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Kinetics of competing exchange of oxygen and
water at the surface of functional oxides¥

Vincent Thoréton, (&) £*® Mathew Niania ® and John Kilner®

The presence of water vapour in the input gas stream influences the performance of air electrodes of
solid oxide cells. In this work, the oxygen transport kinetics were determined by isotopic exchange
depth profiling at 350 °C on polycrystalline LageSrg4CopoFeqsOs_s samples in humidified oxygen,
comparing the differences in tracer diffusion profile using either ¥0, or H,'80 as the labelling medium.
The apparent surface exchange coefficients of oxygen were determined in each case and used together
to estimate the oxygen surface exchange coefficients of molecular oxygen and water. It was found that,
in humid conditions, the surface exchange coefficient of molecular oxygen is significantly decreased in
comparison to a reference in dry conditions. In addition, the surface exchange coefficient of water is
higher than that for molecular oxygen. This is in good agreement with the hypothesis that, water
monopolises the active exchange sites at the material surface and thus oxygen from water exchanges

rsc.li/pcecp

Introduction

The storage of intermittent renewable electrical energy from
sources such as solar and wind is a topic of much current
interest. There are several technologies under consideration
and at different stages of maturity."> A promising technological
approach is to use high temperature, reversible, Solid Oxide
Cells (SOCs) to electrolyse water, store the hydrogen produced,
and reverse the process to generate electricity to meet demand.
These cells, based on oxygen ion transport, operate at tempera-
tures greater than 700 °C. The challenge is to reduce operating
temperatures to the intermediate range of circa 500-600 °C, to
reduce degradation rates and to recycle industrial waste heat
that may be used to power the electrolysis process. Intermediate
Temperature Solid Oxide Cells (IT-SOCs) require the stable
performance of all of its components, particularly of its Mixed
Ionic Electronic Conducting (MIEC) ceramic air electrode, where
the operating conditions can change drastically from pure
oxygen in electrolysis mode, to ambient air (including contami-
nants) in fuel cell mode. In order to operate efficiently the
electrode must be optimised for the exchange of oxygen across
the gas solid MIEC interface in all modes of operation and over
the long timescales necessary for successful commercial
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faster than the one of molecular oxygen.

operation of SOCs. This exchange process is fast but is susceptible
to change together with the physical and chemical structure
degradation of the gas solid interface that can take place over
much longer timescales. As an example, operation in air may
cause long-term performance degradation issues upon expo-
sure to common atmospheric components such as H,O, as it
has been detailed in a number of studies on perovskite materi-
als employing aliovalent substitution on the A-site.>® The
formation of secondary phases on the surface were mentioned
to explain the passivation of the surface, either as a result of the
transport by water of contaminants such as alkaline species or
silicon® or as a result of the decomposition of the electrode
materials on their surface.” This decomposition may be linked
to an increased strontium segregation rate that can lead to the
subsequent partial deactivation of the surface with the hetero-
geneously distributed SrO,/Sr(OH), phases.®'' Overall, the
performance degradation of the air electrode of SOC is not
fully understood and may be due to the combination of several
mechanisms, most of which operate over timescales of hours or
thousands of hours.

As well as affecting degradation processes, oxygen bearing
components (e.g. H,O and CO,) will also modify the exchange
of oxygen across the gas MIEC solid interface, hence a better
understanding of their influence on the surface exchange
kinetics of oxygen is necessary. In the case of Intermediate
Temperature Solid Oxide Fuel Cells (IT-SOFCs) cathode and
electrolyte materials it has been reported from Isotopic
Exchange Depth Profiling (IEDP) experiments that during dry
%0, exchange, residual water could improve the exchange of
molecular oxygen.'>'® It was also measured, on a variety of
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relevant materials, that the surface exchange coefficient is
higher when using labelled water (H,'®0) as compared to dry
molecular oxygen.'>***® One should note that the latter experi-
ments were performed at a defined partial pressure of oxygen
but with a relatively short exposure to water. Pietrowski et al.*®
explain that the main reason why water exchange is faster than
dry molecular oxygen exchange could be related to the fact that
electrons are not formally required for oxygen incorporation
from water vapour. It is also suggested that the faster exchange
is due to facilitated adsorption and dissociation of water on
surface oxygen vacancies, forming two surface hydroxyl
groups.'”'>?° 1t is pertinent to point out that in an operating
SOC, it is only the molecular oxygen that can contribute to the
overall oxygen flux through the device. Water can only accel-
erate or impede this process. To this end, Nenning et al.'’
highlighted that, from an electrochemical point of view, IEDP
may provide a surface exchange coefficient k* that is not always
meaningful, especially in the presence of water (even a trace
amount).'® In addition, a consistent decrease of the chemical
surface exchange coefficient k.hem Was observed by electrical
conductivity relaxation (ECR) measurements in wet conditions
on polycrystalline Lag Sr4C00;3_ 5 (LSC) and Lag ¢Sr.4C0g.»
Fe,.s0;3_5 (LSCF).*® Measurements of the electrical surface
exchange coefficient k% by electrical impedance spectroscopy
(EIS) in wet conditions were also performed. In the presence of
water, Nenning et al. reported a slight decrease of k% on
Lag ¢Sro.4FeO;_s (LSF) and SrTiy 3Fe, ;03 5 (STF) thin films at
418 °C." Jong HoonJoo et al., identified two effects in humidified
oxygen La, ¢Sty 4C00;_s (LSC) thin films: a short-term improve-
ment of the oxygen surface exchange but also the increased
degradation over longer time scales.>! Further investigation by
means of gas-phase-analysis of isotope exchange allowed better
discrimination between reactions involving oxygen-containing
species on metal oxides. Wachsman et al. pointed out the active
role of water in the oxygen reduction reaction (ORR), leading to
enhancement or preclusion of the exchange of molecular
oxygen with lattice oxygen, depending on the material.**>*?
Specifically, the authors reported a decrease of the surface
exchange rate of molecular oxygen by one order of magnitude
in the temperature range from 350 °C to 450 °C for LSCF and an
increase of the same exchange rate for (LaggSro.2)o.0sMnO3
(LSM) in the temperature range from 400 °C to 550 °C. The
findings mentioned previously for various materials can be
perplexing, considering their contrasting behaviours. It is thus
important to understand the role of water in the exchange
process for MIEC materials commonly used as air electrodes in
IT-SOCs.

IEDP experiments are commonly used to characterise the
oxygen transport kinetics of ceramic oxides. Most of these
experiments focus on providing meaningful values of the
surface exchange coefficient and are performed in dry labelled
oxygen with a water content, in some cases, as low as <1 ppm.
Recently, the back-exchange technique was developed to study
the effect of different atmospheres on the oxygen transport
kinetics while avoiding the use of expensive isotopes such as
H,'®0 or C'®0,.>* However, IEDP experiments, back-exchange
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included, do not give any mechanistic information on the
exchange reactions occurring at the surface with oxygen
bearing molecules from the surrounding atmosphere and thus
a different approach is necessary. In the present study, we
applied a sequential double labelling approach. LSCF samples
were exchanged, either with *®0, or with H,'®0 as the labelling
medium, keeping all the other parameters the same. The
apparent surface exchange coefficients of oxygen were deter-
mined in each case and used together to estimate the surface
exchange coefficients specific to molecular oxygen and water
vapour in humidified oxygen.

Choice of a model

In order to describe the exchange mechanisms of oxygen taking
place at the surface of a material, one can consider many
elementary reactions, involving dissociated species, charged
adsorbates, migration of species over the surface and diverse
catalytic effects from the cations, etc. In the case of LSCF and
other oxygen deficient perovskites, it is commonly assumed
that oxygen vacancies at the vicinity of the surface play a central
role in this process, acting as exchange sites between the
adsorbed oxygen bearing species and the solid.>> For the
purpose of the paper we will simplify the problem and dis-
regard the nature of the exchange sites as well as any reaction
intermediate in the writing of the reactions. Further thoughts
on the matter will be brought into the discussion. Let us
consider then a MIEC material at chemical equilibrium, in
the presence of a gas mixture of molecular oxygen (O, or OO)
and water vapour (H,O). We assume that the only two following
competing, but independent, hetero-exchange reactions may
happen simultaneously at the surface (expressed in Kroger—
Vink notation):

00 + 05 = 00 + "0§ (1)

H,*O 4+ O§ = H,0 + "0 (2)

In the previous two reactions, one oxygen has been identified
(*O) to facilitate following its transfer from one molecule to the
solid. It does not necessarily correspond to a labelled oxygen (as
labelled oxygen will be used later). Reactions (1) and (2)
describe respectively the hetero-exchange from molecular
oxygen and water with the solid. Also important is (for the
prerequisite of independence) the assumption that, even if
both reactions may take place through the intermediary of
oxygen vacancies near the surface, the reactions are localised
and far enough apart so that reaction intermediates do not
interact.

Given the low oxygen substoichiometry of LSCF below
600 °C,>**” this assumption is reasonable as one can expect
low availability of active sites near the surface. Under these
conditions, IEDP provides an apparent oxygen exchange coeffi-
cient resulting from concomitance of reactions (1) and (2).

Experimental procedure

Two IEDP experiments were performed at 350 °C on polished
(SiC paper abrasion then diamond paste polishing down to 1/4

This journal is © the Owner Societies 2021
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Fig. 1 Schematic of the isotopic exchange experiments with (a) labelled
oxygen or (b) labelled water vapour. The net flux of labelled oxygen into
the sample during each experiment is indicated, revealing the concomitant
but unequal surface exchange kinetics of molecular oxygen and water
observed here.

pum, achieving a mean roughness R, = 8(+2) nm) LSCF dense
(dre1 = 99%) samples in humidified oxygen. The partial pressure
of oxygen and water were respectively set to 0.20 and 0.10 bar.
Samples were pre-annealed for 17.5 hours in a predetermined
atmosphere with unlabelled gasses to attain thermodynamic
equilibrium between the solid and the gas phase. They were
then exchanged for 175 minutes in the same conditions but
this time with either the oxygen or the water being enriched
with '®0. In experiment A, labelled oxygen (enriched at 99%)
was mixed with unlabelled water (Fig. 1a). In experiment B,
labelled water vapour (H,'%0, 97%;om of '20) was mixed with
unlabelled oxygen (Fig. 1b). Care was taken to have no exposed
platinum (in particular a Pt-Pt/Rh thermocouple was covered
by a long and narrow quartz sleeve to limit the mass transport
of products from isotope scrambling that may happen in the
hot zone) or similar catalysts in the hot zone. It was made sure
that the concentration of labelled species remained the same
before and after the exchange by analysing the atmosphere by
Residual Gas Analysis (RGA) with a quadrupole mass spectro-
meter (Hiden HAL 51). Diffusion profiles of the oxygen isotopes
were obtained by Secondary Ion Mass Spectrometry (SIMS) of
negative species using a IONTOF TOF-SIMS V instrument equipped
with an Extended Dynamic Range (EDR) analyser. Two ion guns
were used. A bunched 30 keV Bi' (~1.5 pA) beam was used for
analysis, interlaced with a 2 keV Ar" sputter (~600 nA) beam used
for sputtering. More information about the general procedure, and
the use of EDR can be found respectively in ref. 28 and 29.

Theory

Isotope exchange with a single exchanging gas (*?0,). To
establish what will occur with two exchanging gasses it is first
salient to look at the case of a single exchanging gas to define
some terms. We assume that we have a small sample and a
large volume of exchanging gas such that the change of the
isotopic fraction in the gas is negligible. At equilibrium, the net
flux of oxygen across the surface is zero. In the case of an
isotopic exchange involving only one gas phase molecule, i.e.

This journal is © the Owner Societies 2021
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dry labelled oxygen, the atomic fluxes, iz, and Joo; of labelled
oxygen across the surface are defined by the surface exchange
coefficient k, the volume concentration of oxygen in the solid
[O], is the isotopic fraction of the gas phase C, and the
instantaneous isotopic fraction at the solid surface Cg:

Jllr? = k[O]Cg and J(l)lslt = k[O]Cs (3)

Joee = Jin = Joue = HO)(Cy — Cs) (4)
An important part of this process is the instantaneous surface
isotopic fraction, C. This surface isotopic fraction is dependent
upon a dimensionless quantity 4’ defined as /' = % Dt, where
D is the diffusion coefficient and ¢ the annealing time. For any

particular exchange experiment, the normalised surface isoto-

. . Cs — Gy
fraction C|=_—"— "%
pic fraction C] ey

concentration of

(where Cyg is the natural back-

%0) with
Cl =1 —exp(h?) x erfc(i')*>*" as illustrated in Fig. 2a. k' is
an important parameter in determining the rate at which the
isotope surface concentration builds-up. Fig. 2b illustrates a
concrete case related to experiment A.
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Fig. 2 Build-up of the surface isotope concentration at the surface C, as a
function of (a) the dimensionless quantity h’, (b) time according to a

specific case where k = 3.0 x 107 cm s™tand D = 1.0 x 1071 cm? s7%.
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Isotope exchange with two gases (labelled '*0, or H,'?0)

In the case where we have two exchanging gas molecules, we
must make some further assumptions. The first is that there is
no isotopic mixing in the gas phase and the second that the
surface exchange coefficients are unaffected by the labelling.
The situation for this type of exchange is shown in Fig. 1. For
such an experiment the fitting of the resultant isotopic depth
profile to the solution to the diffusion equation will give an
apparent exchange coefficient, k,pp,, which can be used to
deconvolute the independent exchange coefficients for the
individual exchanging molecules. Both experiments should be
performed for the same time, ¢, and under identical thermo-
dynamic conditions as then we can assume that value of D is

k
the same and thus the value of A’ <h’ :Bx/Dt,) for each

experiment is only dependent upon the apparent value of k
in each case. If we consider now the conditions at the end of
the diffusion exchanges, then we can obtain the surface iso-
topic fractions and the apparent exchange coefficients for the
two exchange experiments by analysis of the isotopic depth
profiles.

Exchange experiment A (**0,, H,"°0)

The net %0 flux in experiment A, J,, can be expressed as the
combination of the flux from the labelled oxygen J{ and the flux
to the unlabelled water J¥':

Ja=J8 —JX = ko) x [0] x (CF — CF) — kew) % [O] x (C5 — Cg)
(5)

where k(o) and k(w) are the surface exchange coefficients respec-
tively of oxygen and water, [O] is the oxygen concentration in
the solid, Cg the isotopic fraction of 0 in the labelled oxygen,
C? the concentration of 0 at the surface of the solid, at the
end of the experiment, and Cy, the natural isotopic fraction of
oxygen in the water.

Exchange experiment B (*°0,, H,'?0)

In the same way, the net **0 flux in experiment B, Jg, can be
expressed as the combination of the flux from the labelled
water Jii’ and the flux to the unlabelled oxygen J§:

Je=J8 —J8 = kw) x [0] x (Cy — CY) — kio) % [0] X (C3" — Chyg)

(6)
where Cy’ is the isotopic fraction of '*0 in the labelled water
and CY the concentration of '®0 at the surface of the solid.
Combination of experiments A and B

The apparent surface exchange coefficients of oxygen in experi-
ments A and B, respectively k, and kg are defined as:

— JA
J
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(Cso - Cbg)
ka = ko) — k) x 9
(co-co
cvV—-c
kp = kw) — ko) x (67~ Cog) - b\j) (10)
(@-av)

Then we can measure the surface isotopic fractions in the two
experiments and hence make some estimation of the relative
values of the surface exchange coefficients for the oxygen and the
water molecules.

Results

The diffusion depth profiles in LSCF from experiments A and B
are compared in Fig. 3. The diffusion coefficients for both
experiments were reasonably close (Dy = 9 x 107" cm® s7*
and Dg = 2 x 107" ¢cm® s7"). The apparent surface exchange
coefficients are compared to the one measured in dry oxygen
(<1 ppm H,0) in Table 1. From Fig. 3, it is noticeable that the
surface fraction of '®0 supplied from 0, (experiment A) is low
(significantly depleted by concomitant exchange with unla-
belled water), in fact lower than would be expected for the
same anneal time in dry oxygen. In contrast, the surface
concentration of labelled oxygen is much higher (experiment
B) when the labelled oxygen is sourced from the water molecule
(although depleted by unlabelled oxygen). It is reasonable to
assume that in eqn (10), kw) is much larger than the following
term, therefore that:

kB ~ k(w)

(11)

From our previous theoretical considerations, we can benefit
from experiment A. The final maximum value of CS was taken
(Fig. 3) and used within eqn (9) to estimate the surface exchange
coefficient specific to molecular oxygen in humid conditions:

@ 01 » labelled "0,
= :  labelled H,'®0
g — fit
:.8 - - - natural background
)
=
L 001
o
L
o
L2
O ______________________
®
0.001 : : .
0 5 10 15 20
Depth (um)

Fig. 3 Diffusion depth profiles in LSCF at 350 °C in humidified oxygen
with different labelled species. Note that the isotopic fraction is displayed
on a logarithmic scale, not the usual linear representation.
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Table 1 Apparent surface exchange coefficient of LSCF depending of the atmosphere composition and of the total annealing time at 350 °C

Experiment Atmosphere

Labelled species Total annealing time (hours) Temperature (°C) Exchange time (minutes) Apparent k (cm s~ ')

A Humidified oxygen '°0, 17.5
B Humidified oxygen H,'®0 17.5
From ref. 33 Dry oxygen %0, 13

koy ~ 3.2 x 10" cm s~'. The specific surface exchange
coefficients of molecular oxygen and water in dry or humidified
oxygen at 350 °C are reported in Table 2.

Discussion

Among IT-SOFC cathode materials, LSCF is at the state-of-the-
art and commonly used in real IT-SOFC systems. LSCF was
chosen for this experiment as its exchange and diffusivity
properties have been studied extensively, particularly by IEDP
analysis.""**?*3% Most of the previous studies were performed
at intermediate to high temperatures (500-1000 °C), however,
the properties of LSCF at low temperatures have not been
studied. As such, 350 °C was chosen for this experiment. An
additional advantage of using low temperature is the ability to
use short diffusion profiles (around 20 pm) to obtain high
quality depth profiles using ION-TOF’s EDR.

The current work relies on the assumption that only reactions
(1) and (2) happen independently at the surface. In other words,
we disregard other reactions such as the homo-exchange of the
adsorbed species (i.e. water and molecular oxygen) at the surface:

*00 + Hy0 = 00 + H,*O (12)

The low concentration of active sites available at the surface
(oxygen vacancies in the current case) supports this indepen-
dence prerequisite.”>*” One could argue that the number of
active sites available at the surface may vary in the presence of a
space charge layer. However, this should go along with further
decrease of the concentration of active sites near the surface,**
therefore a lower chance of interaction between the adsorbed
species. The nature of the point defects contributing to the
oxygen transport has a priori no influence on the model. For
instance, the approach should hold for materials for which
oxygen transport is ensured by oxygen interstitials. One should
notice that it is also possible to describe the homo-exchange of
water and oxygen by combination of reactions (1) then -(2). In
any case, it is out of the scope of this work to differentiate the
homo-exchange from the succession of two hetero-exchange.
However, one must keep in mind that the concentration of the
labelling medium must be kept constant while performing
IEDP experiments.>® This consideration becomes even more

Table 2 Specific surface exchange coefficient of LSCF of molecular
oxygen (0.20 bar) and water (0.10 bar) in dry and humidified oxygen at
350 °C

Atmosphere ko) (em s™") k) (cm s771)
Dry oxygen 2.2 x 107 —
Humidified oxygen 3.2 x 10" 5.7 x 10°

This journal is © the Owner Societies 2021

347 174 3.0 x 107
353 175 5.7 x 107°
350 166 2.2 x 107°

crucial in a situation where isotope scrambling can happen (e.g.
by homo-exchange catalysed at the surface of quartz, of platinum
or of the sample), typically in the presence of two different
oxygen bearing molecules such as water and molecular oxygen.
In this case it can become impossible to know from which
molecule the labelled oxygen is sourced. For instance, during
80, isotope exchange, residual water might remove labelled
species from the solid at a higher rate than it gets incorporated
from "®0,, or might produce H,'®0 that exchanges faster with
the solid.'> In any case, isotope scrambling will distort the
measurement of k. We made sure that in experiments A and B,
the concentrations of the different isotopologues measured by
RGA remained the same contrary to what could be observed at
higher temperature (see Fig. S1 in the ESIt), which was also
observed by Sha et al.*® From this consideration, the sequential
double labelling approach presented in this paper should effec-
tively be applicable at temperatures up to ~500-550 °C.

Over the relatively short timescale of experiments A and B,
the surface exchange coefficient specific to water, k), is found
to be higher than the surface exchange coefficient from the dry
molecular oxygen. This is in good agreement with the result
obtained from back-exchange experiments.*® Incidentally, the
use of labelled water has been used advantageously to enhance
the incorporation of '®0 in fast diffusing materials, allowing a
more accurate determination of their tracer diffusion
215 The facilitated exchange of oxygen from the
water molecule has been explained in term of dissociation
chemistry’”° and can also be explained by the higher energy
required to dissociate oxygen compared to water.’” It is still
unclear, from one single exchange with H,'®0 and '°0,,
(experiment B) what the effect of water is on the exchange of
molecular oxygen. It would be wrong to interpret the increase of
the apparent oxygen exchange coefficient, kg, also in term of
increase of the exchange rate of molecular oxygen, as it has
been highlighted by Nenning et al.'® As a matter of fact, we
found that, in humid conditions, the surface exchange coeffi-
cient attributed to molecular oxygen, ko), is about 1 order of
magnitude lower than in dry conditions, showing that the
surface exchange rate of molecular oxygen decreases in the
presence water vapour.

This is in good agreement with the work from Huang et al.
on LSCF.*® The authors explain it by the preferential coverage
of the surface by water in this temperature range. The same
explanation was suggested for other materials such as SrTiO;>®
or Y-doped BaZrO;;*° thus water may block the access to the few
active exchange sites for molecular oxygen. However, this
cannot be generalised. In other cases, the surface exchange
coefficient of molecular oxygen increased in the presence of
water. A catalytic role was generally attributed to water in the

coefficient.
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case of Bag,Lay;Co0; (BLC)'® and more specifically to the
hydroxide species in the case of LSC.>' In the case of LSM, it
was suggested that slow incorporation could favour the homo-
exchange and invalidate the boundary condition at the surface,
resulting in an incorrect measurement.”® From DFT calcula-
tions on SrTiO;, it has been proposed that the water molecule
could catalyse the dissociation of molecular oxygen above a
certain temperature.*®

Overall, there is no clear consensus how water may increase
or decrease the surface exchange kinetics of molecular oxygen
with MIEC materials. Any effect is most likely specific to the
material and dependent upon the temperature and gas compo-
sitions involved and thus the results given above for this
experiment must be viewed in this context. If water could lead
to a long-term improvement of the surface exchange of oxygen
(electrochemically) useful to applications, the question remains
to find out with what material, combined to what type of
electrolyte, in what atmosphere, at which temperature, at what
partial pressure or with what kind of electrode’s morphology
and microstructure. The fact that water is a versatile
reactant’®*! means that it may also take part in several reac-
tions over different timescales. It should be kept in mind that
these reactions may have contradictory effects.

Conclusions and future perspectives

In this work, we demonstrated that it is possible to use two
complementary IEDP experiments and simple approximations
to estimate the surface exchange kinetics specific to both
molecular oxygen and water, in humidified oxygen. We
observed that, at the temperature of the study (350 °C) the
surface exchange rate of molecular oxygen at the surface of a
dense polycrystalline sample of LSCF is hindered by water. This
is likely due to preferential coverage of the surface by water,
thus blocking the access of molecular oxygen to active exchange
sites. In the meantime, oxygen from water exchanges more
effectively than that from dry molecular oxygen. This behaviour
may change as a function of temperature and for different
materials.
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