface
exchange limits oxygen permeation of LayNiggCug204.5 membranes
with thicknesses of 0.6 and 1.0 mm at temperatures below 973 °C [14].
The effect of temperature on the processes limiting the flux reflects the
higher activation energy of surface exchange compared to that of bulk
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diffusion for these nickelates [1,3,5,11]. When interpreting electrical
conductivity relaxation (ECR) measurements, it has, on the other hand,
been assumed that relaxation is diffusion controlled for
LagNig 5Cup 50415 samples with thicknesses of 1.3 and 0.7 mm, even at
low temperatures, e.g. 500 °C [15]. ECR requires a small step change in
oxygen chemical potential in order to ensure linear surface exchange
kinetics and extract chemical diffusion and surface exchange coefficients
through either oxidation or reduction [16,17]. Thus, measurements of
oxygen surface kinetics of Cu-substituted LapNiO4,s with careful
experimental design are called for to clarify these contradicting reports.

In a previous work [18], we have, by using surface coatings of
nano-particles of the membrane material, converted a relaxation process
originally influenced by both surface exchange and diffusion to solely
diffusion control. Similar strategy was also reported by Egger et al. by
coating a thin layer (200 nm) of Ag [19] and by Na et al. by coating a
porous (Lag ¢Sro.4)0.95C00.2Fep 8035 (LSCF) on LSCF disc [20]. This
simplifies the determination of the kinetic parameters and avoids mul-
tiple correlated solutions, as often observed for mixed relaxation pro-
cesses [21]. A conductivity setup was developed with pressure changes
in a high-pressure cell to achieve fast gas exchange close to the sample
during the measurement [18]. In this work, the same strategy will be
applied to LagNipsCug 5045 to reveal whether surface exchange limits
the relaxation process, and to extract both oxygen surface exchange and
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diffusion coefficients. Oxygen surface exchange mechanisms and the
overall rate determining step (rds) will be discussed based on oxygen
partial pressure dependence of the surface exchange coefficients.

2. Experimental

Powders of LagNig5Cugs04.5 Were synthesized through a citrate-
nitrate route. First, LagO3 (Unocal Molycorp, 99.99%) was dried at
1100 °C for 3 h, weighed, and dissolved in dilute HNO3 before stoi-
chiometric amounts of Ni(NO3),-(H20)g (Strem Chemicals, 99.9 + %)
and Cu(NOs3), 2.5(H,0) (Aldrich, 99.99 + %) were added. Then, citric
acid (VWR, 99.99 + %) was added in a molar ratio of 1:1 with respect to
the total amount of metal nitrates. The solution was dried on a hot plate
under constant stirring until a viscous gel was formed. Upon further
heating, auto-ignition of the gel took place producing fine grained
powders. The resin was fired at 500 °C for 2 h to remove organic residues
and then calcined at 1000 °C for 5 h. After the calcination, X-ray
diffraction (XRD) confirmed that the product was single-phase, tetrag-
onal LagNiO4, 5 with the KoNiF, structure.

The as-synthesized powder was uniaxially pressed into disks, 25 mm
in diameter, at ~120 MPa and sintered in ambient air at 1300 °C for 3 h.
The relative density became higher than 95%, as shown in Fig. 1 by SEM

Fig. 1. Sample surface (a) and cross section (b) of LayNipsCugsO44s after
sintering at 1300 °C for 3 h.
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images of the surface and cross section of a sintered sample. The grain
size after sintering is around 2 um. Two sintered tablets were polished
with diamond abrasive down to 1 um yielding final thicknesses of 1.2
and 2.0 mm. The 1.2 mm thick sample was first used for conductivity
relaxation measurements (denoted as the ‘uncoated sample’), mean-
while the 2.0 mm thick sample was modified by a surface coating pro-
cedure (‘coated sample’) prior to conductivity relaxation measurements.
Calcined LasNigs5Cug 50445 fine grained powder (200-400 nm in
diameter) was dispersed in a mixture of 2% polyvinylpyrolidon (Fluka
Ag, Buchs SG) and isopropanol. The resulting slurry was loaded into the
air-spray gun (Paasche air brush system) with a continuous supply of
high pressurized air to aid the coating process. After coating, the sample
was annealed at 1200 °C for 1 h to form thin porous layers on both sides.

The conductivity relaxation measurements were performed in the
temperature range of 550-850 °C and oxygen partial pressures from
0.01 to 1.0 atm for both uncoated and coated samples. The total con-
ductivity was measured by the four-point dc (van der Pauw) method
[22] using an HP 34420 A Nano Volt / Micro Ohm Meter. To obtain fast
gas exchange in the conductivity cell, a high-pressure version of Pro-
boStat (up to 20 bars, NorECs, Norway) was connected directly to a
bottle of compressed synthetic air and a rotary pump. The oxidation
process was realized by letting compressed air into the cell, while the
reduction was done by releasing gas from the cell or pumping the cell. To
assume constant transport parameters, the ratio between the initial and
the final pO, was in the range of 0.1-1 atm during all the measurements.
The detailed experimental setup can be found elsewhere [11].

3. Mathematics of oxygen chemical relaxation

When the oxygen partial pressure surrounding a mixed oxide ion
electron conductor is changed abruptly, the oxygen stoichiometry of the
sample will change to re-establish thermodynamic equilibrium between
the gas phase and the oxide. This relaxation process involves surface
exchange and bulk diffusion of oxygen species and can be monitored by
changes in conductivity. For a plane sheet model, the analytical solution
for the conductivity relaxation can be expressed as [23].
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where 6(0), o(t), and o(c0) denote the conductivity at the initial time,
time t, and infinite time, respectively, and D¢hem is the chemical diffusion
coefficient of oxygen. A is a measure of the contribution from the surface
exchange and defined as the ratio of half the sample thickness [ to the
characteristic length Iy,
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The coefficients, f,, in Eq. (1) are the positive roots of the so-called

transcendental equation
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which can be solved numerically [24].
For the two limiting cases for conductivity relaxation, when either
surface or bulk kinetics predominates, Eq. (1) simplifies to:

i) For a surface exchange-controlled process:
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4. Results and discussion
4.1. Surface coating vs. relaxation patterns

Fig. 2 compares the relaxation profiles at 600 °C upon changing pO,
from 1.0 to 0.2 atm for 2.0 mm and 1.2 mm thick LasNip5Cup504+5
specimens, coated and uncoated, respectively. For the uncoated, thiner
sample, it takes more than 5000 s to reach equilibrium, while shorter
time is needed (~2000 s) for the coated, thicker one. This demonstrates
considerable enhancement of the surface kinetics by coating powder of
the same material onto the surfaces. Nevertheless, the surface kinetics
was discarded for conductivity relaxations of 1.3 mm and 0.7 mm
samples reported in Ref. [15]. When the temperature is increased to
850 °C, it takes as shown in Fig. 3, on the other hand, longer time to
reach equilibrium for the coated sample than for the uncoated one. This
indicates that diffusion influences the relaxation more strongly than
surface exchange at higher temperature reflecting higher activation
energy of surface exchange compared to that of diffusion. This behav-
iour is in accordance with reports on LapNiO4.s based on tracer ex-
change and conductivity relaxation [1,18]. Although the thick sample
has been coated with porous layers, the conductivity under equilibrium
conditions remains the same as for the uncoated one, presented here as a
function of inverse temperature in Fig. 4. Consequently, the coating does
not change the bulk diffusion but only the surface kinetics. The total
conductivity decreases as temperature increases in the experimental
window, which is caused by reduced electron hole concentration with
increased temperature [11,14,25].

Eq. (1) has not been used to fit both D¢hem and kepem simultaneously
in this work, since it has been demonstrated [18,21] that multiple
correlated solutions (several local minima) resulted from a relaxation
profile of mixed surface exchange and diffusion control. Here, the
measured relaxation data at 600 °C (c.f. Fig. 2) has been taken as an
example to show the fitting procedure. Since the coating enhances the
surface kinetics significantly, we can treat the transient process for the
coated sample as diffusion controlled. This is demonstrated in Fig. 5 by
the agreement between the fit based on Eq. 5 (black, dashed lines) and
the measured data points. We can, accordingly derive D¢hem by this
approach. As demonstrated, the coating only changes surface kinetics
and D¢pem, should therefore be identical for both samples. By fixing D¢pem
in the full solution, kchem for the uncoated thin sample can be extracted
through Eq. (1), which yields Dcpem = 5.3 x 107% cm?/s and kchem
=5.8 x 107> cm/s at 600 °C. The reproducibility of the full solution
fitting in Fig. 5 confirms, in turn, that Dchen extracted from surface

[o(t)-0(0))/[s(inf)-5(0)]

0.0

6000

la |
1 1 .
0 4000

t(s)

2000 8000 10000

Fig. 2. Normalized conductivity of LasNig 5Cug 5045 Vs. time at 600 °C upon a
step change in pO, from 1.0 to 0.2 atm for the coated, thick (o) and uncoated,
thin ([7J) samples.
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Fig. 3. Normalized conductivity of LazNig 5Cug 5045 Vs. time at 850 °C upon a

step change in pO, from 1.0 to 0.2 atm for the coated, thick (o) and uncoated,
thin ([J) samples.
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Fig. 4. Conductivity of LapNipsCups04.5 as a function of inverse absolute
temperature at pO, = 0.2 atm for the uncoated, thin ([(J) and the coated, thick
(o) samples.

coating data is reliable, particularly considering the different thick-
nesses for two samples. Similarly, Dcpey has been derived from the
relaxation data for the coated, thick sample, and the corresponding kchem
has thereafter been determined from the transient of the uncoated
sample.

We also tried to fit the solution for diffusion controlled behaviour
(Eq. 5) to the relaxation data of the uncoated, thin sample at 600 °C
which yielded Dchem =9 X 1077 crnz/s, approximately a factor of 5
lower than Dehem = 5.3 x 107° cm?/s derived from the combined fitting
and with poor goodness of fit as demonstrated by the deviation between
the model fit (red dashed line) and the data points in Fig. 5. At higher
temperatures, the differences in Dcpen derived from these two ap-
proaches are not so significant, supporting the previous observation that
surface exchange is enhanced relative to diffusivity at high tempera-
tures: e.g. at 850 °C, 9.7 x 1075 cm?/s (combined fitting) vs. 4.8 x 107°
em?/s (diffusion fitting). Thus, extracting diffusivities using Eq. (5) must
be done with great caution, especially when surface kinetics cannot be
neglected.
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Fig. 5. Fittings by combining the measured relaxation data of the coated, thick
(o) and uncoated, thin ([J) LasNigsCug 504, 5 samples at 600 °C for a step pO»
change from 1.0 to 0.2 atm. The black, dashed line corresponds to a diffusion
controlled fitting based on Eq. 5 (Dchem = 5.3 x107® ¢m?/s), and the blue,
dashed line represents a full solution fitting according to Eq. 1 (Kehem =
5.8 x107° cm/s) while Depem was fixed to 5.3 x 107° ecm?/s during the fitting.
The red, dashed line stands for fitted results using Eq. 5 for the uncoated, thin
sample with Dehemn = 9 x 1077 cm?/s.

4.2. Bulk diffusion

Based on the above analyses, oxygen chemical diffusion coefficients
of LayNigsCugs504.5 were extracted from the relaxation data of the
coated, thick sample. Fig. 6 presents pOs-dependence of Dcher, in the
temperature range of 700-850 °C. A linear behaviour is encountered
within the experimental window, and the slope is close to 1/6, reflecting
that doubly charged oxygen interstitials are charge-compensated by
electron holes [1-3].

102 ()

0" +2h’
> +

(6)

This oxygen pressure dependence shows that the substitution with
Cu does not change the defect situation for oxygen transport.

Fig. 7 presents diffusion coefficients as a function of the inverse ab-
solute temperature, from both oxidation (pO, change from 0.2 to
1.0 atm) and reduction (pO5 change from 1.0 to 0.2 atm) transients. The
higher final oxygen partial pressure yields higher oxygen chemical

T T T T T T
_-B O 850°C
40 | _B- - _o O 800°CH
_ e 8,/‘ N A 750°C
- L v 700°C|]
@ o ,(9 -7 © _ - a-
£ 45 G- AR - -V 4
o -K -~
% ”- A2
I~ _ -
ks N
5.0 | \'% i
i 1/6
-55 n 1 n 1 L 1 L 1 n 1 n 1
25 2.0 -15 -1.0 0.5 0.0 05 1.0

log (pO,, atm)

Fig. 6. Double-log plot of Dchem Vs. pO2 in LagNip sCug 5045 at various tem-
peratures. The dashed lines are linear-fittings of the experimental data at each
temperature marked in the plot.
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Fig. 7. Temperature dependence of D¢hem in LagNig sCug 5045 in comparison
with those of the undoped [18].

diffusion coefficients as a result of increased concentration of oxygen
interstitials [3]. Cu substitution on Ni sites do, under sufficiently
oxidizing conditions, not require charge compensation. Upon substitu-
tion, the electron hole and the oxygen interstitial concentration might
slightly decrease. However, the Cu-substitution leads to a slight increase
in the oxygen diffusivity as compared to undoped LasNiOy4, s, in contrast
to Sr-doping where the chemical diffusion coefficients have been re-
ported to decrease [1,5]. It can be seen from Fig. 7 that D¢pen, follows an
Arrhenius-type behaviour at each pO, with similar activation energy of
~107 + 7 kJ/mol, relatively close to that reported for the undoped
LagNiOg445, ~90 kJ/mol [1,18]. Considering relatively large grain size
(~2 pm) of sintered LayCug sNig 5045, the grain boundary effect should
not influence bulk diffusivity while the undoped LagNiO4, s might have
an enhanced grain boundary effect due to lower activation energy.

For mixed ionic electronic conductors where tg~1, the oxygen
chemical and self diffusion coefficients are related through [26].

1 aIn(pOy)

Dpem = WDp = = X ———=
" "o =5 dln(c,) °

@)
where w is the so-called thermodynamic factor and can be determined
experimentally by thermogravimetry. The oxygen tracer and self diffu-
sion coefficients are related through D* = f-Do, where fis the correlation
factor and assumed to be unity for migration via an interstitial mecha-
nism [27]. The thermodynamic factors in the temperature range of
500-900 °C were taken from Ref. [15]. Since oxygen in nickelates mi-
grates via the interstitial mechanism, we can use the tracer diffusion
coefficients of LaaCug s5Nip 5045 [2,15] and LagNiO4, s directly [1], and
calculate the wD* products. The calculated data and the experimentally
determined Dchem from the present investigation are compared in Fig. 8
(including the original tracer diffusion data). The consistency for
LagCug sNip.504.+5 among different techniques and comparable results
with the undoped LayNiO4.s are acceptable. This also supports the
current methodology for determining more accurate oxygen chemical
diffusion coefficients.

4.3. Surface exchange

kchem Was extracted by fitting Eq. (1) to the relaxation data of the
uncoated sample and the calculated values of k¢hem in LagNig 5Cug 5045
are plotted in Fig. 9 as a function of inverse absolute temperature, in
addition to those of LayNiO4,s for comparison [18]. The product of
wk* of LagNig 5Cug 504,45 [2] is included in Fig. 9, deviating significantly
from the present data set. This might be due to scattered original tracer



Z. Li and R. Haugsrud

1E-3 T T ' T T T

50, e, G, 0, Fis word
[ A 2 D*, La,Ni,Cu,,0,,. [15]
r wD*, La,Ni; Cu, .0, .. [15]
B4 F el 6 W D LaNi,Cu,.0,.. [2] 3
E qj \/ WwD* La,Ni Cu, 0, [2]
[ V4 ) W D', LaNio,,, [1] ]
1E5 | v +H @D wD*, La,NiO,. , [1] 4
v R .
1E6L A E
L2 A
o F A
i |
1E-7 u A .
M '
[ u
I A
1E-8 | v 5
f X
1E-9 n 1 " 1 " 1 n 1 1
0.8 0.9 1.0 1.1 1.2 1.3
1000/ T (K™

Fig. 8. Comparison of Depem, D* and wD*in LayNipsCugsO44s [2,15] and

LasNiOy4 5 [1] as a function of inverse temperature.
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Fig. 9. Temperature dependence of kehem in LasNig sCug 5045 from this work
and LayNiOy4, 5 from Ref. [18], and k * and wk* of LasNigsCug 5045 [2].

exchange data. It is also clear from Fig. 9 that the Cu-substitution does
not change significantly kchem compared to values for the nominally
undoped material. The data follow Arrhenius-type behaviour with
activation energies of 147 + 5 kJ/mol at 1.0 atm and 141 + 3 kJ/mol at
0.2 atm, again well in accordance with those of the undoped LasNiOg45:
1.61 eV (155 kJ/mol) from tracer exchange [1] and ~150 kJ/mol from
conductivity relaxation measurements [18].

The measured kchem is @ lumped parameter and includes a series of
reaction steps, e.g., oxygen adsorption, dissociation, charge transfer, and
oxygen incorporation etc. To study surface exchange mechanisms and
determine possible rate determining steps (rds) in LagNigp 5Cug 5045, the
pOo-dependence of kchem has been measured at several temperatures as
presented in Fig. 10. The functional dependence is essentially constant
with a slope of ! in the double-logarithmic plot of kchem Vs. pOa2. To
simplify the possible surface exchange mechanism, we only consider
oxygen dissociation and incorporation as follows

1
502(2) © O +1n ®)

0Ly +V;, = O} +h ©
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Fig. 10. Double-log plot of Kchem VS. pO2 in LasNigsCug 50445 at various tem-
peratures. The dashed lines are linear-fittings of the experimental data at each
temperature marked in the plot.

For direct oxygen dissociation, it requires more than 5 eV to break an
oxygen bond, while much lower energy is needed for charged oxygen
species [28]. Therefore, we treat charge transfer and oxygen dissociation
together in Reaction 8. According to Maier [29], chemical kinetics can
be applied to derive an atomistic expression for the surface exchange by
assuming that one step in the pathway is rate determining and all pre-
and succeeding steps are under quasi-equilibrium. If Reaction 8 is rate
determining, one can write the total exchange rate as

Lo}’

_ 7 12 _
r= kp(0,) k K [V7] (10)

where k and ; are the forward and backward reaction constants of
Reaction 8, respectively, and Kg is the equilibrium constant of the
incorporation reaction (9). Since oxygen interstitials and electron holes
compensate each other according to Reaction 6, one can obtain

i, [0/ |epl02)” an
From literature one finds that the anion Frenkel
defects,Vg and 0//, are predominating under stoichiometry.

Applying the anion Frenkel equation, the concentration of oxygen va-
cancies can be expressed as

[V, op(0,)7° (12)

By inserting Eqs. (11) and (12) into Eq. (10), one can finally express
exchange rate as

rep(0,)"? 13)
which is in accordance with the slope shown in Fig. 10. Deriving the pO,
dependence of other potential rate determining surface reactions,
different dependences than !, are obtained supporting that the surface
exchange of LagNigsCugs0445 is limited by the oxygen dissociative
adsorption. Considering that Ni is absent from the surface [10], oxida-
tion of B site cations will be hindered for charge transfer in Reaction 8 so
that the oxygen dissociative adsorption will become restrained.

The surface exchange of nominal LayNiO4, 5 was studied by Bouw-
meester et al. [30] using a pulse isotope exchange technique, from which
the total exchange rate can be deconvoluted into oxygen dissociative
adsorption and incorporation. It was shown that the dissociative
adsorption of oxygen rate-limits the total exchange process. The rate
determining step suggested also rationalizes the positive effect of
coating with porous materials on the surface: By increasing the area of
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active surface sites for oxygen adsorption and dissociation, the rate
determining step for the surface exchange is overcome and the transient
process transforms from being affected by both diffusion and surface
exchange to becoming a pure diffusion-controlled relaxation.

All in all, the methodology utilized in this work is adequate to derive
reliable kinetic parameters. Since both surface and bulk transport pa-
rameters of membranes can be determined, this approach may be
applied to derive the gaseous flux through a membrane for a specific
thickness of a material [11,31]. Consequently, one may firmly evaluate
candidate materials to serve as dense ceramic oxygen gas separation
membranes. As thin (micro-scale) membranes are generally required for
higher separation efficiency, surface kinetics usually dominates the
overall oxygen permeation. With the present methodology, it is also
possible to reveal the rate-limiting step for surface processes, and, by
this insight, seek to overcome this limit by modifications of the surface,
e.g. applying surface coating as in this work.

5. Concluding remarks

Surface modification by coatings and fast changes of the total pres-
sure has been used to aid accurate determination of oxygen diffusivity
and oxygen surface exchange coefficients of LagNipsCugs50445 from
conductivity relaxation measurements.

Surface exchange has a significant effect on the total relaxation,
especially at low temperatures. Cu-substitution of LasNiO4,s has minor
effects on the oxygen chemical diffusion and surface exchange co-
efficients. The pOy-dependence of the surface exchange coefficient
revealed that oxygen dissociative adsorption rate-limits the oxygen
surface exchange on LagNigsCug 5045 Considering the good sinter-
ability of this material, Cu-substituted LasNiO4. s should be a promising
candidate as an oxygen separation membrane.
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