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Understanding the mechanism of the oxygen exchange rate between the gas-phase and the oxide
surface is essential to utilize electrochemical transport of oxygen in ceria-based materials for sustainable
technologies. This contribution applies pulse isotope exchange (PIE) to investigate the oxygen exchange
mechanism on La,Ce,O; and 5% Pr-substituted La,Ce,O;. The oxygen exchange kinetics is rate-limited

Received 21st August 2024, by the dissociation of adsorbed molecular oxygen. Pr substitution increases the surface kinetics,

Accepted 2nd December 2024 presumably due to an increased concentration of electronic defects that enhances charge transfer of
DOI: 10.1039/d4ma00840e electronic defects at the surface. Humidity decreases the exchange rate due to the selective dissociative

adsorption of water molecules into surface oxygen vacancies, forming hydroxide defects. This effect
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1. Introduction

The exchange of oxygen between the gas-phase and the oxide
surface, as well as the transport of oxide ions and electrons in
the bulk of the oxide, are mutually important for the perfor-
mance of solid oxide fuel and electrolyzer cells (SOFC and
SOEC), interconverting chemical and electrical energy.'™
Nevertheless, which functional properties of oxides promote
the oxygen reduction reaction (ORR) and why, remain subjects
of debate.

Rare-earth (RE) substituted ceria, Ce; ,RE,O, s, is among
the best oxide ion conductors, and the partial reducibility of
Ce(v) yields electronic defects, jointly giving rise to various
functional properties.” Moreover, these materials are ideal for
fundamental studies and have been central in developing the
understanding of oxygen exchange mechanisms.®>® Substitu-
tion with multivalent RE cations (>5 atomic%) introduces
impurity electron bands, further facilitating ionization of
adsorbed oxygen species at the surface, increasing the oxygen
exchange rate, R,, by orders of magnitude.”?"**° In several
ceria-based materials, the apparent activation energy of &, has
been reported to be significantly higher at high temperatures
(above 700 to 800 °C) compared to lower temperatures (E, >
2 eVvs. E, < 1.5 €V, respectively).>*'*? In this respect, it has
been speculated whether the omnipresent water vapor influ-
ences the oxygen exchange mechanism in the low-temperature
range.*?
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diminishes with increasing temperature due to the exothermic nature of hydration.

Although debated, the crystal structure of La,Ce,O; has
been reported as a disordered fluorite structure, closely related
to pristine ceria,>*” and can consequently be regarded as 50%
La-substituted CeO,, ie., CeysLay;0..175. Unlike ceria, the
material exhibits predominantly ionic conductivity even at
low oxygen partial pressures (e.g,, <107 >° atm at 700 °C**%?),
Its ionic conductivity at 600 °C is approximately one order of
magnitude lower than GDC, but only a factor of three lower
than YSZ.***° La,Ce,0- dissolves hydroxide defects up to high
temperatures (~ 800 °C) and demonstrates appreciable proton
conductivity under humidified conditions.*>*"™**  Thus,
La,Ce,0; exhibits conductivity characteristics interesting for
diverse applications.*>™*’

There are a few studies on the oxygen exchange kinetics of
ceria with La («50%) and co-doped with Pr.**~° La substitution
increases the oxygen exchange coefficient, & (relation to %, shown
in the ESI{), of Pr-doped ceria and its apparent activation energy.*
It has been speculated that this behavior indicates a change in the
point defects controlling the rate-determining process, e.g., shift-
ing from oxygen vacancies to electronic defects.>*>"

Oxygen vacancies and electronic defects play crucial roles in
the fundamental processes involved in oxygen exchange, and
material properties that affect the concentration of these
defects are essential.>’** Recently, the interaction between
the electronic band structure at the surface and adsorbed
oxygen species has been emphasized. Electron transfer from
the surface to adsorbed oxygen species is facilitated by the
reduction of the material’s band gap, which, in the case of Pr-
substituted ceria, is attributed to the generation of a Pr impur-
ity band within the band gap.>’%°°

The materials being studied here, La,Ce,O, (LaC) and 5%
Pr-substituted La,Ce,0;, La,Ce; o5Prg 95075 (5PrLaC) represent
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extremes of oxygen-deficient, ceria-like disordered fluorite
structures, substituting 50% of Ce(wv) with the more basic
La(m). Additionally, Pr substitution may promote the formation
of electronic defects through Pr(m)-Pr(iv) redox transitions.
Accordingly, these materials serve as suitable model systems
to investigate the individual effects of these parameters on
oxygen exchange kinetics. Moreover, the significant bulk
concentration and conductivity of protons in lanthanum
cerates in the presence of water vapor, even at temperatures
above 700 °C (approximately 1 mol% at 700 °C in 0.025 atm
H,0), make these materials particularly interesting for studying
the effects of water vapor on oxygen exchange kinetics.****
On these bases, we investigated the oxygen exchange mecha-
nism and potential effects of water vapor on the exchange rate
of La,Ce,0,-based materials utilizing pulse isotope exchange
(PIE) measurements. Building on our experimental findings
and a further discussion of the literature data for ceria-based
materials, we address the understanding of the oxygen exchange
properties of this technologically important class of materials.

2. Gas-phase isotope studies

Oxygen exchange between the gas-phase and the oxide surface
involves a series of elementary steps. Initially, gas-phase trans-
port occurs towards the surface, followed by oxygen adsorption
and potential dissociation into various adsorbed species. Addi-
tional steps required for oxygen exchange include the transfer
of electrons to the adsorbed oxygen species, surface diffusion,
and incorporation of oxide ions. These steps may all limit the
overall rate of oxygen exchange.

The exchange reaction at the oxide surface can be described
by Kréger-Vink notation as:>

Os(g) +2v5 <% 205 + 4h° 1)

where vy represents oxygen vacancies, O lattice oxide ions
and h* electron holes. At equilibrium, the reaction rates of
oxygen entering and leaving the surface are equal and char-
acterized by %, (in mol O m 2 s™'), i.e., the equilibrium oxygen
exchange rate.

Several techniques have been developed to investigate the
oxygen exchange kinetics, including electrical conductivity
relaxation (ECR),>*>" isotope exchange followed by depth pro-
filing (IEDP) with secondary ion mass spectrometry (SIMS)***”
and gas phase analysis methodologies (GPA).>®**? ECR measure-
ments provide information on chemical diffusion and surface
exchange coefficients, while IEDP with SIMS gives insight into
the oxygen tracer surface exchange and diffusion coefficients.
GPA, on the other hand, involves continuous monitoring of
isotopologue transients in a labeled atmosphere surrounding
the oxides in chemical equilibrium with the reaction condi-
tions. Under the steady-state approximation, #, can principally
be broken down into the rates of dissociative adsorption,
Rais, and incorporation, Ry, providing further insight into
the underlying exchange mechanism.®*'
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During PIE measurements, powder samples are pre-equili-
brated at the chosen oxygen partial pressure, po,, and tempera-
ture in a packed-bed quartz reactor under a constant laminar
gas flow. An '®0 enriched pulse with the same Po, as during
pre-annealing is introduced upstream through the powder bed
for oxygen exchange. The fractions of °0 and "*0 (f3° and f3°)
are determined from the concentrations of the diatomic iso-
topologues '°0,, °0'%0 and %0, ( £, f3' and f3°) at the reactor
outlet by means of a quadrupole mass spectrometer (Pfeiffer QME
Prisma 220). Provided there is chemical equilibrium between the
gas-phase and the oxide and that the requirements of the PIE
model are fulfilled,”® the simultaneous decrease in f;° along with
the increase in f3* and f3” reflects the scrambling of '°0 and '*0 as
a consequence of dissociation and incorporation (in addition to
recombination and desorption) of chemisorbed surface oxygen
species into the oxide lattice. The requirement for chemical
equilibrium should be recognized in relation to the kinetic para-
meters derived from gas-phase isotope analysis methods, as these
parameters represent balanced exchange rate coefficients.

To investigate the effects of water vapor on the exchange rate,
the powder was equilibrated in carrier gas mixtures containing
3% H,0. However, the labeled oxygen pulse used for the exchange
experiments was bottle-dry. In this way, the humidity present
during the oxygen exchange is determined by the amount of
adsorbed hydroxide defects on the surface of the powder. The
amount of adsorbed hydroxide defects on the powder surface
varies with temperature, following the thermodynamics of the
interactions between water and the oxide surface. These interac-
tions involve the chemisorption of water molecules, potential
dissociation, and incorporation of these species to form hydroxide
defects. We emphasize that the influence of water encountered
herein is solely qualitative in nature. It serves as a basis for further
discussion and analysis. To gain comprehensive understanding of
these interactions and their effects on the oxygen exchange rate,
additional quantitative studies are necessary.

3. Experimental

LaC was synthesized via solid-state synthesis. Stoichiometric
amounts of cerium(iv) oxide nanopowders (particle size <50 nm,
99.95% purity; Sigma-Aldrich) and lanthanum(m) oxide (>99.9%
purity; Sigma-Aldrich), pre-dried at 900 °C, were dispersed in
isopropanol and mixed in a roller mill (Model 12VS, Capco) for
24 hours.

The resulting suspension was dried and then calcined at
1000 °C for 3 hours. The powders were shaped into pellets
through uniaxial pressing, followed by sintering at 1580 °C in
air for 4 hours, with heating and cooling rates of 3 °C min™,
giving a relative density of >94% (determined by Archimedes’
method). Finally, the dense pellets were crushed and sieved
into three fractions with particle sizes: 90-125 pm, 40-60 um,
and <20 um. We assume that the agglomerates maintain the
relative density of the sintered pellets before crushing.

5PrLaC was synthesized according to a Pechini-based route.
Stoichiometric amounts of lanthanum(ur) nitrate hexahydrate

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(=99.9%; Sigma-Aldrich) and praseodymium nitrate hexahy-
drate (99.9%; Sigma-Aldrich) were dissolved in deionized water,
followed by mixing with citric acid (99%; Sigma-Aldrich) under
continuous stirring at 80 °C. The molar ratio between the
cations and citric acid was 1:2.

After evaporating the water, the precursor was further annealed
at 250 °C, resulting in a xerogel, which was calcined at 1000 °C for
3 hours in air. Sintering at 1580 °C in air yielded a relative density
of 93%, and the fractioning procedures were the same as for LaC.

X-ray diffraction (XRD) and scanning electron microscopy
(SEM) images of the powder products are presented in the ESL

The PIE procedure was conducted following the method
described by Bouwmeester et al.,*”®* with the detailed proce-
dure outlined in the ESL{ The temperature range used to
extract kinetic parameters was from 650 to 950 °C, which is
significantly lower than the sintering temperature. The tem-
perature range measured varied slightly depending on the
materials and gas composition. The temperature at which the
interaction between oxygen in the gas-phase and the surface
becomes detectable with the quadrupole mass spectrometer
(QMS) is referred to as the onset temperature, Tonset (°C)-

The po, range was between 0.005 and 0.21 atm for both dry
and wet carrier gases. The water vapor pressure py,o (0.03 atm)
in the wet carrier gas was determined by the temperature of the
water reservoir through which the carrier gas flowed before
entering the reactor. One should note that to enable accurate
measurements at the lowest po,, 99% 80 gas was used as the
source for the isotope mixtures, different from the more con-
ventional isotope enrichment of >97% %0 for the higher Do,

The PIE measurements were conducted in the surface-
controlled regime. This was verified through separate gas-
phase isothermal isotope exchange (IIE) experiments, which
showed that the average particle sizes were considerably smal-
ler than the characteristic length, I, where [ = D/ks (D is the
bulk self-diffusion coefficient). Accordingly, it was assumed
that there is no concentration gradient of oxygen isotopes in
the oxide bulk, i.e., bulk diffusion has virtually no effect on the
measurements of oxygen surface exchange.
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4. Results

Fig. 1 and 2 depict representative examples of the evolution of the
pulse response in PIE as a function of temperature for LaC and
5PrLaC in bottle-dry and wet (0.03 atm H,O) carrier gases at 0.02 atm
0,. The fraction of *°0,, f3°, gradually decreases above 500-600 °C
(Tonset) because of the scrambling of adsorbed °0 and '®0 at the
surface and the incorporation of "*0 into the bulk of the oxide. Typset
is lower for the doped compared to the undoped material.

The presence of water vapor slightly increases Tsec and alters
the profile shape accordingly. It is worth noting that the increased
formation of °0'®0 qualitatively indicates slower incorporation
relative to dissociative adsorption and associative desorption.

Fig. 3 presents the oxygen partial pressure dependence of %,
for both bottle-dry and humidified conditions for (a) LaC and
(b) 5PrLaC, including the po dependences obtained from linear
fitting of the data according to double logarithmic representa-
tions. Fig. 4 displays the isobaric temperature dependence of
R, corresponding to the exchange rates in Fig. 3 for the lowest
and highest measured po . Generally, there is some scatter in
the data with respect to functional dependences, especially for
LaC. Nevertheless, one may conclude from Fig. 3 and 4 that the
overall exchange rate is slightly higher for the Pr-substituted
material and, moreover, that the rate generally decreases and
becomes more activated under humidified conditions.

The oxygen partial pressure dependence for 5PrLaC is
relatively consistent, varying in the range Ry oc po,%¢> 07,
For LaC, the data points for the three highest oxygen partial
pressures follow an essentially Ry  po,’37°%° dependence,
whereas the data at 0.005 atm O, deviate and are lower
than expected according to the functional dependence from
higher po. With the present scatter, there is no distinct
difference between the po, dependences in both bottle-dry
and humidified conditions for the two materials.

For the temperature dependence of R, in Fig. 4: firstly, the
apparent activation energy decreases when going from undoped
to 5% Pr-doped La,Ce,0. Secondly, the data at 0.005 atm O, for
LaC, which deviate from the ‘“linear’” dependence at higher
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Fig. 1 Oxygen isotopologue fractions as a function of temperature for La,Ce,O;7 at po, = 0.02 atm in dry carrier gas (on the left) and wet carrier gas (on the
right), respectively. In both cases, dry pulses were employed. The dotted lines represent the fits to the models (see ESI, Section S1 and eqn (S17), (S22)—(S24)). The
constant level of 020 up to Tonset is due to the purity of the isotope-labeled gas (97% 20), reflecting the distribution of the isotopologues.
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Fig. 2 Oxygen isotopologue fractions as a function of temperature for LayCey 95Prg 05075 at Po, = 0.02 atm in dry carrier gas (on the left) and wet carrier gas (on
the right), respectively. In both cases, dry pulses were employed. The dotted lines represent the fits to the models (see ESI, T Section S1 and egn (S17), (S22)—-(524)).

Do,, exhibit lower apparent activation energies than those at
higher oxygen partial pressures. Finally, the apparent activa-
tion energy measured across the temperature range increases
going from bottle-dry to humidified conditions, and particu-
larly so for the Pr-doped material. This is emphasized in
Fig. 5, which presents the temperature dependence of R, at
0.02 atm O,. Notably, the wet data deviate from linear
Arrhenius behavior, as the difference in R, between wet
and dry carrier gases gradually diminishes with increasing
temperature. For 5PrLaC, the apparent activation energy
decreases from approximately 190 to 130 kJ mol ', whereas
it remains essentially constant for LaC (~ 150 kJ mol ™).

5. Discussion

Preliminary understanding of the oxygen exchange mechanism
may be obtained by visually analyzing the development of the
oxygen isotopologues in the PIE profiles (¢f. Fig. 1 and 2). Low
f;4 levels indicate that the scrambling of dissociated oxygen
species adsorbed on the surface is sluggish relative to the
incorporation of these surface species. In other words, one of
the elementary reactions involved in oxygen dissociation limits
the overall oxygen exchange.

More quantitative approaches involve addressing the po,
dependence of R, using chemical kinetics, as different sequences
of elementary reactions lead to different dependences on the
oxygen partial pressure.®>®! For the Pr-doped material, Fig. 3
shows that Ry x po,”, m € [0.5-1], supporting that the rate-
determining step (rds) involves the dissociation of molecular
oxygen.”' The behavior of the undoped material is less conclusive
due to more scattered data, and even more so, whether or not
the data points at 0.005 atm of oxygen are included. Leaving the
0.005 atm dataset out, the oxygen partial pressure dependences
are consistently lower (R « po,”, m € [0.37-0.49]) for LaC
compared to the Pr-substituted material, indicating differences
in the overall oxygen exchange mechanism.

Although the *°0, pulse is dry, there are distinct differences
between the detailed effects of reaction conditions on the
exchange rates for bottle-dry and wet carrier gases (cf Fig. 1-5).

412 | Mater. Adv, 2025, 6, 409-422

Considering commonly applied reaction mechanisms for
oxygen exchange on similar ceria-based materials, the adsorp-
tion of gaseous oxygen molecules with the transfer of one

electronic defect can be denoted as:®*¢>7%7
Oz,g + e Oz,ad (2)
OZ,ad Ad Oz,ad7 + h. (3)

Whether electrons or electron holes are involved in the
elementary reactions other than the rate-determining step
does not alter the oxygen partial pressure dependence of the
overall exchange rate since these reactions are at quasi
equilibrium.®***"" For dissociative adsorption, one may differ-
entiate between mechanisms mediated by oxygen vacancies
(4-a) and (5-a) and those that are not (4-b) and (5-b):

Oruq + V3 <f:—> O, + 0y +2h* (4-a)
Opa -+ {24 20, +1° (4-b)
Oy +5 +2¢ {5 04 + 0§ (5-a)
0 ,q +¢ + <ﬁf—"> 205, (5-b)

dis.b

The reactions are outlined both with electrons from the
valence band (formation of holes) and the conduction band in
the reactions in eqn (4) and (5), respectively. The adsorbed
peroxide species formed during dissociation are incorporated
along with the transfer of another electronic defect:

O+ <25 OF +h° ©)
For the reactions in eqn (2)—(6), * denotes adsorption sites
different from vg. Oy, and O, ,q represent neutral diatomic
oxygen species in the gas-phase and adsorbed on the surface,
respectively. O, ,q4 and O,q4 refer to charged, adsorbed oxygen
species, i.e., a superoxide and a peroxide species, respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Overall oxygen exchange rate, Ro,as a function of the oxygen partial pressure, po,, for (a) LapCer07_s and (b) LaxCe1.95Pro 0507 s with dry and wet
carrier gases. The dashed lines represent least-squares fitting of the data according to %y oc po,™ and the respective slopes, m, are included. Notably, all

graphs exhibit the same ranges on the axes to facilitate comparison.

For the scheme facilitated by oxygen vacancies, one oxygen
species incorporates directly as part of the dissociation. The
leftover adsorbed peroxide species formed in the reactions can
either be incorporated through the consecutive reaction in
eqn (6) or recombine with another adsorbed species and desorb
as an oxygen molecule. Despite potential recombination
and desorption, oxygen exchange is completed by the direct
incorporation of the oxygen species into the oxygen vacancy.
Since the incorporation of oxygen takes place simultaneously
with dissociation in both eqn (4-a) and (5-a) via oxygen

© 2025 The Author(s). Published by the Royal Society of Chemistry

vacancies, parallel to the incorporation in eqn (6), this has
been denoted as a parallel-like mechanism in the literature.®>”?
The reactions in (4-b) and (5-b) exclusively represent dissociation
and must be followed by the incorporation reaction (eqn (6)) to
complete the exchange between gas-phase oxygen and oxide ions
in the surface sublattice. Accordingly, these reactions imply a
serial scheme.”>”?

Bouwmeester et al.°”®' have demonstrated that i, can be
deconvoluted into individual pairs of R4is and Rin. from the
time dependence of the fractions of oxygen isotopes and

Mater. Adv,, 2025, 6, 409-422 | 413
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(b) LaxCe1.95Prp.0s07_5 with dry and wet carrier gases. The dashed lines represent least-squares fitting of the data according to Arrhenius behavior,
including the apparent activation energies. All graphs exhibit the same ranges on the axes to facilitate comparison.

isotopologues in the pulse response. The relationship between
these rate constants differs for the parallel (eqn (7), with p in
superscript for parallel) and serial mechanism (eqn (8), with s

in superscript for serial):

1
§R0 = EéRgis 1 + 1

2

414 | Mater. Adv,, 2025, 6, 409-422

~RP

dis

P

inc

+ R

mc

)

1 1 1
R Wy R “

mc

(Eqn (7) and (8) were derived in the literature®™”> and the
derivation is also presented in the ESILi for completeness).
It is important to acknowledge the uncertainty associated with
the deconvoluted rate constants, especially for the rapid incor-
poration rate when the formation of '°0'0 is low. Neverthe-
less, the two pairs of $4;s and Rj,,., along with their dependence

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Temperature dependence of the overall oxygen surface exchange rates of La,Ce,O; and La,Ce; 95Prg.0507_5 at Po, = 0.02 atm in dry and wet

carrier gases. In both cases, dry pulses were employed.

on the reaction conditions, may offer additional clarification
and further insight into the oxygen exchange mechanism.

The relative influence of dissociation and incorporation can
be illustrated using contour plots, as introduced by den Otter
et al.”? Fig. 6 displays a contour plot of the ratios between R,
and Ry, corresponding to the fraction of the oxygen incorpo-
rated (exchanged between the gas-phase and surface) relative to
that dissociatively adsorbed according to the serial and parallel
models, respectively. 5PrLaC shows a higher fraction of

Fig. 6 Contour plot of the ratio of the overall oxygen exchange rate (hetero
exchange rate) to the dissociative adsorption rate at 750 °C and 0.02 atm of O,.
p1 and p, are the independent probabilities of each oxygen atom in a
dissociated oxygen molecule being incorporated into the oxide. Further deriva-
tion and interpretation of the contour plot can be found in the ESI.i 72747

© 2025 The Author(s). Published by the Royal Society of Chemistry

incorporation relative to dissociation than for LaC. Addition-
ally, the presence of water vapor decreases the relative rate of
incorporation for both materials.

As shown in Fig. 7 and 8, the temperature and oxygen partial
pressure dependences of the rate constants are deconvoluted
according to eqn (7) and (8), corresponding to the parallel and
serial mechanisms, respectively. The pairs of rate constants
exhibit rather similar functional behavior, but their relative con-
tributions to the overall exchange rate vary. For the serial mecha-
nism, the incorporation is generally faster than dissociative
adsorption, whereas for the parallel mechanism, the rates are
more similar.

The temperature dependences for the dissociation and incor-
poration display some notable trends. Firstly, the exchange rates
are higher for the doped material. Secondly, the apparent activa-
tion energy is higher under humidified compared to bottle-dry
conditions (¢f Fig. 5). This is most significant for the Pr-
substituted material and is also more pronounced for incor-
poration than for dissociative adsorption. Under bottle-dry
conditions, the activation energy for the dissociative adsorption
is, generally, higher for LaC compared to for 5PrLaC, a trend
that reverses under humidified conditions.

Examples of po, dependence on the rate constants are
shown in Fig. 8. Overall, the oxygen partial pressure depen-
dence is relatively consistent and corresponds to the behavior
expected for dissociative adsorption and incorporation (see also
ESLt Fig. 6 and 7). The dissociation rates largely reflect R,
but with slightly stronger oxygen partial pressure dependences.
The individual behavior manifests the differences in the
exchange mechanism between the pristine and doped material,

Mater. Adv.,, 2025, 6, 409-422 | 415
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0.47-0.7 0.75-0.97

Rais X po, , respectively. The po,
dependence of R, is scattered but generally decreases with
increasing temperature in the range m € [0, 0.05], becoming

and %dis X po,

essentially invariant at the higher temperatures (?Rmc o< p007>.

Generally, dissociative adsorption governs the oxygen
exchange for the serial mechanism, as ;s is significantly lower
than %,.. Since these values are more similar when deconvoluting
of R, according to the parallel-like mechanism, and the incor-
poration rate is independent of po, REis eventually surpasses R5,..
In other words, reaction (4-a) or (5-a) contributes relatively more
than reaction (6) to the overall oxygen incorporation at the highest

416 | Mater. Adv., 2025, 6, 409-422

oxygen partial pressures. Since incorporation is realized as part of
the dissociation, oxygen exchange is maintained.

The defect structure of the surface influences the tempera-
ture and po, dependences of the exchange rate. However, since
these surface properties are rarely known, one has to rely on the
properties of bulk and evaluate potential deviations from it
based on developed theories for space charge layers. Merkle,
Maier and coworkers®>"’® have discussed potential differences
in the defect chemistry between the bulk and the surface,
including ceria-based materials, relevant to the present inves-
tigation. Based on their findings and other literature reporting
negligible surface charges for ceria-based materials, as well as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Oxygen partial pressure dependence of the deconvoluted oxygen surface exchange rates in dry and wet carrier gases for (a) La,Ce,O; and
(b) LaxCe1.95Pr00 0507. The entire dataset is presented in the Section S5 (ESIT).

the fact that the La acceptor totally dominates the defect
structure of La,Ce,0,, we have assumed, as a first approxi-
mation, that the po, dependence of the concentration of point
defects at the surface corresponds to that of the bulk material.
It should, however, be recognized that the surfaces of ceria-
based materials tend to be more reduced than the bulk.*’
Previous research has demonstrated that the total electrical
conductivity of La,Ce,O; is independent of po, under oxidiz-
ing conditions, reflecting predominant oxide ion conduc-
tivity.*®3%777° This behavior was, as adopted herein, rationa-
lized by considering lanthanum cerate as 50% La-substituted
Ce0,. The doping reaction, wherein La®" substitutes for Ce**

© 2025 The Author(s). Published by the Royal Society of Chemistry

and is charge-compensated by formation of oxygen vacancies,
can be described as follows:

LayO3 =% 2Lal, + v + 30

©)

The simplified, limiting electroneutrality (bulk) within the
present experimental window is thereby given by:

[Lac] = 2[5]

(10)

The po, dependence of the minority electronic defect con-
centration can be determined from the equilibrium constant of

Mater. Adv., 2025, 6, 409-422 |
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the redox reactions:

1
og—qvg-+2d-+502@) (11)

or

O +2h* — v§ + %Oz(g) (12)
Combined with the limiting electroneutrality conditions in
eqn (10), the concentrations of electrons and electron holes are
accordingly proportional to po,'/* and po,'/4, respectively.
Returning to the elementary reactions, rate expressions for the
reactions in eqn (2)-(6) can now be derived. Provided that dissocia-
tive adsorption is limiting, the elementary reactions in eqn (2), (3)
and (6) reach quasi-equilibrium. As PIE represents tracer measure-
ments, the exchange coefficients derived from the isotope profiles
reflect the equilibrium exchange rates, Ry, and can be expressed as:®

o [03.4] 4] = s (KRS ) 45] < o

[h*]
m4.a =

102 [08]B°P= i (KJ

Og] [h°]

V3]

) [O(X)] [h']z(x Poz3/ 4 backward reaction

View Article Online
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K, represents the equilibrium constant for the respective elementary
reaction (x denotes the reaction number). The [species]e, refers to the
concentration of the respective species at equilibrium. (Eqn (13)-(16)
demonstrate that the po, dependence is the same for both the
forward and backward reactions, satisfying the principle of micro-
scopic reversibility.)

It is apparent from eqn (13) and (14) that if valence band
electrons are involved (leading to the formation of holes) in the
rate-determining step, it is not possible to distinguish whether
oxygen vacancies participate in the dissociation reaction, as
both mechanisms result in R o po,”/*. This dependence
matches relatively well with the observed pressure dependence
of R, for the Pr-doped material (c¢f Fig. 8b), but the deconvo-
luted experimental data are mostly on the higher side of a 3/4
dependency. There are several possible explanations for the
stronger pressure dependence: (i) the defect structure deviates
somewhat from that of the bulk, (ii) the first ionization step

forward reaction

Rie = \/ (k4 03], [Vz;hq) (kea[02] 0

Kab [Oiad] = kap <K2K3&) o po, 4

(h°]
Ryp =

s (OG0 = s (Ke

05]m°\’
[ve]

(13)
Lq [h'ﬁq> o po,”* equilibrium exchange rate
forward reaction
) [h*] p023/ 4 backward reaction (14)

Rab = \/<l§4_b [Oiad]cq> (76417 [O;dﬁq [h‘]eq> o po,**  equilibrium exchange rate

when electron holes are involved in the rate-determining step according to eqn (4). If instead electrons are at play, the effects of

varying the oxygen partial pressure would correspond to:

ksa [Oiad] CPve] = ks (Kngpoz) [ [vey] o po,'/*  forward reaction

[h*]

§RSJA = « o
ksa[054] [05] = ks.a <K6%> [0g] o po,'/* backward reaction (15)
)
R = \/(Es,a [Oiad]eq [e’]gq [Vg]eq) (Es‘u [O,;d]eq [O(X)Lq) x po,'/*  equilibrium exchange rate
Kb |07 [] = Fsn [ K2 ) /2 forward reacti
sb[O0g.4|[€] = kso | Ka 3[h’] [¢] x po, orward reaction
Rsp = o T\
ks [O;d]zz ks (&%) x po,'/? backward reaction (16)
)

RL = \/(1251, [O;ad]eq [e’]cq> (Eib [[Oa_d]iq]) o po,'? equilibrium exchange rate
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may be partly constrained, and (iii) if the adsorption and
dissociation occur directly at the oxygen vacancy, with the
transfer of three electronic species, bypassing the initial
adsorption step. Nonetheless, it will be evident later that the
influence of humidity points toward the contribution of oxygen
vacancies in the rate-determining step.

If instead conduction band electrons are involved in the
rate-determining step, eqn (15) and (16) show that different
pressure dependences emerge for the parallel-like and serial
dissociation mechanisms. For the LaC data, Rg;s is proportional
to po,~'/? (¢f Fig. 8a), which corresponds to the dependence
expected for the serial mechanism where conduction band
electrons are the ionization source of the oxygen species
(eqn (16)). Overall, evaluation of the oxygen partial pressure
dependences indicates that pristine LaC follows the serial
mechanism with conduction band electrons ionizing the
oxygen species, whereas for the Pr-doped material, valence
band electrons predominate.

Deviating effects of water vapor on oxygen exchange kinetics
have been reported in the literature.®’~®° In this respect, it is
important to recognize the conceptual differences in the
exchange of oxygen between surface oxide ions and (i) the
oxide ion in water, and (ii) the oxygen molecules. The former
represents an acid-base reaction involving no net transfer of
electronic species, while the latter, overall, is a redox reaction.
We will now attempt to gain further insight to the exchange
mechanism through the effects of humidity on the data.

Since water vapor decreases the oxygen exchange rate and
increases the apparent activation energy without significantly
changing the dependence on oxygen partial pressure, we infer
that hydroxide groups adsorb onto oxygen vacancies, partly
blocking the adsorption of oxygen (eqn (4-a) and (5-a)).
La,Ce,0; favorably dissolves hydroxide defects via dissociative
adsorption of water into oxygen vacancies,*>** and the surface
of the lanthanum cerate is relatively basic, generally promoting
hydration.?” On these bases, we presume that hydroxide groups
are relatively strongly bonded to oxygen vacancies during
annealing in wet carrier gas and, at least partly, remain
adsorbed during the 3°0, pulse, although it is dry. Since
hydration of surface oxygen vacancies is exothermic, the concen-
tration of hydroxide defects at the surface decreases with increas-
ing temperature, gradually reducing the effect of humidity on the
exchange rate. This is consistent with the diminishing differ-
ence between the dry and wet datasets as the temperature rises
(¢f- Fig. 5), supporting the rationale behind the water effect.

A close evaluation of the effects of humidified conditions
reveals that the activation energy of Ry;s for LaC is independent
of the level of humidification. In contrast, the activation energy
increases for Rin. for LaC, similarly also for both R4is and Rinc
for 5PrLaC (see Fig. 4). Since dissociative adsorption according
to the serial mechanism (eqn (4-b) and (5-b)) is the only
elementary reaction not involving oxygen vacancies, these
findings again support the hypothesis that hydroxide groups
block oxygen vacancies. Further, it indirectly supports that the
pristine and Pr-substituted La,Ce,O-, follow different exchange
mechanisms. Finally, the fact that both R4;s and R, for 5PrLaC

© 2025 The Author(s). Published by the Royal Society of Chemistry
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exhibit higher apparent activation energies under humidified
compared to bottle-dry conditions, shows that the oxygen
exchange for the doped material is facilitated by oxygen vacan-
cies and follows the parallel-like mechanism.

In interpreting the oxygen partial pressure dependence of
the faster elementary steps, the reactions are at equilibrium
and depend on the concentration of the defects taking part. If
we assume that electron holes enter the incorporation step
(eqn (6)), then the corresponding reaction rate follows a po,'/*
dependence; otherwise, if electrons do, the reaction rate will be
independent of po . Despite scattering, the behaviour of the
incorporation data generally reflects this trend (cf Fig. 8).

So far, we have not directly addressed the effects of Pr sub-
stitution, i.e., the overall slightly increased exchange rates and
the apparent activation energy decreasing from ~ 150 k] mol "
to ~120 k] mol~" under dry conditions. Presumably, the bond
strength between Pr(u1) and oxygen is weaker than for the Ce(wv)-
oxygen bond, which would promote the oxygen exchange
compared to LaC. Moreover, the addition of Pr(m) will increase
the level of acceptor dopants and, consequently, the concen-
tration of oxygen vacancies. However, given the low concen-
tration of Pr, relative to the inherently high oxygen vacancy
concentration in lanthanum cerates, we believe that this minute
change in composition does not affect the vacancy concentration
sufficiently, nor the potential effect of weaker metal-oxygen
bonds, enough to account for the changes in . Therefore, it is
plausible to suggest that the effects of Pr doping are related to its
multiple valence states. Similar effects of Pr on the oxygen
exchange rate have been observed for other rare-earth substituted
ceria materials, scaling with the concentration of Pr.*' The
nominal Pr concentration in the present study is below the
reported threshold where the formation of continuous Pr impurity
bands are suggested to form within the CeO, bandgap.”’*%%*
Nevertheless, the electronic conductivity has been shown to
increase significantly for ceria-based materials, even with Pr levels
below 5%, indicating that even low Pr concentrations affect the
level of electronic defects in ceria-based materials.>' Moreover,
Schaube et al.,>* reported an enrichment of Pr at the surface
relative to nominal bulk values for Pr-substituted CeO,. Provided
that 5PrLaC behaves similarly, we speculate that the Pr concen-
tration at the surface reaches levels where its multiple oxidation
states will affect the surface electronic states, to some extent
enhancing the overlap with the electronic states of the adsorbate.
Overall, this would increase the oxygen exchange rate and decrease
its activation energy.?®>®

According to the differences in the behaviour of the two
materials, the electronic defect responsible for the ionization of
the adsorbed oxygen species, indeed, changes from conduction
band electrons for pristine lanthanum cerate to valence band
electrons for the Pr-doped version. Whether valence band or
conduction band electrons ionize the adsorbed oxygen species
depends on the overlap between electron band structure of the
surface and that of adsorbed oxygen species — more specifically,
the position of the adsorbate energy level relative to the con-
duction and valence band for the surface cations, and, not
least, the Fermi level. Thereby, the encountered change in the

Mater. Adv,, 2025, 6, 409-422 | 419
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oxygen exchange mechanism between the two materials may
support that the Pr concentration on the surface is enriched
compared to the nominal values and sufficient to alter the
electronic properties at the surface.

As pointed out earlier, the effect of water on the apparent
activation energy is stronger for the Pr-doped material com-
pared to the pristine LaC (¢f. Fig. 5). Presumably, this is also
related to the Pr**/Pr"* couple, and one may speculate whether
this effect relates to the balance between hydration and hydro-
genation at the surface.

Finally, one should compare the results from the present
study with relevant literature. There is significant scatter in the
literature data when comparing rates and activation energies
of oxygen exchange kinetics; even for identical compositions,
exchange rates may vary by orders of magnitude.> Despite this,
it is still useful to compare lanthanum cerates to relevant
literature on rare-earth-substituted ceria. Nicollet et al.*>° reported
that the activation energy increases with increasing concentration
of La, with values in the range of 1 eV for Lay ;(Ceo oPro.1)0.902_s-
This is generally lower than the activation energy determined here
for the lanthanum cerates, and the present data consequently
supports the claim of Nicollet et al.>® Comparing the data from
Schaube et al.>" to the current study for similar compositions and
conditions, the oxygen exchange rates and activation energies are
in the same ballpark.

6. Conclusion

The oxygen surface exchange mechanism for La,Ce,O, and
La,Cey.95Prg 95075 has been investigated using the pulse iso-
tope exchange technique. The exchange is rate-limited by
oxygen vacancy-mediated dissociation of adsorbed oxygen
species.

Water vapor decreases the oxygen exchange rate and
increases its apparent activation energy. This behavior reflects
preferential, exothermic dissociative adsorption of water, block-
ing surface oxygen vacancies.

The activation energy is lower, and the exchange rate is higher
for 5 mol% Pr-doped La,Ce,O, compared to that of nominal
La,Ce,05, implying that electronic species introduced by the
redox-active Pr ions facilitate the transfer of electronic species
during the exchange process.

The effect of water on oxygen exchange is more prominent
for 5 mol% Pr-doped La,Ce,0O, indicating that the hydrogena-
tion mediated by the Pr**/Pr*" couple at the surface affects the
charge transfer process.
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