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Experimental measurements by several techniques and density functional theory (DFT) calculations are
combined to characterize Ce-Pr mixed oxides and deeply understand the influence of Pr dopant in their
geometric and electronic structure, reducibility and catalytic behavior concerning the Water-gas Shift
reaction (WGSR). Samples with nominal Pr dopant content of 0, 5, 15 and 50 at% (atomic percentage) are
synthesized via urea decomposition method and subsequent calcination in air at 450 °C. X-ray diffraction
characterization shows an increase of ceria lattice parameter for Pr loadings lower than 15 at%, which
is consistent with a solid solution formation. X-ray photoelectron spectra indicate a surface enrichment
in Pr cations and a diminution of Ce3* surface concentration as Pr content increases. DFT calculations
confirm the preferential reduction of Pr cations due to a single oxygen vacancy formation in Ce-Pr mixed
oxides, and also a significant decrease in the energy needed for this O removal compare to that in pure
CeO,. Both experimental measurements and DFT calculations evidence that the addition of Pr dopant to
ceria promotes oxygen vacancies formation, redox properties and oxygen storage capacity (OSC). Even
more, the same promoting effect of Pr in the WGSR intrinsic catalytic activity of Ce-Pr mixed oxides is
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observed.
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1. Introduction

CeO,, (ceria) is one of the most used rare earth oxides, related
to a potential redox chemistry involving Ce3* and Ce** ions. There
are several areas of application of ceria, such as polishing agent in
glasses [1,2] its uses in phosphors [3] and, mainly, its use in cataly-
sis, due to above mentioned redox properties. CeO, is extensively
used in three way catalysts (TWC) in vehicle engines, to reduce NOx
and simultaneously oxidize CO and not converted hydrocarbons [4].
The key function of ceria in these catalysts is associated to its great
oxygen storage capacity (OSC), which allows the catalytic opera-
tion under oxidizing and reducing atmospheres [5,6]. In order to
achieve better thermal stability and OSC, the addition of Zr to ceria
was studied [7]. Other cations were also tested: some authors stated
that OSC could be improved by doping ceria with La [8,9] or Pr[10].
The effects of Pr dopant on the redox thermodynamics of bulk CeO,
were also investigated using first-principles density functional the-
ory (DFT) calculations [11], and a combined theoretical DFT and
experimental approach [12]. For a CeO, bulk supercell with a Pr
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dopant concentration of 3.125 at%, it was reported a decreasing
in the oxygen vacancy formation energy, compared with that in
pure ceria model, mainly originated from electronic and structural
modifications [11,12]. As well, Ce-Pr mixed oxides were tested as
supports for catalysts in several redox reactions such as the com-
bustion of soot, CH4 or CO [13-15]. However, in the case of catalysts
for the Water-gas Shift reaction (WGSR), ceria was usually doped
with trivalent rare earths like La, Sm o Nd [ 16]. Recently, WGSR has
again attracted attention for non-traditional applications of hydro-
gen as combustible for fuel cells. In this respect, the Pt catalysts
used in proton exchange membrane (PEM) fuel cells are poisoned
if CO levels in the feed stream are higher than 20 ppm. Therefore,
WGSR may be used to partially eliminate the CO in the upstream
purification stage. Since the WGSR is exothermic, thermodynamic
equilibrium is favored at lower temperatures where this reaction
is kinetically limited. Hence, it is important to find a support with
better redox properties and oxygen storage capacity, to enhance
the activity of WGSR catalysts even at low temperatures. In this
concern, Lin et al. tested bimetallic Cu-Ni catalysts supported on
ceria doped with La [17]. In a previous work, we have tested Ce-Pr
mixed oxides as supports for WGSR catalysts and found better per-
formance of samples with low Pr loadings [18]. Therefore, in the
present work we employed several experimental characterization
techniques together with DFT theoretical calculations to deeply
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Fig. 1. The CeO,(11 1) slab with p(3 x 3) expansion of the surface unit cell. (a) Top view. b) Lateral view.

understand the role of Pr in promoting the redox and OSC prop-
erties of Ce-Pr mixed oxides. Finally, we examined the relationship
between their OSC and WGSR rate.

2. Experimental

Cerium-praseodymium mixed oxides, hereafter called CePrX,
where X is the percentage atomic ratio (at%) between [Pr] and
([Pr] +[Ce]), and the corresponding precursors (called PCePrX) were
studied throughout this work. Precursors were synthesized by the
urea method [19,20], with different Pr contents (5, 15, and 50 at%).
Ce(NO3)3.6H;0 (Fluka >99.0%) and Pr(NOs3)3.6H,0 (Aldrich 99.9%)
were dissolved and diluted separately in distillate water and then
mixed together with an urea solution, keeping a total cation con-
centration of 0.1 M and a urea concentration of 1 M. Subsequently,
this solution was aged in a thermostatic bath at 90°C for 24h.
Finally, after centrifuging and washing three times, a pale green
precursor was obtained (white solid in the case of pure cerium pre-
cursor). Calcination of samples was conducted from RT to 450°C
with a ramp of 10 °C/min, maintaining this final temperature dur-
ing 5 h. Surface area and porosity values of the solids were obtained
at 77 K over a wide range of relative pressures from 0.05 to 0.995,
using an ASAP 2020 apparatus. UV-vis diffuse reflectance spectrum
has been recorded with a Shimadzu UV-2600 spectrophotome-
ter. XRD patterns were collected using the graphite-filtered Cu K,
radiation (A=1.5406A) in a Siemens D5000 powder diffractome-
ter. Raman spectra were recorded using a LabRam spectrometer
(Horiba-Jobin-Yvon) coupled to an Olympus confocal microscope
(a 100x objective lens was used for simultaneous illumination and
collection), equipped with a CCD detector cooled to about 200K
using Peltier effect. The excitation wavelength was in all cases
532 nm (Spectra Physics argon-ion laser). The laser power was
set at 30 mW. XPS measurements were carried out with a multi-
technical system (SPECS) equipped with a dual X-ray source of
Mg/Al and a hemispheric synthesizer PHOIBOS 150. Spectra were
acquired with a step energy of 30 eV using Al-K, radiation oper-
ated at 200W and 12 kV. The pressure of the chamber was lower
than 10~2 mbar. The analyzed regions were Ce 3d, and Pr 3d. To
remove the surface charging effects, the binding energies were cal-
ibrated using the Ce#* (u'”’) signal at a 916.7 eV as a reference [21].
Background subtraction (Shirley) and peak fitting were performed
using a commercial software CasaXPS® v2.3.15. SEM micrographs
were acquired with a Zeiss microscope Zupra 40 model, equipped
with Gemini Column and field electron emission. Catalytic activ-
ity in WGSR was evaluated in a fixed bed reactor using 240 mg of
solid, diluted with a ceramic inert. The total inlet flow was equal to
85 cm?3/min, with a CO flow of 6 ml/min and a H,0/CO ratio equal
to 3/1 (with N, as balance). Previous to catalytic test, the solid
was cleaned at 400°C with air flow during 30 min, purged with
N,, reduced with 150 cm3/min of H (50% in N,) and purged again

with Ns. Finally, the temperature was raised to 450°C under the
reactant flow. The analysis of CO converted and the concentration
of other gaseous products were performed in a Hewlett Packard
gas chromatograph equipped with a Thermal Conductivity Detector
(TCD).

3. Computational methods

First-principles density functional theory (DFT) calculations
were carried out with the Vienna Ab-initio Simulation Package
(VASP) [22,23]. We performed spin polarized calculations repre-
senting core electrons with the projector augmented wave (PAW)
method [24], solving Kohn-Sham equations with the generalized
gradient approximation (GGA) and using the exchange-correlation
functional of Perdew-Burke-Ernzerhof (PBE) [25]. The cutoff
energy of the plane wave basis was set to 480 eV, while using the
valence configurations 5s2, 5p8, 6s2, 5d!, 4f! for Ce; 5s2, 5p5, 6s2,
5d1, 4f2 for Pr; and 2s2, 2p* for O. The Brillouin zones were sam-
pled with the Monkhorst-Pack scheme [26]. Structural relaxations
were performed according to the Hellmann-Feynman approxima-
tion and the atomic positions were relaxed until the force acting on
each atom was smaller than 0.02 eV/A.

The standard DFT formulation usually fails to describe strongly
correlated electrons due to a deficient treatment of electron corre-
lation. This limitation has been corrected to some extent by using
the DFT + U method, where the introduction of a Hubbard param-
eter U modified the electron self-interaction error and enhanced
the description of the correlation effects [27,28]. Accordingly, we
used the Hubbard parameters: Ueg=5eV for Ce(4f) states, and
Uerr=4.5eV for Pr(4f) orbitals. The Ues value of 5eV was chosen
for the Ce(4f) states as it correctly described the atomic and elec-
tronic structure of both CeO, and CeO,_, systems [29-31]. On the
other hand, the value of U.g=4.5eV has shown to reproduce the
experimentally available data for PrO,, such as lattice constant and
band gap, and was reliable for the description of the strong on-site
Coulomb repulsion among Pr(3d) electrons [11].

Previously reported DFT works have studied oxygen defects
formation into the bulk crystal lattice of Ce-Pr mixed oxides, model-
ing a Ceg g6g75Pro.0312502 system with a 2 x 2 x 2 supercell [11,12].
Both works used the PBE method and the Hubbard correction for
Ce(4f) electrons, considering an effective U value of 4.5eV [11], and
5.3eV [12]. In adittion, as mentioned before, a Hubbard parameter
Uefr=4.5eV was used for Pr(4f) orbitals in Ref. [11].

In the present work, two different Pr-doped CeO,(11 1) slabs,
with low (3.7 at%) and high (25 at%) amount of Pr dopant, were
employed for achieving a detailed description of Pr effect in the
surface chemistry of Ce-Pr mixed oxides. The catalytic surface was
represented with the (111) plane because it is the most stable
among the low-index (111), (110), and (100) surfaces of ceria
and it corresponds to minimal Ce-O bonds cleavage [32-35].
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Fig. 2. The Cep963Pr0,03702(11 1) surface with p(3 x 3) expansion of the surface unit
cell.

Both low-doped (3.7% Pr) and undoped CeO, (11 1) surfaces
were modeled by a p(3 x 3) slab. The first step of our calculations
involved bulk CeO, structure optimization with respect to lattice
constant. From this, a value of a=5.49 A was obtained. Then, the
CeO,(111) surface was built by cleaving the optimized bulk cell
with the (111) plane and retaining an extra oxygen layer (see
Fig. 1).

The Pr-doped Ce05(11 1) surface with low content of Pr was
constructed by substituting one surface Ce cation with a Pr dopant
in the CeO,(11 1) slab with p(3 x 3) expansion of the surface unit
cell (see Fig. 2). This substitution gives a Pr concentration of 3.7 at%
related to the total number of Pr and Ce cations.

The resulting Ceg g3Prg,03702(1 1 1) slab has 9 atomic layers and
an empty space of 18 A, which was introduced to avoid periodic
interactions with the atoms of the upper image. Besides, the Bril-
louin zone was sampled with a 3 x 3 x 1 k-points mesh.

On the other hand, the Pr-doped CeO,(11 1) surface with high
content of Pr was generated from an optimized 12-atom unit cell
of ceria with 25% of Ce cations replaced by Pr (see Fig. 3a). The
optimization of this bulk structure resulted in a lattice constant
value of 5.49 A, similar to that computed for the fluorite-type CeO,
structure. The corresponding p(2 x 2) slab, hereafter named as
Ce.75Prg2502(11 1), has 12 atomic layers, a vacuum space of 18 A,
and contains one Pr atom (25 at%) in each of the cation layers (see
Fig. 3b). In this case, the Brillouin zone was sampled witha4 x 4 x 1
k-points grid.

Energy calculations for CeO,(11 1), Ceggg3Prgo3702(111) and
Ceg75Prg250,(111) slabs were performed allowing atomic coor-
dinates of Ce, Pr and O ions located in the six uppermost layers to
fully relax; while those of the ions placed in the bottom layers were
fixed to their bulk positions. Meanwhile, the electronic effects of Pr
doping in CeO,-based systems were studied through the analysis of
electron occupancy of Ce(4f) and Pr(4f) states, and the Bader charge
of Ce and Pr cations [36].

4. Results and discussion

The mixed solids employed in this work, were obtained by
the precipitation of Ce and Pr precursors by thermal decomposi-
tion of urea and subsequent calcination procedure. This method
has proved to be adequate for the synthesis of Ce, Ce-Cu, Ni-Cu,
and Zn-Cu samples [19,20,37,38]. The evolution of pH during the
precipitation of precursors was followed by extracting aliquots of
supernatant solution (Supplementary Information Figure S1).

As it can be seen, the evolution of pH is similar for all samples,
with a starting value of approximately 5 and an ending one close
to 8. The same values were found for a precursor of pure ceria that
we have studied in a previous work [19]. Therefore, Ce-Pr mixed

precursors present similar behavior than pure Ce or Pr ones, with
Ce and Pr precipitating together and almost all cations (more than
99%) being present in the solid phase after 8 h of reaction [18].

The reflections found in the XRD patterns of the precursors (see
Supplementary Information Figure S2), were due to basic carbo-
nates with orthorhombic structure and also to the stable form of
these rare earths (Ce and Pr) compounds with hexagonal structure
[39]. It is known that the signals of orthorhombic JCPDS No. 41-
0013 (for Ce) and JCPDS N° 26-1349 (for Pr), are undistinguishable.
The same fact occurs with hexagonal structure, JCPDS No. 52-0352
and JCPDS No.27-1376, for Ce(OH)CO3 and Pr(OH)COs3 respectively;
some characteristic reflections are shown in Figure S2.

The decomposition processes of the precursors under oxygen
atmosphere (see Supplementary Information Figure S3), are essen-
tially similar for samples with Pr content lower than 15 at%. They
present a single step centered at a temperature close to 260°C, as it
was observed for the decomposition of a pure ceria precursor in the
same conditions [19]. These results might imply that mixed basic
carbonates are obtained, where Pr replaces Ce ions in the lattice as
it was observed for La-doped ceria [40] or Ce-Pr mixed oxides [41]
synthesized in similar conditions. On the other hand, the thermo-
gravimetric profile of a high Pr content sample (CePr50) is similar to
those of the precursors with low amount of Pr (CePr5 and CePr15),
but the signal becomes flat at a significantly higher temperature,
close to 500 °C. This result indicates a promoting effect of Ce in the
decomposition process of CePrX samples as it can be concluded
comparing our results with those of pure praseodymium thermal
decomposition profile reported by Zhang et al. [42].

Calcined samples were dissolved in orthophosphoric acid and
then analyzed by ICP-MS. The results indicate that the expected Pr
content is similar to that obtained by chemical analysis for small Pr
loadings, but they deviate practically 20% for the sample with the
highest Pr content [18]. These results suggest a limitation of the
Pr amount that could be incorporated using these synthesis con-
ditions. In fact, other authors also found limitations to incorporate
more than 30 at% of Pr into the ceria lattice [43,44].

XRD patterns of Ce-Pr mixed oxides presented in a previous
work only showed the characteristic reflections of CeO, (JCPDS
No. 42-1002) and PrO, (JCPDS No. 65-0325) [18]. Since there was
no evidence that other Pr oxides (such as Pr,03 or PrgOq;) were
present in the samples, it is feasible that a solid solution between
cerium and praseodymium was formed, due to the similar ionic
radius of Ce** and Pr** cations [13,45,46]. XRD patterns of the main
reflection of Ce-Pr mixed oxides, corresponding to the (11 1) plane,
show that this signal shifts to lower angles as Pr content increases.
This result could be interpreted through a lattice parameter expan-
sion, as reported in Table 1. Since the ionic radius of trivalent ions,
Ce3* (0.114nm) or Pr3* (0.113nm), are larger than that of Ce**
(0.097 nm) or Pr** (0.096 nm), it is possible that tetravalent ions
are replaced by those in the reduced state. It is worth mention that
both oxidation states of Ce were found by XPS measurements as
it will be described later in this work. As it can be seen, the lattice
parameter proportionally increases for small Pr loadings (<15 at%)
which is consistent with a solid solution formation [47-49]. In the
case of CePr50 sample, the lattice parameter does not follow the
same trend, with a lattice parameter very similar to that of CePr15.
This might occurs either by the segregation of two ceria phases,
as it was found for a Ce-La system [47], or by the formation of a
solid solution with high oxygen vacancies concentration, leading
to a shrinkage of the lattice [50,51]. The latter assumption is in
agreement with Raman results that would be presented later in
this work. The crystallite size (estimated by Scherrer’s equation)
decreases as Pr content increases [18]. The smallest surface area
found for CePr50 despite of the lowest crystallite size reported
for the same sample might be explained by crystallite agglom-
eration. Tok et al. [43] explained this fact by analyzing different
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Fig. 3. The Ce75Pro2502(11 1) slab with p(2 x 2) expansion of the surface unit cell. (a) Top view. (b) Lateral view.

Fig. 4. SEM micrographs of Ce-Pr samples: (a) CePr0 precursor, (b) CePr15 precursor, (c) CePr0, (d) CePr5, (e) CePr15, (f) CePr50.
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Fig. 5. UV-vis diffuse reflectance of Ce-Pr samples.

pH or aging time needed to precipitate Ce doped solids. In their
conditions, successive nucleation occurred hindering growth and
resulting in crystallite agglomeration. In our previous work [18],
we could roughly estimate the average number of crystallites in
each particle from BET values, assuming spherical shapes. Compar-
ing the values estimated by Scherrer (XRD) and BET area, crystallite
agglomeration can be discarded in samples with low Pr content.
Nevertheless, the agglomeration of crystals becomes evident for
CePr50 sample since particle size estimation by BET was markedly
higher than crystallite size determined by XRD [18]. SEM micro-
graphs of samples are presented in Fig. 4. The solid precursors show
rod-like particles (see Fig. 4a and b). The calcined samples retain a
similar morphology (see Fig. 4c-f), as it was the case of pure ceria
in one of our previous works [19].

According to the literature, the morphology of the samples
influences the catalytic activity for CO oxidation [52], being the
rod-shape particles the ones that preferentially expose the most
reactive planes [53]. Particle shapes are strongly dependent on
urea:cation ratio used during the precipitation procedure. In fact,
Wang et al. [54] synthesized CeO, powders by hydrothermal
method using urea as precipitating agent. In that work, an increase
in the urea:cation ratio from 1:1 to 20:1 increased particle size and
changed the morphology, from symmetric rhomboidal to prismatic
shapes. In our case, with a 10:1 urea:cation ratio, a non-uniform
particle distribution size is observed, with rods formed by smaller
particles with ellipsoidal shape (see enlargement of Fig. 4a and b).
In the case of Ce-Pr mixed oxides, some particles are agglomerated
rods and form bundles.

The Ce-Pr samples are colored solids. CePrO sample is a yellow-
ish powder and the Ce-Pr mixed oxides change from orange to dark
brown with the increase of Pr content in agreement with litera-
ture [41]. The UV-vis diffuse reflectance spectra obtained for these
samples are shown in Fig. 5. CePr0O sample spectrum has a strong
absorption band below 400 nm due to charge transfer transition
from 02~ to Ce*" close to 278 nm, interband transition at 313 nm
[55], and charge transfer from 0%~ to Ce3* close to 255 nm [56].
Similar spectra were obtained for Ce-Pr samples below 400 nm.

However, at wavelengths higher than 400 nm, it must be noted
that the replacement of Ce by Pr ions in the host lattice modifies
the absorption of samples; this effect is evident even with a low
content of Pr, such as 5at%. In the case of these mixed oxides, a
new band in the range 400-650 nm was also observed due to Pr
ions transitions [57].

Furthermore, all samples were characterized by Raman spec-
troscopy and the results are shown in Fig. 6. The intensity of spectra

Intensity (a.u.)

CePr50 x10

. : . : : : .
300 400 500 600 700
Raman Shift (cm™)

Fig. 6. Raman spectra of Ce-Pr samples.

decreases as Pr content increases, due to the stronger absorption
of Ce-Pr mixed oxides at the wavelength used (514 nm), as it was
seen by UV-vis (Fig. 5). According to Pu et al. [57], the informa-
tion obtained is mainly representative of the surface when the
excitation laser and the scattering light are strongly absorbed by
the sample. The spectra show two bands: the main one close to
465cm~! and a secondary one at approximately 570 cm~!. Fluo-
rite structure only has a single Raman mode allowed, which has
F>¢ symmetry and can be viewed as a symmetric breathing mode
of the O atoms around each cation [60]. In consequence, the main
band is assigned to the fluorite structure of all samples. Upon the
addition of Pr, a slight shift in the peak position to lower values
is observed, without changes in the peak symmetry. These same
features, observed by other authors in Ce, Ce-La or Ce-Pr samples,
were assigned either to a change in the particle size inhomogeneous
strains, lattice defects or oxygen vacancies [14,58-61]. The incor-
poration of an aliovalent cation as Pr in the fluorite lattice tends to
form a nonstoichiometric oxide and induces lattice defects as oxy-
gen vacancies. It is widely accepted in literature that the second
band at 570cm~! is related to these defects [13,58,62]. To clar-
ify this point, the ratio of the intensities of the bands at 570 and
465cm™1, called Is7/l465, versus the Pr content of the samples is
plotted in Fig. 7. This figure shows that both the value of I579/I455
ratio and the shift of the main Raman band increase with the Pr
content.
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Fig. 7. Intensity ratio between signals at 570 and 480 cm~! versus Pr content (left
axis), Peak maximum position versus Pr content (right axis).
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In a previous work [20], we have studied by XRD and XPS
pure ceria samples calcined at several temperatures, in particu-
lar at 450°C as it used in the present work. We had calculated
the Ce3* fraction by XRD, assuming the validity of Vergard's law,
which states that there is a linear relation between a change in lat-
tice parameter and molar fraction of dopants (in this case, Ce3*
is the dopant in Ce** lattice). The value found was much lower
than Ce3* fraction estimated by XPS, indicating that Ce3* is mainly
present on the surface of sample. The study of Ce 3d spectra
was performed using nomenclature introduced by Burroughs [63],
where Ce3* presented two doublets (ug, vg, U, ') and Ce** three
(u,v,u”,v", u”,v"). The u peaks and v peaks represent the Ce3d,;
and Ce3ds, contributions respectively [64]. In order to obtain all
the intensities, a deconvolution of Ce 3d spectra was performed
[20], considering that: (i) the intensity ratio between peaks of dou-
blet was close to 2/3; (ii) the peak position for all samples was
allowing to vary 0.3 eV, and (iii) the FWHM for peaks of doublet was
almost the same, with a difference less than 5%. With these condi-
tions it was found that the doublet splitting is 18.4 eV as reported
in literature [65]. As mentioned before, the Ce3* fraction was esti-
mated by the ratio between the peak intensities of this ion and
those corresponding to Ce?* y Ce3* (see Supplementary Information
Figure S4) [20,66-68].

With the objective of explaining the difference found in Ce3*
fraction using either XRD or a surface technique such as XPS, an
additional study was made in this work over pure ceria (CePr0),
modifying in each XPS experiment the angle measured from surface
(take-off angle). Changing this parameter, it is possible to perform
a depth profiling without using a destructive technique [69]. The
measured intensity of an element is expressed in Equation (1),
where Kj is a constant that involves the analyzed area, the X-ray
flux, the instrument detection, and the sensitivity factor based on
Scofield’s photoionization cross sections; A is the inelastic mean
free path (IMFP); ¢ is the take-off angle; x is the molar fraction at
depth z[70,71].

oo

In = K / ne /O dz (1)
0

The simplest depth profile is a thin-uniform layer of Ce3* over
a substrate of Ce*" ions in an infinite sample, i.e.: z»5A [72]. By
the integration of Equation 1 for an unknown “d” thickness of Ce3*
layer, two expressions for Ce ions can be obtained (see Equation

(2)).
o = Keose (1 _ e-d/aced sin((p)) (2a)

Iggss = Kxpae @™ /06 s6) (2b)

From the ratio between intensities of both ions, K constant will
be cancelled. Besides, the molar fraction of ions also will be can-
celled because both Ce3* and Ce** ions occupy the same positions
in the fluorite lattice. The IMFP depends on the electron energy
and composition. However, in our case these values are similar to
each other, 1.23 and 1.09 nm for Ce3* and Ce**, respectively [67].
So, other simplifying hypothesis can be made, by using an average
value for IMFP [72]. With these assumptions and a linearization,
Equation (3) is found, and it is used to fit the intensity ratio versus
the take-off angle in Fig. 8.

I3+ d
In &= 41)=—"+— 3
<ICe4+ + ) Asin(p) 3
Thus, the “d” parameter or the thickness of Ce3* layer was

obtained with a value equal to 0.1140.02 nm. This value is very
similar to the atomic radius of Ce3* (0.114 nm), indicating that Ce3*
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Fig. 8. Fitting of Ce3*/Ce?*" intensities versus take off angle.
Table 1

BET, XRD and XPS results of samples.

Sample BET AREA Lattice parameter Ce3* surface Pr/Ce surface
(m?/g) (nm) fraction (%)? content®

CePr0 110.1 0.542 6.7 -

CePr5 100.2 0.543 49 0.12

CePr15 89.4 0.544 3.1 0.28

CePr50 194 0.544 2.2 3.29

2 Calculated as ratio between Ce** and Ce ions.
b Calculated as ratio between Pr and Ce ions.

is only present in the first atomic layer of the sample. This result
is in agreement with those of other authors who have also found a
core-shell distribution in pure ceria samples [49,73,74], with Ce%*
ions in the core and Ce3* ions in the outer shell. These findings
indicate that reduced Ce ions are stable on the ceria surface.

On the other hand, the XPS measurements for Ce-Pr mixed
oxides samples show that this Ce3* surface fraction decreases with
the increase of Pr content in the samples, as it can be observed in
Table 1. Simultaneously, a surface enrichment of Pr occurs, suggest-
ing that Pr ions tend to preferentially occupy surface positions and
replace Ce3* ions, as it can be seen in the last column of Table 1.

Animportant feature of catalysts for redox reactions is their oxy-
gen storage capacity, OSC. A theoretical OSC value can be calculated
by the estimation of the oxygen present at the surface of ceria sam-
ples, using the atomic density of low-index crystallographic planes
and the surface area [75-77]. Obviously, this model predicts that
0OSC is proportional to the surface area exposed to the reduction
by CO. For the samples studied in this work, the theoretical OSC
values and the ratio between the experimental and theoretical OSC
are reported in Table 2. This ratio is always lower than one and
increases with the Pr content of the samples.

Table 2
0SC and WGSR results.

Sample Theoretical OSC 0SCexp/OSCtheo” Reaction rate per
(pmolco/g)? surface unit
(wmol/(s m?))*
CePr0 624 0.08 1.43
CePr5 569 0.11 232
CePr15 506 0.10 243
CePr50 108 0.22 411

2 Calculated using BET values.

b O0SCexp Average among 5 pulses at 400 °C.

¢ Flow 85 ml/min, 8% CO, 24% H,0, N, as balance, catalytic mass: 240 mg, CO
conversion lower than 15% (differential reactor).
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These results are in agreement with Raman spectra already
presented, where the addition of Pr monotonically increases the
intensity of the Raman peak at 570 cm~!. That band is related to the
generation of oxygen vacancies that enhances CO oxidation activ-
ity and/or OSC [14,75]. In our previous work [18], TPR profiles had
also shown that the addition of Pr to ceria samples improved the
reducibility of these solids. The experimental characterization has
shown the addition of Primproved oxygen removal and reducibility
properties compared to pure ceria. However, the role of Pr dopant
in the surface chemistry has still to be completely elucidated. In
this concern, first-principles calculations are essential to provide
a detailed understanding of the reactivity of ceria-based systems
[78]. Thus, oxygen vacancies (surface and subsurface) formation
and redox properties of Ce-Pr mixed oxides were evaluated by
performing spin-polarized periodic DFT calculations.

Two Pr-doped CeO,(111) slabs with 3.7at% and 25at% of
Pr contents were considered for modeling stoichiometric Ce-
Pr catalytic surfaces with low- and high-dopant concentration,
respectively. The top view of Ce0,(111), Ceggg3Proo3702(111)
and Ceq 75Prg250,(1 1 1) surfaces employed in our calculations are
shown in Figs. 1a, 2a and 3a, respectively. The formation of these
surfaces led to Pr-O and Ce-O bonds of similar length, in the inter-
val between 2.31-2.42 A. The average length of Pr-O bonds is equal
to that of Ce-O bonds (2.38A). Concerning the electronic struc-
ture of stoichiometric Pr-doped CeO,(1 1 1) slabs, we calculated an
electron occupancy of Pr(4f) states of 1.35 electrons (see Table 3);
which is consistent with that of 1.44 electrons reported for the bulk
structure of Ceg ggggPro.031202 and 1.5-1.6 electrons for that of PrO,
[80-83]. We also computed the values of Bader charge for Ce and Pr
cations in pure CeO,(111) and Pr-doped CeO,(11 1) systems (see
Table 3). Accordingly, the corresponding oxidation states of Ce and
Pr cations were estimated as Ce** and Pr#*,

On the other hand, non-stoichiometric CeO;_,(111) and Pr-
doped CeO,_,(11 1) systems were simulated by removing surface,
subsurface and inner-layer oxygen atoms. These anions were
labeled as O1, 02 and 03, respectively (see Figs. 1b, 3b). The surface
oxygen O1 is a first-nearest neighbor to Pr dopant; while 02 and
03 are located in the second (subsurface) and third O-layer, respec-
tively. These O-deficient systems, which cell parameters were fixed
at the value of 5.49 A (as calculated for pure CeO, bulk structure),
were optimized with respect to Ce, Pr and O atomic positions.

The energy required to form an O-vacancy (AEg.yac) was com-
puted as:

AEg-yac =E[Ce05_(111)] + 1/2E[05] — E[CeO5(111)] (4)

AEg-vac =E[Ceg.963Pr0.03702-_x(111)]
+1/2E[O3] — E[Ceq.963Pr0.03702(111)] (5)

AEg-vac =E[Ceq.75Pr9.2502_x(111)]
+1/2E[03] — E[Ceq.75Prg 2502(111)] (6)

where E[CEOz(l 1 1)], E[Ceo_963Pr0.03702(1 1 ])], and
E[Ceq75Prg250,(111)] correspond to the energy of the
relaxed stoichiometric CeO5(111) and Pr-doped CeO,(111)
slabs; E[CEOz,X(l 1 1)], E[Ce0_963Pr0,03702,X(1 1 ])], and
E[Ceq75Prg2502_x(111)] indicate the energy of those slabs
after introducing an O-defect; while, E[O;] is the energy of the
oxygen molecule in vacuum. Note that, in the three cases (Equa-
tions (4-6)), a positive value of AEg_yac would indicate that energy
is needed to form the O-vacancy.

The energy required for the formation of the surface O1 vacancy
on pure ceria was calculated in 1.71eV (see Table 3). This value
is in agreement with that of 1.76 eV previously reported for sur-
face O-defect formation on CeO,(1 1 1) slab with p(4 x 4) expansion
of the surface unit cell [78]. However, the creation of the O1-
defect on both 3.7 at% and 25 at% Pr-doped ceria systems required
only 1.00eV as reported for single oxygen vacancy formation in
CeO,9688 Pr0'03]202 bulk structure [1 1 ]

The comparison of our computed energy values for O-defect
formation shows that the energy required for O2 removal is
0.16eV lower than that for surface O1 removal. Previous PBE+U
(Uefr=4.5eV) calculations in CeO,(1 1 1) slab predicted the surface
defect to be slightly more stable (0.08 eV) relative to the subsurface
defect formation, while hybrid functional computations showed
the subsurface O-defect to be more stable by 0.18eV [78]. The
results reported in Table 3, also show that formation of subsurface
02-defect was favored by Pr dopant; which decreased the required
energy from 1.54 eV in pure CeO,(111)to1.02eVand 0.5eVin3.7%
and 25% Pr-doped CeO,(11 1) systems, respectively.

Concerning the Ceg75Prp250(111) slab we note that 02
removal could be favored not only by Pr1 dopant, as seen for the
Cen.963Prp03702_x(111) system, but also by the Pr2 cation located
in the fifth layer of the slab (see Fig. 3b). Similar behavior was
detected for inner-layer O3-defect creation. In that sense, the calcu-
lations indicated that Pr significantly reduces the energy needed for
oxygen vacancies formation. This theoretical indication is in agree-
ment with our Raman results previously discussed. Besides, an
increase in O-vacancies concentration for Pr-doped CeO, materials
was also reported by other authors [57,83,84].

Cerium cations charge (from Bader analysis) and electron occu-
pancy of Ce(4f) states in the reduced CeO,_,(111) slab, which
resulted from surface O1-defect formation, are reported in Table 3.
The electron occupancy of Ce2(4f) and Ce3(4f) states was calculated
in 0.97 electrons, while the Bader charge of Ce2 and Ce3 cations
resulted in 9.85 and 9.86 electrons, respectively. Therefore, it can be
concluded that removal of surface oxygen O1 from the CeO,(111)
slab led to reduction of two Ce** cations (Ce3 and Ce4) to Ce3*, in
order to keep the charge neutrality of the system. For pure CeO,,
it was reported that low-lying-empty Ce(4f) states can accommo-
date the two electrons left behind when an oxygen atom leaves the
material [78].In general, PBE + U calculations predict that an oxygen
vacancy formation in the undoped CeO,(1 1 1) system led to a stable
reduced structure with the two electrons localized at Ce cations in
the INN-1NN (first-nearest-neighbor), 2NN-2NN (second-nearest-
neighbor) and 1NN-2NN positions related to that of the O-defect
[78,85]. Note that our calculations predicted the reduction of Ce3
and Ce4 cations, which are the second-nearest neighbors of the
O1-vacancy (see Fig. 1a).

On the other hand, the charge of Ce and Pr cations as well as
the electron occupancy of (4f) states was analyzed for O-deficient
Pr-doped Ce0O;_,(111) slabs (see Table 3). Due to O1 removal
from the Ceggg3Prg03702(111) system, the electron occupancy of
Ce3(4f) and Pr(4f) states increased up to 0.96 and 1.97 electrons,
respectively. The computed value for Pr(4f) orbitals (1.97 electron)
is consistent with that of 1.96 electrons reported for Pr3* in the
Cep.9688P10.031201.9688 bulk structure [79]. Therefore, it can be con-
cluded that surface O1-defect formation led to reduction of the
Pr** dopant to Pr3* as well as that of the Ce3 cation (see the posi-
tion of Pr and Ce3 cations in Fig. 2). However, the removal of 01
from the Ceq75Prg250,(11 1) slab resulted in electron localization
at two Pr cations (see Table 3). Noticeably, Pr1 and also Pr2 were
reduced despite the fact there are Ce cations which would have
been reduced at 1NN and 2NN positions related to that of the O1
vacancy (see Fig. 3b).

Considering the formation of single 02- and O3-vacancy in pure
Ce05(11 1)slab, it can be seen this O removal led to the reduction of
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Table 3

Ce0,(111) and Pr-doped Ce0O,(111) systems. Calculated energy for a single O-vacancy formation (AEg.vac), charge of Ce and Pr cations (Bader analysis) and electron

occupancy of Ce(4f) and Pr(4f) states.

Undoped and Pr-doped CeO, (11 1) slabs AEo.vac, €V Electron occupancy of the cations (4f) states,e ~ Bader charge,e Estimated
oxidation state
Stoichiometric CeOy(111) Ce 0 9.60 4+
slabs
Ce2 0 9.60 4+
Ce3 0 9.60 4+
Ceoo63Pro.03702(111) Ce 0 9.60 4+
Ce4 0 9.60 4+
Pr 135 10.70 4+
Cep75Pro2502(111) Ce 0 9.64 4+
Pr1 1.29 10.73 4+
Pr2 1.18 10.70 4+
CeOy_x(111)withasurface 01 1.71 Surface Ce 0 9.60 4+
0O1-, 02- or O3-vacancy O1-vac
Oxygen-deficient
slabs
02 1.54 Ce2 0.97 9.85 3+
03 2.56 Ce3 0.97 9.86 3+
C60_953 Prg_03702,x(1 1 1) o1 1.00 Surface Ce 0 9.60 4+
with a surface O1-vac
0O1-, 02- or O3-vacancy
02 1.02 Ce4 0.96 9.92 3+
03 1.13 Pr 1.97 10.96 3+
Cep75Pro2502 x(111) with  O1 1.00 Surface Ce 0 9.61 4+
a surface O1-vac
0O1-, 02- or O3-vacancy
02 0.50 Pr1 1.97 10.96 3+
03 0.83 Pr2 1.96* 10.89 3+
* spin down

(Ce4,Ce6)and (Ce5, Ce8) cation pairs, respectively (see Table 4). The
removal of 02 and O3 from the 3.7 at% Pr-doped CeO,(11 1) slab led
to the reduction of the Pr cation as well as that of Ce2 or Ce7 atoms,
respectively (see the location of Ce2 and Ce7 in Fig. 2). Neverthe-
less, the creation of O2- and O3-defect in the Ceg75Prg2502(111)
slab resulted in electron localization at Pr1 and Pr2 cations (see
Table 4), similarly to what happened due to surface O1-defect cre-
ation. In this regard, we underline the 3.7 at% Pr-doped CeO,(111)
slab contains only one Pr cation, while that with 25 at% doping has
four Prions. Therefore, the two electrons left by one oxygen removal
could be localized on two Pr cations in the later slab.

In summary, the calculations indicated the electron density left
behind by oxygen vacancy formation in Ce-Pr mixed oxides would
preferentially be transferred to Pr cations. Besides, on the basis of
the results shown in Tables 3 and 4, we emphasize the significant
decrease of the energy needed for creating a single oxygen vacancy
with the concomitant reduction of two tetravalent Pr cations. These
findings indicate that oxygen donation and reducibility properties
of ceria are enhanced by Pr dopant, and the main contribution to
the reducibility of Pr-doped CeO, catalysts is due to Pr ions.

In a previous work [18], we have observed that addition of
Pr to ceria samples notably increases the H, consumption in TPR
experiments, particularly in the low-temperature reduction events

Table 4
Ce02_x(111) and Pr-doped CeO;_(111) systems. Reduced cations due to single
01-, 02- and 03-vacancy formation.

System O-defect Reduced cations
Ce0y (111) o1 Ce2, Ce3

02 Ce4, Ce6

03 Ce5, Ce8
Ce963Pro03702 x(111) 01 Pr, Ce4

02 Pr, Ce2

03 Pr, Ce7
Ceo75Pro2s02 x(111) o1 Pri, Pr2

02 Pr1, Pr2

03 Pr1, Pr2

(i.e. hydrogen consumption at T lower than 350°C). In agreement
with other works [86,87], this behavior has been associated with
the reduction of Pr** to Pr 3* at the surface region. DFT calcula-
tions presented in the present work indicate that reduction of Pr4*
cations is favored with respect to that of Ce** cations, both for
low and high Pr-doped CeO, materials, and also demonstrate that
formation of oxygen vacancies associated with Pr#*/Pr3* redox cou-
ple requires less energy in comparison to Ce**/Ce3* redox couple.
Even more, from both theoretical calculations and experimental
measurements performed in this work, we can conclude the OSC
of Ce-Pr mixed oxides increases as the content of Pr added also
increases.

The above mentioned ceria-based solids are considered as
promising candidates for WGSR. Many authors have explained the
good results obtained by proposing a redox reaction mechanism
for catalysts supported over these reducible solids, which are active
for oxygen transport and storage [88]. In such mechanism, ceria-
based oxides become reduced due to CO oxidation and, then, these
non-stoichiometric oxides are reoxidized by means of water [89].
Therefore, the activity of Ce-Pr mixed oxides for WGSR must be
linked to their OSC. In fact, Cao et al. reported a correlation between
OSC and the WGS activity for a Pr-doped CeO,-based system (a
ternary Ce-Pr-Zr oxide) [90].

Bearing in mind that the Pr content in the Ce-Pr mixed oxides
strongly affects their surface area, the activity of the samples was
evaluated in terms of the WGSR rate per surface unit. Table 2 shows
that an increase of Pr content markedly improves the intrinsic
reaction rate (i.e. per active site), which rises almost three folds
in CePr50 sample with respect to pure ceria. As it was previously
stated, the ratio between experimental and theoretical OSC follows
nearly the same trend as this intrinsic WGSR activity. Although we
highlight here the correlation between Pr content in the mixed
oxides and their intrinsic activity toward the WGS reaction, the
addition of Pr is detrimental to the surface area of the samples. As a
result, there exists an optimal Pr content in order to maximize the
WAGSR rate per mass of catalyst, as it was observed in our previous
work [18].
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5. Conclusions

In the present work we have studied Ce-Pr mixed oxides by
several experimental characterization techniques and DFT calcula-
tions, in order to deeply understand the influence of Pr addition.
Sample precursors were synthesized by the urea method, with
simultaneous precipitation of cerium and praseodymium cations
for all the Pr contents analyzed. Thermal gravimetric analysis under
oxygen atmosphere of the mixed precursors showed a promoting
effect of Ce in the decomposition process of the samples with mod-
erate Pr content. According to XRD results, Ce-Pr solid solutions
with a slight increase of lattice parameter with Pr content were
obtained after the calcination step at 450 °C. The growth of the lat-
tice parameter would be due to a partial replacement of tetravalent
ions by Ce3* or Pr3*. Raman spectra showed that Pr addition favors
lattice defects and oxygen vacancies formation. Tetravalent ions
replacement by trivalent ones is confirmed by XPS measurements.
The take-off angle analysis indicated that Ce3* ions are located
mainly at the surface. Pr addition decreases Ce3* concentration as
determined by XPS suggesting that Pr preferentially replaces Ce
surface ions. Addition of Pr increases the oxygen storage capac-
ity per surface unit, which is in good agreement with the increase
of oxygen vacancies observed by Raman measurements. On the
other hand, first-principles calculations showed that the energy
required to form a vacancy is lower for Pr-doped samples with
respect to pure ceria. After oxygen removal, Pr cations are pref-
erentially reduced even if there are Ce cations located closer to
the vacancy than Pr one. Therefore XPS and Raman measurements,
and DFT calculations allow us to conclude that the addition of Pr to
ceria enhances the OSC of the Ce-Pr samples. WGSR rate per surface
unit increases as Pr content increases following the same trend as
OSC. In conclusion, the results obtained in this work indicate that
the incorporation of an aliovalent cation like Pr and the simulta-
neous presence of Ce3*/Ce%* and Pr3*/Pr** couples play a key role
in developing high performance WGSR catalysts.
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