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Abstract: A space-charge theory applicable to concentrated
solid solutions (Poisson—Cahn theory) was applied to describe
quantitatively as a function of temperature and oxygen partial
pressure published data obtained by in situ X-ray photoelec-
tron spectroscopy (XPS) for the concentration of Ce’ (the
reactive species) at the surface of the oxide catalyst
CeysSmy,0, . In contrast to previous theoretical treatments,
these calculations clearly indicate that the surface is positively
charged and compensated by an attendant negative space-
charge zone. The high space-charge potential that develops at
the surface (> 0.8 V) is demonstrated to be hardly detectable by
XPS measurements because of the short extent of the space-
charge layer. This approach emphasizes the need to take into
account defect interactions and to allow deviations from local
charge neutrality when considering the surfaces of oxide
catalysts.

The surface of an ionic crystal does not have to obey local
charge neutrality. In fact, a charge-neutral surface is the
special case. The general case, as demanded by thermody-
namics, is a charged surface, with global charge neutrality
being satisfied by an adjacent space-charge zone that extends
many nanometers into the bulk.'*! Both charged surface and
compensating space-charge zone will be characterized by
defect concentrations that differ hugely from the bulk values,
with defect concentrations at the very surface (the reaction
partners of molecules in the gas phase) not necessarily being
related in any simple manner to defect concentrations in the
bulk phase.

Solid solutions based on cerium(IV) oxide (CeO,, ceria),
apart from being used as three-way catalysts in the treatment
of automotive exhaust gas,*” are promising electrochemical
catalysts for solid oxide fuel cells (SOFC) and electrolyzer
cells (SOEC).** Much recent work has focused on point-
defect concentrations at ceria surfaces, and especially on their
role in hydrogen oxidation and water splitting."'*) The
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presence of a space-charge layer has been generally ignored,
however.

Chueh and co-workers have conducted extensive charac-
terization of ceria surfaces.”'*'"! In particular they used
ambient pressure X-ray photoelectron spectroscopy (AP-
XPS) to determine the concentration of Ce*" moieties at the
(100) surface of Cey4Sm,,0, 4 in situ at high temperatures and
in reducing conditions.”) They found that the site fraction of
Ce’" at the surface is orders of magnitude higher than in the
bulk and also shows a much weaker dependence on oxygen
partial pressure. These two findings were interpreted in terms
of the reduction enthalpy at the surface being lower than in
the bulk. While this interpretation is qualitatively consistent
with both findings, it does assume that the surface is charge
neutral and it does not require electrochemical equilibrium
for point defects between bulk and surface. In a further
publication,'¥! Chueh and colleagues conclude that the sur-
face space-charge zone is negligible, that is, that the surface is
(close to) neutral. Their discussion of space-charge zones,
however, assumes the matrix (Ce,3Sm,,0,,) to be a dilute
solution: with 20 % substitution of the cation sublattice, the
system is clearly a concentrated solid solution. Furthermore,
their experiments only probe a possible variation in the
surface space-charge potential with applied electrical bias,
and not the absolute value of the space-charge potential. A
significant space-charge potential that showed little variation
with applied potential would, therefore, be consistent with
their data. Recently, Zhao et al.™® reproduced the data of
Chueh et al.’! by defect-chemical modeling. They included
electrochemical equilibrium between surface and bulk for
mobile defects, but assumed, similarly, dilute solution ther-
modynamics for a concentrated solid solution and restricted
the treatment to the charge-neutral case.

Herein, we apply Poisson-Cahn theory!”! to the exper-
imental data reported by Chueh et al.” for the (100) surface
of CesSm,0,,. Poisson-Cahn theory is a framework for
describing space-charge layers at extended defects (surfaces,
dislocations, grain boundaries) in concentrated solid solu-
tions. This is accomplished by calculating activity coefficients
for point-defect species in terms of local and non-local defect
interactions. Our approach thus relaxes all previous con-
straints: it allows the surface to become charged, if necessary;
it describes point-defect behavior at an extended defect in
a concentrated solid solution; and it maintains electrochem-
ical equilibrium for all mobile point defects in the system.

Space-charge theories describe how point-defect concen-
trations in a bulk phase are modified by the presence of an
extended defect. Since Poisson—Cahn theory, as noted above,
takes defect—defect interactions into account, we first con-
sider a defect chemical model with defect interactions for the
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bulk phase and we then expand this model to include the
surface. In this way, the treatments of point defects in the bulk
phase and at the surface have a common basis.

Three point defects are important in Ce,gSm,0, at T'<
1000 K in reducing atmospheres.”*?!! In Kroger—Vink nota-
tion, these are: 1) Sm, which are Sm cations residing on the
Ce sublattice and constituting acceptor-type defects; 2) Vg,
vacancies on the oxygen sub-lattice; and 3) Cer,, electrons
that are localized at cerium ions as small polarons,?
corresponding formally to a change in oxidation state from
Ce*" to Ce™. In the bulk phase, electroneutrality stipulates
that the site fractions of these defects obey Equation (1):

a+n=4v (1)

where a and n are the fractions of Ce sites occupied by Smy.,
and Ceg,, respectively; and v denotes the fraction of oxygen
sites occupied by V§ (the factor 4 appears because there are
twice as many anion as cation sites and because oxygen
vacancies are doubly charged). Although a is fixed, v and
n may both vary with temperature (7) and oxygen partial
pressure (pO,) on account of the reduction of ceria [Equa-
tion (2)]:

, 1
2Cey, + 0 = 2Ce(, + Vg +50; 2)

Equation (2) indicates that, in equilibrium, the electro-
chemical potentials of the building units of polarons
(Cel,, — Ce},) and oxygen vacancies (Vg — O}),® i, and
L, respectively, are related through Equation (3)

o1
2, +i+ 5 0,= 0 3)

where uo, is the chemical potential of oxygen gas
(= up, + RT1n[pO, /p°0,]). To include defect interactions in
the description of bulk defect chemistry and bearing in mind
the result for the inhomogeneous case (see Refs. [4,5] and
also later), we assume pairwise interactions that are propor-
tional to defect concentrations. Consequently, the electro-
chemical potential of Ce, as building units for the homoge-
neous bulk phase, i,, for example, is given by Equation (4)

/Zn:ﬂ:+fnnn+fana+fvnv+RTln(l_aL_n>_F¢ (4)

where y; is the standard chemical potential of Ceg, ; the three
subsequent terms describe the defect—defect interactions with
the parameters f;; as interaction energies between defects
i and j; the penultimate term arises from the mixing entropy
of Ce, on the cation sublattice; the last term, —F¢, is the
electrostatic contribution to the electrochemical potential,
with electrostatic potential ¢. The electrochemical potential
for Vg (building units) in the bulk phase is formulated in
a similar fashion.

This model [that is, Egs. (1), (3) and (4)] was fitted to
experimentally determined site fractions of Ce*" in the bulk
for two different acceptor concentrations.”>!! As shown in
Figure 1, the model describes the experimental data well at
both acceptor concentrations with a single set of parameters
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Figure 1. Bulk Ce*" site fraction as a function of oxygen partial
pressure for four temperatures and acceptor site fraction of 0.15 (left)
and 0.20 (right). The results of the bulk model with fitted reaction and
interaction parameters (solid lines) are compared with experimental
data (circles) of Chueh et al.®*!

(with the characteristic dependence n o pO,~"/* also being
reproduced). Without defect interactions, it is not possible to
describe both datasets with one set of parameters.

Considering now the surface, we first specify why the
space-charge layer forms. The sole driving energy for space-
charge formation is taken to be the preferential formation of
by Vi at the surface™ Aui=u;  —uo, . < 0. The potential
roles of adsorbates, such as CO,>~ or OH ,?*?" in determin-
ing the space-charge potential are ignored here because their
inclusion requires more experimental data than is currently
available. Second, following previous work,* > we express
the electrochemical potential of Ce(, for a one-dimensional,
inhomogeneous system as Equation (5)

fiy=tty + Fant(X) + fan@(x) + funv(x)

n(x) on 5
+RT1n<1 a0 = n(x)> ~F¢—Pugs

The first six terms are identical to those for the homoge-
neous case [Eq. (4)], but now the site fractions of the defects
and the electrostatic potential are functions of the spatial
coordinate x. The seventh (last) term takes into account the
gradient energy contribution to the electrochemical potential,
with S, as the gradient energy coefficient for Ce,. The
gradient energy is an energetic penalty for concentration
gradients in the system: the steeper the gradient, the larger
the penalty. The electrochemical potentials for Sm¢, and Vg
have analogous forms. In equilibrium, the electrochemical
potential of a mobile defect is constant throughout the system
(we discuss below which defects count as mobile). It is the
combination of electrochemical potentials of the form of
Equation (5) with the Poisson equation that constitutes
Poisson—Cahn theory. The solution of such equations yields
¢(x), n(x), and v(x) [and depending on the behavior of the
dopant, a(x)]. One important benefit in using this functional
form for the electrochemical potentials is that it allows other
effects, such as volume changes accompanying defect forma-
tion,*"! to be included implicitly.

At the temperatures typical for hydrogen oxidation or
water splitting (673 < 7/K <973), only oxygen vacancies and
polarons are sufficiently mobile to obtain electrochemical
equilibrium. The acceptor cations, in contrast, are expected to
become mobile only at much higher temperatures,*” a view
supported by recent modelling of cation segregation kinetics
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based on Poisson—-Cahn theory.™ It is expected, therefore,
that the acceptor cations are not in electrochemical equilib-
rium and that their site fraction a is constant throughout the
sample. AP-XPS measurements,””’ however, found that a is
significantly increased at the surface (0.3 instead of 0.2). It is
unclear whether this increase is due to an equilibrium
segregation profile generated during deposition or owing to
a situation in which the acceptor cations have started to move,
but have not been given sufficient time to achieve equilibri-
um. Because of this lack of clarity and because the inclusion of
kinetic effects™ would greatly increase the number of
parameters to be fitted, the models applied here are sta-
tionary and thus restricted to the two extreme cases: 1) the
acceptors are homogeneously distributed, immobile, and thus
not in electrochemical equilibrium (Mott-Schottky case:
MS); 2) the acceptors are mobile and in electrochemical
equilibrium (Gouy-Chapman case: GC).

Lastly, we recognise that the concentrations of Cep,
calculated from the Poisson—-Cahn models need to be
convolved with the XPS attenuation function to be directly
comparable with the experimentally measured data:

nsurr _ .[’n(x)exp(_x/;t)dx (6)
expt Jexp(—x/A)dx

In Figure 2 we compare the results for the GC case with
the experimental data of Chueh etal”! (Figure S1 in the
Supporting Information shows the MS case).

The important result is that in both cases, a set of
parameters is obtained that simultaneously describes the Ce®"
site fraction in the bulk and at the surface in excellent
agreement with the experimentally determined data. Since
the experimental XPS data of Chueh et al.”’! can be described
using ya=0 (MS) or 74, =0 (GC), (and also with a charge
neutral surface!™), there is evidently insufficient experimen-
tal data available to identify a unique set of parameters. All
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Figure 2. Surface (solid lines) and bulk (dashed lines) Ce’" site
fraction as a function of oxygen partial pressure for four temperatures.
The calculated Ce*" site fraction from the Poisson—Cahn model (lines)
for the Gouy—Chapmann (GC) case are compared with experimental
data (circles).?
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that can be said is that we have two sets of parameters that are
consistent with the experimental data and that were derived
without any artificial constraints. The fitted parameters are
compared in the Supporting Information, Table S1 with
reported data.**3**! We comment on selected parameters
obtained from the GC fit.

The enthalpy of the reduction reaction [Eq. (2)], AH=
428 eV, is slightly higher than reported values® of 4.21 eV,
but a certain difference is to be expected. We consider defect—
defect interaction energies f; separately, whereas the standard
literature treatment assumes a dilute solution of non-inter-
acting defects, which results in the interaction energies being
included in the value obtained.

The segregation energy of oxygen vacancies to the (100)
surface (as the sole assumed driving energy for space-charge
formation) was found to be Au; = —1.1 eV. This is a physically
reasonable value, being the difference of two defect forma-
tion energies. No data for this surface termination are
available for a direct comparison, but our value does fall
comfortably into the range of values reported for other
terminations: Experimental measurements on a powder by
Tschope et al.®! yielded Au; = —2.3 eV, and atomistic calcu-
lations by Sayle et al.*! yielded values of —1.5eV, —2.5¢V,
and —0.4 eV for the (110), (310), and (111) surfaces; the (100)
surface was not examined because it has a non-zero surface
dipole (Tasker Type 3 surface!) and is therefore unstable
without substantial reconstruction. The charging of the (100)
surface due to vacancy segregation may provide the required
stabilization.

Lastly, the defect—defect interaction energies for the most
part are in close agreement with literature data.***! Only
fw shows a substantial deviation: previous investigations
reported a strong repulsive interaction between oxygen
vacancies (large, positive f,,), whereas our fits indicate
a weak attractive interaction (small, negative f,,). This
deviation is tentatively ascribed to other interactions that
were only implicitly considered in our model, for example,
volume change accompanying defect formation.”!

In Figure 3, charge-carrier distributions at and close to the
surface are plotted exemplarily for the Gouy—Chapman case
at T=773 K and pO, = 10"% Pa. In this case, the acceptor site
fraction close to the surface is constrained to the value (=0.3)
determined by Chueh et al.”) One sees that v(x) is substan-
tially enhanced at the surface and diminished in the adjacent
region, compared with the bulk value. This is due to the re-
distribution of oxygen vacancies from bulk to interface,
driven by Au;< 0. The positive charge of the vacancies at the
surface is only partially compensated by increases in a(x) and
n(x); the negative space-charge layer of circa 1 nm thickness
is due to the lack of oxygen vacancies and also due to the
accumulation of electrons. Also shown in Figure 3 is the
electrostatic potential distribution. It is 0.8 V at the surface
for this 7 and pO,, and varies, for the GC case, weakly
between 0.78 to 0.88 V for the range of conditions shown
in Figure 2. It is stressed that, in contrast to the dilute case
[for which Boltzmann statistics holds; for example,
n(x) = nyyeexp(Fé(x)/RT) and a(x) = ayyexp(Fé(x)/RT)],
there is no simple relationship between point-defect concen-
trations at the surface and ¢(x) [see Eq. (5)] and similarly
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Figure 3. Defect site fractions of Sm, (blue), Vg (red) and Cel,
(yellow), and the resulting electrostatic potential profile (violet) at the
surface of CeysSmy,0, 5 calculated within Poisson—Cahn theory for the
Gouy-Chapman case at T=773 K and an oxygen partial pressure of
pO,=10"% Pa.

charged defects may display different concentration profiles
of radically different forms (compare n(x) and a(x) in
Figure 3).

Finally, we turn to the issue of the measured space-charge
potential. The XPS data of Feng etal' indicated, for
probing depths of 6 Aand 12 A, a negligible shift in binding
energies (<|+0.1]|eV), and hence, because binding energies
in XPS depend on the electrostatic potential, a negligible
space-charge potential. Here we demonstrate that a negligible
shift in XPS binding energy is entirely consistent with the
calculated potential profile of Figure 3. To determine quanti-
tatively the shift in XPS binding energy that is experimentally
measurable (in the case of a surface space-charge layer whose
extension is comparable with the inelastic mean free path of
the photoelectrons 1), we convolve the peak shape for
a constant potential /(E,) with the potential distribution ¢(x)
and the attenuation of the photoelectron signal [Eqau-
tion (7)]:*

1(E) = / I(Ey—6(x))exp(~x/A)dx 1)

XP spectra calculated with the potential profile shown in
Figure 3 and with =6 A or 12 A are shown in Figure 4.
Compared with the spectrum expected for a constant poten-
tial at the bulk value, the calculated spectra are shifted slightly
and are broadened asymmetrically. The slight shift in binding
energies for XPS measurements with the two probing depths,
importantly, is calculated to be only 0.26—0.12=0.14 eV. The
space-charge potential of 0.8 V calculated with Poisson—Cahn
theory is thus entirely consistent with published XPS
data."*"

In conclusion, we have matched the progress in in situ
spectroscopic studies of the surfaces of oxide catalysts by
advancing the description of the physical chemistry of the
surfaces. Specifically, by applying Poisson-Cahn theory to the
surface of the oxide catalyst Ce,gSm,,0, o, we have found that
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Figure 4. Photoelectron spectra calculated using Equation (7) where
I(Eo) is a single Gaussian line shape with a full width at half maximum
of 1 eV. The dashed line refers to the potential with zero space-charge
potential. The potential distribution is the same as that shown in
Figure 3. The zero of the energy axis corresponds to the bulk potential.

a substantial space-charge potential develops at the surface of
this concentrated solid solution, and we are able to describe
reported data for the concentration of reactive surface
species. Various parameters sets are found to describe the
data, indicating that further experimental data on defect
concentrations at and close to the surface is required. Such
data would also permit the role of adsorbates in determining
the chemistry of the surface to be elucidated.
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