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ABSTRACT: The role of trivalent (La, Sm, Gd, and Y) and
tetravalent (Hf, Zr, and Ti) dopants in the catalytic, structural,
and electronic properties of ceria was investigated. Promoted
ceria catalysts were synthesized by coprecipitation with ammonia
and tested in HCl and CO oxidation. Ceria catalysts exhibit a
medium high reactivity and excellent stability in HCI oxidation.
The intrinsic reactivity of ceria in HCI oxidation can be improved
by a factor of 2 when doping with Hf and Zr in appropriate
quantities, whereas trivalent dopants are detrimental. Although
both oxidation reactions rely on the existence of oxygen
vacancies, the order of reactivity in HCl and CO oxidation is

DOping?
Y YoT ok
‘.‘.‘.
O e

not completely parallel. The effects of promoters on the electronic conductivity and the vacancy formation energy were studied
by contactless conductivity experiments using the microwave cavity perturbation technique and by density functional theory
calculations. Furthermore, transport properties were also assessed on the basis of theoretical calculations. The order of oxygen
vacancy formation energy follows well the order of conductivity (polaron mobility) (trivalent > tetravalent > undoped) observed
under inert and oxidizing conditions. This implies that none of these properties correlates with the reactivity. On the other hand,
reducing conditions strongly enhanced the conductivity of Hf- and Zr-doped ceria. In HCI oxidation, only the balanced reduction
of both Cl and O vacancy formation energies allows for an enhanced reactivity. Promoters give rise to lattice contraction—
expansion modifying vacancy formation energies, adsorption properties, and surface coverages.
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B INTRODUCTION

Ceria is widely utilized in various catalytic processes as a
support, as an additive, and as the active phase of the reaction.
However, even when used as a support, it is not merely an
inactive carrier. Because of the relative ease with which ceria
can be reduced and the mobility of its lattice oxygen ions, it is
an eflicient material in redox reactions. Hence, ceria is a key
component as an oxygen ion-conducting solid electrolyte in
solid oxide fuel cells"” and in automotive exhaust catalysis.>
Further, it can be applied in SO, oxidation,** in Diesel soot
oxidation,® in water-gas shift (WGS)”® and preferential
oxidation of CO (PROX)™" reactions, in oxidative halogen-
ations,"* and in HCl oxidation.'**?

In most of these reactions, the facile formation and
annihilation of oxygen vacancies and reduced ceria sites likely
play a crucial role. It is typically believed that in catalytic
oxidations using ceria, the molecule to be oxidized takes oxygen
from the oxide lattice, thereby creating oxygen vacancies on the
surface. Reactant oxygen from the gas phase can subsequently
replenish the vacancy and reoxidize the Ce®" sites. Because this
process of filling vacancies by oxygen is exothermic, particular
attention has been focused on vacancy formation."*™*° The
local structure of surface and subsurface oxygen vacancies and
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vacancy clusters was revealed by scanning tunneling micros-
copy,'* while density functional theory (DFT) calculations
suggested that the vacancy formation energy is structure
sensitive’>”"7 and that metals present as dopants* > or
adsorbed on top affect this parameter.”® The most stable
Ce0,(111) surface has a comparatively high vacancy formation
energy (1.9—2.7 eV), whereas removal of oxygen from facets
with a higher surface energy, e.g,, (110), (100), and (310), is
easier. Vacancy density was also experimentally found to be
dependent on particle shape and, accordingly, the surface type
exposed.”” Consequently, surface reactions, such as CO
oxidation, were also found to be structure sensitive over
ceria.”®

The addition of promoters (dopants) has been frequently
used to improve a certain target property of ceria. For example,
ionic conductivity is much enhanced by trivalent dopants such
as Gd and Sm,”" whereas reducibility and oxygen storage
capacity are facilitated by the incorporation of Zr or Hf into the
cubic structure.””*>** Furthermore, addition of Zr improves
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the structural integrity of ceria, preserving the cubic phase.
Promoters also were found to enhance the reactivity of ceria in
CO oxidation.**** The role of Zr and La doping of Pt/CeO, in
the WGS reaction was also recently investigated.***”

Our interest in ceria stems from its medium high reactivity

and excellent stability in HCI oxidation (Deacon process, eq
1).12:13

lO2 + 2HCl - Cl, + H,0
2 (1)

This reaction involves reactive HCl adsorption by proton
abstraction with surface lattice oxygen, the formation of surface
C], the recombination of surface species to produce gas-phase
chlorine and water, and subsequent reoxidation of the surface
by dissociative oxygen activation. Therefore, adsorption and
recombination steps replenish or generate surface vacancies.
Most Cl species substitute surface lattice O sites, which are
tightly bound Cl species. Using in situ surface analysis, we
recently concluded that HCI oxidation is also structure sensitive
and only minority sites are responsible for the reactivity.*®

In this work, promoted ceria catalysts prepared by
coprecipitation are evaluated and compared in HCI and CO
oxidation. We show that in HCI oxidation the intrinsic
reactivity of ceria, when using an Hf or Zr dopant in
appropriate quantities, can be enhanced by a factor of ~2,
whereas trivalent dopants are detrimental. Moreover, the
structure, conductivity, and the surface Cl coverage of
promoted samples were investigated to reveal the key
physicochemical properties of these materials. Mechanistic
details of promoted ceria were assessed by DFT calculations of
the vacancy formation energy in removing Cl or O from the
surface, as well as the vacancy and electron transport barriers
for various doped ceria materials.

B EXPERIMENTAL AND COMPUTATIONAL
METHODS

Preparation of Catalysts. Doped ceria catalysts (Table 1)
were synthesized by coprecipitation of guest and host
precursors (nitrates or chlorides) from the aqueous phase
with an NHj; solution, followed by aging of the precipitate in
the mother liquor and calcination after washing and drying.
Controlled coprecipitation was performed in an automated
laboratory reactor system (Mettler-Toledo LabMax) where the
pH of 9 and the temperature (318 K) were controlled by in situ
probes. The following precursors were used: Ce(NO;);-6H,0,
La(NO;);:6H,0, Sm(NO;);-6H,0, Gd(NO;);:6H,0, Y-
(NO;);-4H,0, HfCl,, ZrCl,, and TiCl,. Catalysts with different
doping cations and concentrations were prepared according to
the following procedure: A 200 cm® solution of a mixture of
host and guest components (0.2 M Ce*" and the corresponding
concentration of the guest) was dosed into a reactor filled with
400 cm® of bidistilled water within 25 min, while the pH value
was adjusted to 9 by simultaneous addition of appropriate
amounts of an ammonia solution (10 wt %). The precipitate
was subsequently aged at the same temperature for 60 min
while being stirred in the mother liquor. A typical LabMax
protocol is shown in Figure S1 of the Supporting Information.
No variation in pH was observed during the aging period.
Thereafter, the precipitate was filtered, washed (three times
with bidistilled water, once with ethanol, and finally with
acetone), and dried. The resulting wet cake was covered and
dried overnight at 373 K. The dried material was ground in a
mortar to achieve better homogeneity before the calcination
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Table 1. Samples with Their Codes, BET Surface Areas, and
Cl, Space Time Yields under Standard Conditions

Sper (m?/ g)

used in space time

HCl yield” gg of

sample sample code” fresh oxidation Cl, g~ h™)
CeO, CeO, (14766) 355 472 2.1
CeposLagesOx  CeLa-5 (14687) 520 451 14
Ceg95Smy 5O, CeSm-S (14676) 46.9 449 1.6
Ceg95Gdg 5O, CeGd-S (14650) 31.1 279 12
Ceg95Y0,050x CeY-5 (14679) 45.8 394 1.8
Ce 95 Tig 050, CeTi-5 (16097) 364 305 2.1
CegooZtosO,  CeZr-1 (15225) 343 486 2.7
CeoorsZiomsOx  CeZr2.5 (15228) 556 462 2.6
Cep 05210050 CeZr-5 (15232) 623 490 2.8
CeosZry, O, CeZr-10 (15289) 684 494 3.0
CeysZ10,0, Cezr20 (15291) 641 483 3.0
CepooHfy0O,  CeHf1 (14728) 718 517 2.0
CeoorsHfy 0O, CeHf2.5 (14730) 871 554 2.8
CegosHfy0sO,  CeHES (14685) 64.1 534 3.0
Ceo Hf, 0, CeHf10 (14762) 901 4938 3.1
CeysHf,,0, CeHF-20 (14764) 390 416 2.5

“Internal (FHI) sample codes in parentheses. “Reaction conditions:
703 K, 9:1 O,:HCl ratio, flow rate of 166 cm>/min, catalyst weight of
0.25 g. Space time yield after 2 h on stream.

step. Calcination (5 K/min) was performed in flowing air (100
cm®/min) at 973 K for S h.

Basic Characterization. The powder X-ray diffraction
(XRD) measurements were performed on a STOE STADI P
transmission diffractometer equipped with a primary focusing
germanium monochromator (Cu Ka, radiation) and a linear
position sensitive detector, and on a STOE Theta/theta Bragg-
Brentano diffractometer equipped with a DECTRIS MYTH-
ENIK one-dimensional silicon strip detector (Ni-filtered Cu
radiation). XRD data were evaluated by total pattern analysis
using TOPAS.>’ An empirically obtained convolution
accounted for the instrumental contribution to the peak
profiles, while the sample contribution was described according
to the Double-Voigt approach.*® Crystallite sizes were
calculated from the 1/cos(@) Voigt function and are given as
Ly-IB values (volume-weighted mean column length based on
integral breadth), ie., without making further assumptions
about crystallite shapes or size distributions, while strain
contribution &, was derived from the tan(#) Voigt component.
Scanning electron microscopy (SEM) images were captured on
a Hitachi S-4800 field emission scanning electron microscope at
a working voltage of 1.5 kV. The microscope was equipped
with an EDAX system with a Sapphire Si(Li) detecting unit,
which was used for elemental analysis by energy dispersive X-
ray spectroscopy (EDX). Nitrogen adsorption was conducted
at 77 K on a Quantachrome Autosorb-6B analyzer. Prior to the
measurement, the samples were outgassed in vacuum at 423 K
for 5 h.

Contactless Conductivity Experiments Using a Micro-
wave Cavity Perturbation Technique. The in situ micro-
wave cavity perturbation technique (MCPT) setup, which was
described in detail recently,41 allows the measurement of the
electrical conductivity of (powder) samples in a fixed-bed flow-
through reactor at temperatures up to 773 K in various gas
atmospheres with on-line probing of reactants and products for
the simultaneous deduction of kinetic reaction data. More
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Figure 1. Side view of the M-doped CeO, bulk structures (a) and side and top views of the different M-doped CeO, (111) and (110) surfaces (b)

employed for the DFT calculations.

details of the setup and data evaluation are provided in the
Supporting Information. For this investigation, the 0.1—0.315
mm sieve fractions of undoped CeO, and CeO, doped with 5%
Hf, Zr, La, and Sm were measured in a quartz tube reactor with
a 3 mm inner diameter placed in the center of the microwave
X-band cavity resonating in the TM;,, mode at 9.2 GHz. The
length of the catalyst bed was 10 mm, and a 20 cm®/min flow of
different inert, reducing, and oxidizing gas mixtures was applied.
Every sample was first dehydrated in N, at 623 K for 30 min,
then cooled to 303 K, and heated again to 623 K at a rate of 10
K/min, followed by isothermal treatments at 623 K in N, and
H,/N, and O,/N, mixtures.

In Situ Prompt Gamma Activation Analysis (PGAA). In
situ PGAA was utilized to measure the uptake of Cl of
(promoted) ceria during HCI oxidation. The technique is based
on the detection of element-specific y-rays emitted upon
excitation of the nucleus with cold neutrons. The investigated
volume, in our case a tubular quartz microreactor, was probed,
and the amounts of Cl, Ce, and dopants were quantified. PGAA
was conducted at the cold neutron beam of the Budapest
Neutron Centre. For further details, see the Supporting
Information.

Catalytic Tests. The gas-phase oxidation of hydrogen
chloride was studied at ambient pressure in the same quartz
microreactor that was used for the in situ PGAA experiment.
The catalyst (sieve fraction of 0.1—0.315 mm) was loaded in
the reactor (8 mm inside diameter) and pretreated in N, at 703
K for 30 min. Thereafter, the reaction gases were introduced at
a total flow rate of 166 cm®/min. Catalysts were tested in the
temperature range of 623—703 K and at different O,:HCI
ratios. The flow of HCI was always constant at 16.6 cm®/min,
and the oxygen flow was balanced with N,. Used samples were
collected for postreaction characterization after the reactor had
been rapidly cooled to room temperature in a flow of N,.
Stability testing was performed with CeHf-10 for 100 h. Cl,
quantification and calculation of the HCI conversion were
based on iodometric titration.

CO oxidation over ceria and promoted ceria samples was
conducted at ambient pressure in a fixed-bed microreactor
using 0.2 g of catalyst (sieve fraction of 0.1—0.25 mm). The
catalyst was diluted and well-mixed with 0.4 g of SiC (sieve
fraction of 0.25—0.335 mm) to minimize hot spot formation.
The raction temperature was controlled by a K-type
thermocouple inserted directly into the catalyst bed. The
sample, loaded into a U-shaped stainless steel tube (4 mm
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inside diameter) with glass-lined tubing, was pretreated in
flowing 5% O, in He (total flow of 100 cm®/min) at 660 K for
1 h and cooled to ~400 K in an O,/He atmosphere. The gas
was switched to the reaction mixture (1% CO and 1% O, in
He; total flow of 100 cm*/min) at 400 K, and the reactor was
held at this temperature for 5 min for stabilization. Conversion
versus temperature curves (light-off profiles) were collected by
increasing the temperature at a rate of 2 K/min until the
temperature reached 660 K and monitoring CO conversion.
Furthermore, with CeHf-5 and CeLa-S, a cooling experiment
was performed to check for deactivation or hysteresis of the
reactivity. Additionally, O,-dependent experiments were also
conducted with these two samples at 550 K. A Rosemount
Analytical X-STREAM on-line multicomponent gas analyzer
was used for measuring the volume percentage of CO, O,, and
CO, in the effluent gas stream, which uses a nondispersive
infrared analyzer for detecting CO and CO,, and a para-
magnetic analyzer for O,. After each experiment, the reactor
tube was cleaned with aqua regia, and a blind test was
performed to ensure and verify the lack of cross contamination.
The blank reactivity at the maximal temperature (660 K) was
always <2% CO conversion.

Computational Details. All the calculations were carried
out using the Vienna ab initio simulation package (VASP,
version 5.3.2).*** As the electronic structure of CeQ, is a
strongly correlated system, the Perdew—Burke—Ernzenhof
(PBE) gradient-corrected functional** was employed and the
self-interaction error was mitigated through the addition of a U
Hubbard-like term following the approach of Dudarev et al.*
The effective U parameter (U, = 4.5 eV) was chosen on the
basis of the satisfactory results reported in previous theoretical
studies.'®* In all the calculations, core electrons were
represented by the projector-augmented wave (PAW)Y
method, with cores [Kr]4d'®, [Kr]4d'"4f"* [Ar]3d"°, [Kr]4d',
[Kr]4d'%4f, [He], and [Xe] for Ce, Hf, Zr, La, Sm, O, and Cl
atoms, respectively, whereas the valence ones were expanded in
plane waves with a cutoff energy of 500 eV. Ceria has a fluorite
structure, and the calculated lattice constant (a;.) obtained
with a dense 7 X 7 X 7 Monkhorst—Pack*® k-point mesh was
5497 A (aexp = 5.412 A), which is in very good agreement with
previous theoretical studies.***’ The M-doped CeO, (M = Hf,
Zr, La, and Sm) bulk structures with a concentration of dopant
of ~6% were modeled as 2 X 2 X 2 cubic supercells as shown in
Figure la and fully optimized using a 3 X 3 X 3 Monkhorst—
Pack k-point mesh. The M-doped CeO, catalysts employed for
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Figure 2. (a) Stability test. Normalized HCI conversion over CeHf-10 vs time on stream. Conditions: 703 K, 1:9 HCl:O, ratio, catalyst weight of
0.25 g. (b) HCl conversion (M) over CeHf-10 vs the reactor loading expressed in weight and surface area. Conditions: 703 K and 9:1 O,:HCl ratio.
A hypothetical other catalyst (O) is also shown. The intrinsic reactivity of the samples (i.e., the efficiency to provide a certain number of turnovers to
occur) is compared on the basis of the actual surface area (SA*") of the sample and the equivalent surface area (SA®) by SA®4/SA*. Please note
that the fit shown (———) does not correspond to the 0.5 order power fit because of the slowly approaching equilibrium above 60% HCI conversion.
Instead, a mathematically better fitting can be obtained for the whole 0—64% conversion range using an Exponential Decay 2 function (in Origin

Pro), which is shown here and was used to calculate SA™.

the study of the Deacon reaction were constructed using the
optimized lattice constants of the doped bulk structures
described above and considering its two lowest surface energy
facets, (111) and (110) (see Figure 1b). The (111) surfaces
were simulated as periodically repeated slabs of three O—Ce—
O trilayers with a vacuum space of 15 A between them. The
geometry optimizations of these (111) surfaces were performed
using a surface periodicity of p(3 X 3) unit cellsand a3 X 3 X 1
Monkhorst—Pack mesh for the k-point sampling. During these
optimizations, the five outermost layers were allowed to fully
relax, whereas the four bottom layers were kept fixed in their
bulk positions. On the other hand, the (110) surfaces were
constructed as slabs of five layers separated with a vacuum
space of 15 A. In this case, geometries were optimized using a
p(3 X 3) periodicity and a 2 X 3 X 1 Monkhorst—Pack mesh
and fully relaxing the top three layers. In all geometry
optimizations, total energies converged better than 107> eV
in the self-consistent field and the structures were relaxed with
an energy threshold of 107* eV.

Spin polarization was employed when needed, and a careful
analysis of the localization of the excess of charge was
performed.® In these calculations, a ferromagnetic spin state
for the localized electrons was imposed. Some test calculations
(see Table S1 of the Supporting Information) showed that the
difference between the ferromagnetic and antiferromagnetic
spin states is very small, in agreement with previous theoretical
works.'®**%! With this setup, the vacancy formation energy for
the clean (111) surface is 2.36 eV, in good agreement with data
in the literature for the same charge localization (2.22 ev).>?
Some tests regarding charge localization, geometric distortions
induced, and comparison to previous calculations'®*® can be
found in the Supporting Information (Tables S2—S4). For
trivalent dopants, the configuration with a M**-O* character
was investigated following the results from ref 25.

B RESULTS

HCl Oxidation. Promoted and unpromoted catalysts
prepared by coprecipitation were tested in HCI oxidation
(Table 1). First, catalysts with a 5% dopant concentration were
investigated in a standard reaction mixture (703 K and 9:1
0,:HCl ratio). The addition of the tetravalent dopants, Zr and
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Hf, improved the reactivity of ceria, whereas trivalent dopants
were clearly detrimental. Second, Hf- and Zr-modified catalysts
with a dopant concentration in a range of 1-20% were
prepared and tested in HCI oxidation. The results pointed out
that 10% Hf and 10 or 20% Zr represent the optimal dopant
concentration. All materials suffered slight deactivation,
typically in the range of ~3—5%, within the first S h on the
reaction stream. To assess the long-term stability of the
catalysts, we selected the best material, CeHf-10, and tested its
reactivity evolution over 100 h on stream (Figure 2a).
Deactivation slows over time, and the catalyst is essentially
stable after 80—90 h, with an overall 15% loss of initial
reactivity.

Kinetic investigations were also conducted to compare the
promoted samples; the temperature dependence was explored
for all catalysts, whereas selected materials were tested for pO,
partial pressure dependence. The temperature dependence of
the catalyst bed was evaluated for a 9:1 O,:HCI reaction
mixture in the range of 643—703 K. The apparent activation
energy of the catalysts varies in the range of 55—78 kJ/mol,
with most samples scattering around 60 kJ/mol. The highest
value was observed with CeTi-5, followed by the materials with
trivalent dopants. Although the range of the apparent activation
energy is small, the data indicate a weak Constable—Cremer
relation (compensation phenomenon),”** that is, a linear
correlation between the apparent activation energy and the
logarithm of the apparent pre-exponential factor (Figure S3a of
the Supporting Information). A similar compensation phenom-
enon was recently observed with a RuO,-based HCI oxidation
catalyst, by modulating the surface coverage of rate-limiting
surface species.”> The oxygen pressure dependence (Figure S3b
of the Supporting Information) was measured with selected
samples by varying the O,:HCI ratio from 1 to 9 at 703 K. All
investigated catalysts revealed an apparent oxygen order of
~0.4, in line with results reported for ceria catalysts.">*®
However, as HCI oxidation is associated with strong product
inhibition,***® the apparent order of 0.4 would be significantly
higher (close to 1)°® when products were co-fed into the
reaction mixture to minimize the effect of varying product
concentrations. Hence, O, activation is a critical elementary
step with promoted ceria materials, as well."*

dx.doi.org/10.1021/cs4005002 | ACS Catal. 2013, 3, 2256—2268
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Figure 4. SEM of CeHf-10 as prepared (a and b) and after a 100 h stability test in HCI oxidation (c and d).

One unfortunate consequence of product inhibition is that
the observed HCI conversion does not linearly scale with the
catalyst weight used to load the reactor. This is illustrated in
Figure 2b with the example of CeHf-10, where the obtained
level of HCI conversion is plotted as a function of catalyst
weight (and surface area) loaded into the reactor. The
dependence can be best described as a 0.5 order function,
typical for product inhibition when two products (Cl, and H,0
here) impede the reaction with an order of —1.>” Thus, the
intrinsic reactivity of catalysts cannot be estimated and
compared directly by surface area normalization, and the
space time yield and reaction rate values will depend on catalyst
loading (total surface area). Note that all recent HCI oxidation
catalysts seem to be affected by product inhibition. This was
verified and discussed for RuO,,>® and also for ceria.>® Here we
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show that the same product inhibition occurs with the best
doped sample (CeHf-10), and therefore, this behavior is rather
general. However, knowing the 0.5 order dependence on
catalyst weight (and surface area), we can use for each catalyst
the observed HCI conversion level to estimate an equivalent
surface area (SA®Y) of the reference CeHf-10 that gives the
same HCI conversion. When comparing this equivalent surface
area to the actually used one (SA*®), one can estimate the
efficiency and, consequently, the intrinsic reactivity of these
materials in comparison to each other. Intrinsic reactivity will
be further analyzed in the Discussion.

CO Oxidation. CO oxidation is a widely employed test
reaction for characterizing ceria-based materials. It requires
reactant adsorption, O vacancy formation, and replenishment,
and thus, some elementary steps are common to HCI oxidation.

dx.doi.org/10.1021/cs4005002 | ACS Catal. 2013, 3, 2256—2268
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As HCI oxidation was enhanced by Hf and Zr promotion and
inhibited by trivalent (including Sm and La) doping, we
selected these four doped catalysts and the unpromoted ceria to
test these materials in CO oxidation. To study the reactivity of
the catalysts, we adopted the often utilized methodology of
recording the light-off curves for CO oxidation. The light-off
profiles for a 1:1:98 O,/CO/He feed mixture are compiled in
Figure 3a. CO conversion is essentially zero at 400 K, and the
onset of reactivity is in the range of 470—520 K. Although the
reactivity of the samples is not vastly different, markedly, Hf-
promoted CeO, and Zr-promoted CeQ, are the most reactive
samples, and doping with Sm, particularly at low levels of
conversion, is the least efficient. For an easier comparison,
Figure 3b provides the temperatures at which the catalysts
reach 20, 50, and 90% CO conversion. CeSm-5 lags ~20 K
behind CeHf-5 at lower levels of conversion, while the
reactivity of CeSm-S rapidly improves above 600 K. CeO,
and CeLa-S are equally active up to ~590 K, while at higher
temperatures, CeLa-5 is slightly more reactive. Above 55%
conversion, the undoped ceria was the least reactive sample.
The apparent activation energy (evaluated from the smooth
conversion range of ~5—40%) was calculated to be between 64
and 86 kJ/mol (Figure S4 of the Supporting Information); the
lowest value was found with CeHf-5 and the highest with
CeSm-S. Interestingly, the Arrhenius plot of CeSm-5 (Figure
S4a of the Supporting Information) reveals an increase in the
slope at ~560—570 K (near 15% CO conversion), suggesting a
change in surface state likely due to surface segregation. A
similar but slightly less pronounced effect was found with CeLa-
S (not shown). Despite the narrow range of apparent activation
energies, the values fit to a compensation plot (Figure S4b of
the Supporting Information). Repeated light-off experiments
were performed with CeHf-S and CeLa-S (as an example of +4
and +3 promoted samples, respectively), and the sample was
subsequently cooled to see how the reactivity evolves during
cooling. The CO conversions in the heating and cooling
sections almost perfectly overlap for CeHf-S (Figure S4c of the
Supporting Information), whereas there is a slight activation for
CeLa-5; that is, the latter shows slightly higher CO conversion
in the cooling experiment. Furthermore, after the samples had
been cooled to 550 K, we varied the O, content (1, 2, 5, and
10% vs 1% CO) of the reaction feed. The results indicate a very
minor dependence on O,, the formal reaction order of O, being
0.07 for CeHf-S and 0.11 for CeLa-S (Figure S4d of the
Supporting Information).
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Structural Characterization of Promoted Ceria. The
BET surface areas of all catalysts in their as-synthesized form as
well as after HCI oxidation are listed in Table 1. The BET
values range from 31 to 90 m?/g, typically around 45—65 m*/g,
and after HCI oxidation, most catalysts undergo a slight loss of
surface area. The morphology of selected samples was
investigated by SEM and is exemplified in Figure 4. SEM
revealed that the primary nanoparticles (<50 nm) agglomerated
into much larger secondary particles, forming a porous
structure. Although the shape of nanoparticles is irregular and
often not discernible, it is worth mentioning that several
nanoparticles possess an elongated, needlelike structure. The
morphology seems to be conserved after HCI oxidation (100 h
stability test with CeHf-10). EDX experiments were conducted
with the Hf-doped catalysts to estimate the amount of Hf
introduced into the structure. The analysis confirmed that the
nominal Hf concentration was reached in these materials;
moreover, after a 100 h stability test with CeHf-10, the same
~10% Hf concentration was observed, indicating that the
dopant was not leached and removed upon HCI oxidation.
PGAA experiments (under HCl oxidation, vide infra) assessed
the promoter concentration of selected catalysts and confirmed
that the nominal concentration of dopants was established
during preparation.

The XRD pattern of the unpromoted CeO, suggests the sole
presence of face-centered cubic fluorite structure (lattice
constant a = 5.412 A). Upon introduction of 5% dopant into
the ceria, the materials remain single-phase and consequently
accommodate the strain caused by the modified size of the
dopant cations. The lattice parameter of the 5% dopant samples
correlates approximately with the ionic radius of the guest ion
considering an 8-fold coordination given by the host structure
(Figure Sa); the larger trivalent cations expand the lattice,
whereas contraction occurs with Hf and Zr dopants. CeTi-5
gives rise to deviation from this trend, as its lattice parameter (a
= 5413 A) is significantly larger than expected from the size of
the Ti*" cation. Although no second crystalline phase could be
identified with CeTi-S either, the deviation indicates that the
difference in the ionic radii of Ce and Ti could not be
accommodated by decreasing the lattice parameter, and rather
phase separation or segregation occurred. If amorphous, the Ti-
rich phase would be invisible in XRD analysis. As the
performance of the catalyst was not exceptional, we have not
investigated this point further. The lattice parameter correlates
also with the guest ion concentration (Figure Sb), monotoni-
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cally decreasing with an increasing Hf and Zr content. We need
to note here, however, that the diffraction peaks of the 20%
samples are slightly asymmetric toward higher 26, and fitting
suggests the presence of a second cubic phase (see the pattern
of CeHf-20 in Figure SS of the Supporting Information). These
additional phases can be attributed to c-HfO, and c¢ZrO,
doped with Ce, as their lattice parameters are shifted up with
respect to the corresponding pure phases. After HCI oxidation,
however, no second phase was observed in CeZr-20. Most
samples evidence a slight lattice expansion upon HCI oxidation,
indicative of an increased level of O vacancy formation (CeO,_,
where x ~ 0.003) with minor Ce reduction. The cubic phase
without disintegration can accommodate much higher vacancy
concentrations, even before vacancy ordering starts.’' The
accumulation of vacancies in the bulk of ceria particles during
HCI oxidation may occur when nascent surface vacancies are
displaced by subsurface oxygen atoms rather than by adsorption
from the gas phase.

The contribution of strain, &, to the peak profiles was
generally found to be non-negligible but poorly defined, i.e.,
with comparably large estimated errors. Nevertheless, the
overall trend suggests an increase in strain with a higher dopant
concentration (Figure S6a of the Supporting Information). This
seems plausible from crystal chemistry, as a substitution with
differently sized ions should cause local deviations in the d
spacings. The crystallite sizes show a slight inverse volcano-type
trend but are all found to fall into the same regime of ~10—15
nm (Figure S6b of the Supporting Information). It should be
noted that these diffraction-based crystallite sizes cannot be
directly compared to the BET surface areas, because the
diffracting crystallite domains usually do not represent the
primary particles.

Contactless Conductivity Experiments Using the
Microwave Cavity Perturbation Technique. Contactless
microwave conductivity measurements were performed by
applying the microwave cavity perturbation technique to pure
CeO, and selected samples with a 5% dopant concentration in
a fixed-bed flow-through reactor. This way, absolute con-
ductivity values of powder samples under operation conditions
are accessible without problems typically arising because of
electrode—sample contact resistance in conventional electrical
conductivity studies.*’ The results are shown in Figure 6, and
the most important data are summarized in Table 2. At room
temperature, a very low conductivity in the range of 107° S/cm
was measured for pure CeO,. After doping, however, much
larger conductivities were observed. While the tetravalent
dopants Hf and Zr caused an increase to 4 X 107 S/cm, the
trivalent ions induced an even larger increase to 2 X 1077 S/cm
(La) and 2 X 107° S/cm (Sm). When the samples were heated
to 623 K, the conductivity improved for all samples as expected
for semiconductors. While for pure CeO, a value of ~1 X 107
S/cm was measured, doping with tetravalent ions increased the
conductivity to 5 X 107° S/cm (Zr) and 2 X 107> S/cm (Hf).
With trivalent ions, even higher values of 8 X 107> S/cm (La)
and 3 X 107" S/cm (Sm) were obtained. Notably, samples
doped with Hf and Zr reached already at around 473 K (Zr)
and 533 K (Hf) a rather constant conductivity value, which did
not increase further upon the sample being heated to 623 K.

At 623 K, the CeO, sample was exposed to air, but no
conductivity changes could be recognized. This treatment was
followed by an exposure to a gas mixture of 2% H, in N,. Here,
an increase in conductivity to 9 X 107 S/cm (ie., an increase
of a factor of 90) was determined. Further conductivity rise was
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Figure 6. Microwave (MW) conductivity at 9.2 GHz of undoped and
doped CeO, powder samples in different gas mixtures as indicated,
with N, as the residual gas. As for CeO,, between 170 and 350 min
time on stream (TOS) the sample was treated in mixtures containing
2—-20% O, in N, (not directly labeled), but no conductivity changes
were observed.

Table 2. Steady-State Microwave Conductivity Data for
Selected Doped and Undoped CeO, Measured under
Different Conditions As Shown in Figure 6

Ey 6,30°C)  6,350°C)inN, 0.(350 °C) in H,
sample (eV) (S/cm) (S/cm) S/cm
CeO, 0.32 ~107° 1x107¢ 9x107°
CeLa-5 0.19 2% 1077 8 x 1075 2 x 107
CeSm-5  0.12 2% 107° 3x 107 8 x 107+
CeZr-5 0.14 4x107° 5x107° 2% 1072
CeHf-5 0.15 4x 1078 2% 107° 4% 1072

still observed after we had switched back to the inert N,
atmosphere. However, this initial increase turned into a rapidly
decreasing conductivity after a few minutes. This effect is due to
bulk diffusion processes, e.g., due to migration of oxygen to the
surface to compensate for the large number of surface defects.
A final treatment in N, containing different concentrations of
O, accelerated the conductivity decrease up to a then constant
value of ~1 X 107 S/cm, which is similar to the conductivity
observed during the first measurement cycle in N,. Similar
trends were observed for all investigated doped samples, but
with enormous relative differences between trivalent and
tetravalent dopants. While for CeO, doped with tetravalent
ions the conductivity increased in H, by more than 3 orders of
magnitude (factors of 4000 for Zr and 2000 for Hf), the values
increased only slightly for La (factor of 2.5) and Sm (factor of
2.7). Hence, in H, and N,, the conductivity of the tetravalent-
doped samples exceeds that of the trivalent-doped samples by
up to 2 orders of magnitude.

In summary, doping with 5% Zr, Hf, Sm, or La increased the
conductivity throughout the whole studied temperature range
between 303 and 623 K, with the largest effect measured for
trivalent dopants (Sm > La > Hf > Zr). In contrast, the effect of
reducing gases, i.e., the difference in conductivity between H,
and O, atmospheres, is largest for tetravalent ions and smallest
for trivalent ions (Zr > Hf > La ~ Sm).

DFT Calculations. As expected, calculations showed that
the bulk structure doped with the trivalent cations (La and Sm)
gives rise to the expansion of the cubic lattice constant (~0.3
and ~0.1%, respectively), while the samples doped with
tetravalent cations Hf and Zr result in its contraction (~0.5
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and 0.4%, respectively). Thus, the lattice parameters decrease as
follows: CeLa > CeSm > Ce > CeZr =~ CeHf (in line with
experiments).

The Deacon process on CeO, was described as involving
surface oxygen and vacancy sites being able to trap the
incoming HCl as OH and Cl (and finally as water; steps
D1-D3), the activation of Cl from lattice positions (step D4)
with concomitant desorption (step DS), and surface
reoxidation (step D6).">

HCl + O+ [ = OgH + Cl (D1)
HCl + OgH +* — H,05 + CI* (D2)
H,05 —» [0+H,0 (D3)
Clg + CI*+* — [J+CI* + CI* (D4)
Cl* + CI* — Cl, + 2% (Ds)
D+&%ecw2

2 (D6)

where [] denotes an anionic vacant or occupied site and * a Ce
on-top site. The catalytic activity of the surface can thus be
summarized as its ability to maintain oxygen atoms on the
surface and expel Cl atoms from lattice positions; these two
descriptors are the oxygen and chlorine vacancy formation. We
computed the energy required for these two processes as
follows:

1
CeO, — CeO,_, + =0
2 2 ) 2 (2)

Ce0,(Cly) — CeO,_, + lC12

2 (3)
where in the second case the Cl atom is occupying a lattice
position, just as oxygen in the first one. For the O and Cl
vacancy formation descriptors, we split the contributions
according to geometric and electronic factors as both appear
when an impurity is present.

To analyze geometric contributions, the vacancy formation
energies for oxygen and chlorine lattice atoms were calculated
without any dopants but as a function of the lattice constant,
within a range of +£10% of the ideal CeO,, ac,o, for the lowest-

energy surface, (111) (Figure 7). According to the calculations,
the elimination of Cl from the lattice is nearly constant,
whereas the removal of O is strongly affected by the contraction
and expansion of the lattice (a/ac.o,). In particular, in the far

contracted region (yellow), oxygen is so difficult to remove
from the surface that no Cl is available to produce ClL,.
Conversely, in the far expanded region (blue), oxygen is easily
removed from the surface and no oxygen is left on the surface
to make the reaction evolve. In slightly contracted cells (a/ac.o,

~ 0.98), the Cl and O vacancy formation curves cross, and this
indicates that at this lattice value the two energies are well
balanced.

Electronic effects were analyzed for the (111) and (110)
surfaces, now including dopants explicitly. First, the segregation
of dopants was investigated (Table 3). On the basis of the
segregation energies, in the (111) surface there is almost no
preference of the impurity for the surface or subsurface
positions, except for La, which prefers to be on the surface. On
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Figure 7. Calculated formation energies for oxygen and chlorine
surface defects as a function of x- and y-lattice expansion in an
undoped p(2 X 2) CeO, (111) surface.

Table 3. Segregation Energies (E,, in electronvolts) for M-
Doped CeO, (111) and (110) Surfaces

M Eseg(m) Eseg(no)
Hf 0.08 —0.10
Zr 0.09 —0.10
La —0.41 -0.29
Sm 0.00 0.00

the other hand, impurities on the (110) surface are slightly
favored.

Taking the dopant distribution into account, we next
calculated the oxygen and chlorine vacancy formation energies
for different positions close to and far from the dopant M and
for M sitting in the surface or subsurface position [only surface
M was considered for (110) surfaces (Figure 8)]. All dopants
reduce the energy penalty for forming oxygen and chlorine
vacancies. The effect on oxygen vacancy formation is in good
agreement with previous results.”>>*

The oxygen vacancy formation energies on the (111) surface
are ~2.4 eV for the native CeQ,, with those of CeHf and CeZr
being ~1.5 eV for the nearest neighbor defect and ~0.6 eV with
the La and Sm impurities. This effect is maintained for next
nearest neighbors in the case of La and Sm, in line with
previous calculations with lower-valence dopants,® and also if
the dopant is in the subsurface region. For the open (110)
surface, the effect is less pronounced as the reference CeO,
value is 1.45 eV, with tetravalent cations around 0.7 eV and
trivalent cations around ~0.4 eV.

The effect on the Cl vacancy formation energies is much
smoother. The reference value is ~2.7 eV for the CeO,(111)
surface but it is reduced by almost 1 eV for the tetravalent
cations on the surface and by 0.3 eV for trivalent La and Sm.
For the (110) surface, the reduction in the vacancy formation
energy is smaller than for the compact surface and accounts for
0.4 eV for the tetravalent M cations (in the nearest neighbor
position) and 0.3 eV for trivalent cations (in the next nearest
neighbor position). Finally, Cl is large enough that it cannot
easily penetrate into the lattice, and hence, the surface vacancy
formation energies are the relevant cases.

Considering the geometric and electronic contributions
described above, it follows that for the trivalent ions there is
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Figure 8. O and Cl vacancy formation energies with respect to gas-phase oxygen or chlorine (Eq or E(), for the different undoped CeO, and M-
doped surfaces. The relative positions of the dopant and the vacancy are indicated as follows: s for surface position, ss for subsurface position, and
NN and NNN for the vacancy being the nearest and next nearest neighbor to M, respectively. See Figure 1 for further details.
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an extra electronic contribution that makes oxygen vacancy
formation less energy-demanding than for tetravalent ions. The
reason for this lowest energy requirement for trivalent dopants
is the fact that upon forming the defect only one electron is left
per oxygen vacancy, and the other is stabilized by the dopant.
This means for trivalent cations that there is no significant
energy penalty due to electronic repulsion, as is the case for
tetravalent cations, where two electrons are located in the
vacancy. However, there is also a clear electronic contribution
for tetravalent dopants, as the geometric contribution would
rather dictate an increase in the oxygen vacancy formation
energy. The low O vacancy formation energy in the trivalent
systems is not accompanied by a significant decrease in the
chlorine energy. This suggests that under HCI oxidation
conditions the whole surface of ceria with trivalent dopants is
chlorinated, and therefore, reaction D1 cannot take place
efficiently.

In Situ PGAA. The chlorine coverage is one decisive
parameter of reactivity, and we have conducted in situ PGAA
experiments to evaluate the surface uptake of Cl under HCI
oxidation conditions of selected catalysts. In Figure 9a, the
normalized intrinsic reactivity (see the description above) is
shown as a function of Cl uptake [expressed as the Cl/(Ce +
M) ratio] at 703 K in a 9:1 O,/HCI reaction mixture. For the
sake of convenience, the intrinsic reactivity of 1 corresponds to
CeO,. The experiments indicate the lowest level of Cl uptake
for undoped CeO,, the highest level of uptake for catalysts with
trivalent dopants, and a weak volcano-shaped trend. The higher
level of chlorination upon trivalent doping is in good agreement
with the DFT prediction.

B DISCUSSION

Oxidative redox reactions over ceria catalysts require the
formation of surface oxygen vacancies, and the creation and
transport of vacancies can be effectively modulated by dopants.
Because the maximal conductivity and the lowest apparent
activation energy of conduction in doped ceria materials are
usually reached in the 5—10% dopant concentration range,w’61
we first prepared 5% doped catalysts and evaluated them in
HCl oxidation. Zr and Hf promoted the HCI oxidation
reactivity of CeO,, whereas trivalent dopants (La, Gd, Sm, and
Y) were detrimental. Concentration optimization identified
10% Hf- and 10—20% Zr-doped ceria as the best catalysts
among the materials tested. The slight deactivation revealed by
the stability test fits well to an inverse observation of strongly
bound OH buildup (in a similar time frame)” that, because of
its extended stability, would block a part of the active surface
units and thereby act as a deactivating agent. Furthermore, CO
oxidation was utilized as a test reaction, and we found that
similar to HCI oxidation Hf and Zr dopants enhance the CO
oxidation rate, in good agreement with a previous literature
report.3'5 The best reactivity was observed with CeHf-S,
whereas the worst performance (<55% CO conversion) was
found with CeSm-5. Doping with La gave no improvement in
reactivity below 590 K, which is at odds with an earlier report of
La-doped alumina-supported ceria.** Because HCI oxidation is
severely product-inhibited, the similarities in the two reactions
may suggest that CO, could also act as an inhibiting agent via
strongly bound carbonate species. This would be in line with
the observations of Wu et al.** showing that the majority of
carbonate species are spectators in CO oxidation. This aspect
may initiate further studies. Although both reactions require the
formation of surface vacancies, the reactivity ordering in the
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two reactions does not completely follow the same line. We
therefore assessed various physicochemical properties of the
catalysts to improve our understanding of the requirements of a
good ceria-based HCI oxidation catalyst.

In particular, the electronic conductivity was investigated
using a microwave cavity perturbation technique at 623 K,
slightly above the temperature of the onset of HCI oxidation
and in the temperature regime of CO oxidation. Under inert or
oxidizing conditions, dopants give rise to a much enhanced
conductivity compared to that of CeO,, the trivalent dopants
being the most effective. On the contrary, under reducing
conditions Hf and Zr promote very high conductivity, whereas
trivalent-doped materials exhibit only minor modulation. This
dependence of electronic conductivity on reaction conditions
can be rationalized in terms of the number of mobile charge
carriers under certain conditions (vide infra).

It is generally accepted that electron transport in the n-type
semiconductor ceria can be described by a small polaron
transport process, i.e, by a thermally activated hopping
mechanism.3"%*®* Under reducing conditions, ceria tends to
lose oxygen to the ambient atmosphere, accompanied by the
creation of oxygen vacancies and a change in the oxidation state
from +4 to +3 of an adjacent cerium ion. This can be written
using the Krdger—Vink notation as

Og + H, + 2Cef, » H,0 + V§ + 2Ce(, 4)

where Of represents an oxygen lattice site (i.e,, O*7), Cef, is a
normal cerium atom in a cerium site (i.e,, Ce**), V{; is a doubly
positively charged vacancy in an oxygen site, and Cec, is a
single negatively charged cerium (i, Ce*) in a cerium site.
Hence, electronic conductivity o, can be expressed as

0. = [Ceglen (5)

where [Ce(,] is the concentration of charge carriers (located at
a Ce atom), ¢ is the elementary charge, and y is the mobility
defined by

p A P[ —EH)
= — exp| ——
T kyT (6)

where A is a constant (further described in ref 63), Ey is the
activation energy for the electron hopping process, and ky is
Boltzmann’s constant.

Hence, by plotting log(c.T) versus the reciprocal temper-
ature (1/T), we determined the hopping transport activation
energies for all studied samples (see Figure S2 of the
Supporting Information as an example). As a result, a value
of 0.32 eV was obtained for the pure CeO, sample. This value is
well in the range of 0.4 eV found by Mogensen et al.*>' and 0.2
eV measured by Naik and Tien®® for nearly stoichiometric
CeO,. This rather low activation energy furthermore indicates
that with the microwave technique electronic conduction is
measured rather than ionic charge transport, the latter having
typical activation energies of 20.7 eV. In such cases, ionic
mobility measures not only vacancy hopping but also vacancy
formation (or association with dopants).*"*>%® From the
computational point of view, the difference in energy between
charge distributions that can be linked to the electronic
mobility is found to be 0.27 eV. This is the difference in energy
between two identical structures where the electrons are either
close to or far from the vacancy site (Epol in Table S1 of the
Supporting Information). This is in agreement with previously
reported values."® Moreover, the mobility of oxygen vacancies
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implies also the redistribution of charge in nearby Ce atoms,
thus inducing charge mobility. Oxygen vacancy hopping shows
a diffusion barrier with a concomitant charge redistribution of
0.34 eV.

The presence of trivalent dopants affects the initial number
of carriers, assuming a single phase, as follows:

M* + CeO, » (MCe')¢,CeO, )

Therefore, in inert or oxidizing atmospheres, the doping
reaction (eq 7) controls the numbers of carriers. Indeed,
experiments show that the conductivity decreases in the
following order: trivalent > tetravalent > CeO,.

Under reducing conditions, oxygen vacancy generation plays
an important role, and thus, both eqs 4 and 7 should be taken
into account. Under heavy reduction conditions, eq 4 will be
the dominating term as reduction is eased for all samples. Upon
vacancy formation, tetravalent dopants generate twice the
number of charge carriers as trivalent ions; thus, the electronic
conductivity shall be larger for M*".

Compared to that of pure ceria, significantly lower activation
energies were determined for the doped ceria samples in the
microwave conductivity experiment, with 0.15 eV for Hf, 0.14
eV for Zr, 0.19 eV for La, and 0.12 eV for Sm. In this case, the
computed differences between the charge distributions
(associated with a moving polaron) are between 0.09 eV for
La and 0.17 eV for Hf. For a homogeneous distribution of
vacancies, vacancy hopping with electron redistribution implies
also low barriers of ~0.14 and ~0.22 eV for Hf and La,
respectively. More details about these calculations are given in
Figure S7 and Table S1 of the Supporting Information.

Comparing the HCI oxidation results with the O vacancy
formation energy and the electronic conductivity under inert
and oxidizing conditions, it becomes clear that these properties
do not at all correlate with reactivity. It is intriguing that the
vacancy formation energy of the catalysts is not followed in CO
oxidation either. On the other hand, reducing conditions
increase the electronic conductivity of CeZr-5 and CeHf-S,
which are indeed better catalysts. Also, the lattice parameter
seems to qualitatively follow the reactivity in HCI oxidation,
lattice contraction being beneficial and expansion detrimental.
To quantitatively visualize the effect of the lattice parameter, we
compared the normalized intrinsic reactivity of all samples and
plotted them as a function of the lattice parameter determined
after reaction. This is shown in Figure 9b, where again the
intrinsic reactivity of 1 corresponds to CeO,. There is a weak
trend of decreasing lattice parameter providing better reactivity,
and the effect peaks near 5.4 A (CeHf-10, CeZr-10, and CeZr-
20). Greater lattice contraction does not seem to be
advantageous, though we need to keep in mind that CeHf-20
was biphasic. The fact that the most efficient support for ceria
was found to be ZrO," is not surprising, considering that
nanoclusters of ceria on the ZrO, carrier could be
compressively strained or part of Zr might be incorporated
into the ceria clusters. Because HCl oxidation is a surface
process, it is not per se evident why a bulk property (lattice
parameter) should directly correlate with the catalytic rate.
Nevertheless, one might envisage that the strained lattice
extends onto the surface, giving rise to a modified adsorption
strength.

With regard to the effect of surface coverage with chlorine, in
situ PGAA indicated that intermediate coverages give rise to
better reactivity. Although in our previous work®® we concluded
that most of the Cl uptake was related to the part of the surface
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that is not relevant for HCl oxidation, nevertheless, the trends
of Cl uptake observed as a function of experimental parameters
(T and partial pressure of reactants) were thought to be still
valid for the small portion of the surface responsible for the
catalytic reaction. Likewise, the Cl uptake of this experiment
traces the overall surface, mostly not directly involved in HCI
oxidation, but the volcano-type Cl uptake may still be relevant
and could suggest that an intermediate CI coverage of the active
surface units could give rise to the largest reactivity. The
comparison of Cl and O vacancy formation energies suggests
that the highest activity shall be observed for the systems with
the concomitant reduction of the vacancy formation energies
for Cl and O. This is most effectively achieved for tetravalent
ions. In comparison, trivalent ions are very effective at forming
oxygen vacancies, but this ends up with the chlorination of the
surface. Additionally, Hu and Metiu®” have shown that doping
ceria with trivalent La gives rise to a stabilization of on-top Cl
adsorption (one Cl on Ce and another Cl on O) because of a
strong interaction between the Lewis acid and Lewis base Cl
atoms in Cl—Ce and Cl-O bonds, respectively. Such
stabilization is admittedly not beneficial for desorbing Cl,
from the surface and will hinder reactivity.

Studt et al.%® using DFT calculations evaluated various rutile
oxide surfaces in HCI oxidation and found that the dissociative
adsorption energy of O, is a good descriptor of the reactivity.
Recently, Over and Schomicker® compiled experimental
reactivity data and suggested a similar volcano dependence as
a function of the same descriptor. In general, dissociation of
molecules on surfaces is thought to be strongly structure
sensitive because of the productlike late nature of the transition
state.”’ Although no O, adsorption occurred at 173 K on
nanocrystals of ceria with controlled morphology (octahedra,
cubes, and rods) after calcination, the O, chemisorption was
structure sensitive on the prereduced nanocrystals.”” Therefore,
our observation®® that only a small portion of the surface is
responsible for the reactivity (structure or defect sensitivity) is
overall in line with the predictions of the descriptor. The
dissociative adsorption of oxygen can be seen as the inverse
process of O vacancy formation, and therefore, the oxygen
adsorption energy is a strong function of dopants. Nevertheless,
one needs to be aware that the strong variation of the vacancy
formation energy is not compatible with the much less
pronounced effect in reactivity.

In summary, there are other parameters (shape of the doped
catalyst, surface concentration of dopants, etc.) not considered
here that might also play an important role in HCI oxidation;
nevertheless, our observations suggest that lattice contraction
using dopants with smaller ionic radii is beneficial. Clearly, the
reduced O vacancy formation energy alone does not guarantee
a good catalyst, and only the balanced reduction of both Cl and
O vacancy formation energy allows for an enhanced reactivity.

B CONCLUSIONS

We have studied the role of trivalent and tetravalent promotion
on the structural, electronic, and catalytic properties of ceria. In
particular, our interest was to improve the reactivity of ceria in
HCl oxidation. This can be effectively achieved upon
promotion with 10% Hf and 10—20% Zr; on the other hand,
trivalent dopants are clearly detrimental. There is a weak trend
of a decreasing lattice parameter of the cubic structure
providing better reactivity, the effect peaking near 5.4 A,
whereas lattice expansion upon trivalent doping is undesirable.
We find also a weak volcano behavior between the surface Cl
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coverage and the reactivity, indicating that intermediate Cl
coverages are preferred. Although both HCI oxidation and CO
oxidation rely on the existence of oxygen vacancies, the orders
of reactivity in these reactions are not completely identical,
suggesting that CO oxidation might not always be appropriate
as a test reaction for other redox reactions. The oxygen vacancy
formation energy and the electronic conductivity of promoted
catalysts were assessed under inert or oxidizing conditions, and
neither of these properties correlates with the reactivity in HCI
oxidation. DFT calculations indicate that only the balanced
reduction of both CI and O vacancy formation energy allows
for an enhanced reactivity.
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