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Abstract

Improving the potential of promising CeO,-based nanocatalysts in practical applications
requires an atomic-scale analysis of the effects of active dopants on the distribution of Ce
valence states and the formation of oxygen vacancies (Vos). In this study, a Cr dopant is
introduced into the cubic {100}-faceted CeO, nanocrystals (NCs) with an average size of 7.8
nm via supercritical water. The Cr dopants substitute Ce sites in the amount of approximately
3 mol%. Based on the aberration-corrected STEM-EELS, the effects of Cr dopant on the
distribution of cation valence states in the Cr-doped CeO, NCs are investigated layer by layer
across the ultrafine Cr-substituted CeO, NC perpendicular to the {100} exposed facet. It is
found that an increased amount of Ce®* cations is present in Cr-substituted CeO, NCs,
particularly in the internal atomic layers, compared to the pristine CeO, NCs. The atomic-
scale analysis of the local structure combined with theoretical calculations demonstrates that
Cr dopant reduces the formation energy of Vs and increases mobility of oxygen atoms for the
nano-sized CeO,. These effects, in principle, result in an improved oxygen storage capacity
and provide a fundamental understanding of role of the dopant in the formation and

distribution of Vs in the doped CeO, NCs.

Keywords: Cr-substituted CeO, nanocrystals; STEM-EELS; The distribution of Ce* cations;

{100} exposing facets; Oxygen storage capacity

1. Introduction

The success in applications of cerium oxides (CeO;) as environmental catalysts and
energy storage-related solid electrolytes stems mainly from its high oxygen storage/release

efficiency, the facile formation of oxygen vacancies (Vos) and the low redox potential for the
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flexible valence switching of Ce between trivalent and tetravalent states [1-6]. Over the years,
researchers have focused on increasing the concentration of Vps in CeO; and improving its
reactive efficiency in practical applications. One effective solution is the fabrication of nano-
sized CeO, with a controllable morphology and narrow size distribution, which have been
proven to exhibit the excellent oxygen storage capacity (OSC) and catalytic reactivity [7-12].
With the addition of organic modifiers under homogeneous reaction conditions in
supercritical water, monodispersed CeO, NCs displaying a cubic shape with {100} facets that
are mostly exposed have been fabricated by our group in previous studies [13-17]. The
atomic-scale and quantitative analysis show a higher concentration of Ce>* cations, even in
the internal atomic layers, in the ultrafine cubic CeO, NCs, which lead to the superior OSC
performance, even at a low temperatures [17]. Thus, the {100}-facet dominated cubic shape
of CeO, NCs facilitates the formation of Vs and promotes high reactivity, particularly when

the NC size is reduced below 7 nm, consistent with the previous results [18-20].

Although the controllable synthesis is capable of preparing highly reduced CeO, NCs with
specific exposed facets and a small size, the limitations of the low reactivity and poor thermal
stability of the pristine CeO, still persist at higher temperatures [21, 22]. Alternatively, metal
ions, such as Zr**, Ti**, Y**, Cu?*, etc., can be introduced into CeO, by substitution in the Ce
sites with the aim of altering the chemical and physical properties of the host [23-30]. Among
all of these metal ions, the Zr dopant has attracted increasing attention mainly because it
forms a solid oxide solution of Ce1.xZrO; (x < 0.5), and consequently improves the OSC and
the practical application in the model system of three-way catalysis [31-34]. Additionally, the
valence states of the dopants are known to play a vital role in altering the Vos formation
energy, surface acid-base property and reactivity of CeO,, particularly for dopants with lower
valence states than the host cation [35]. In this regard, Singh et al. reported a promising

system of Cr-doped CeO; nanoparticles, which contained a surprisingly high Cr dopant
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amount of 33% exhibiting flexible-valence states of hexavalent and tetravalent, resulting in a
higher OSC performance and enhanced catalytic reactivity of oxygen evolution and hydrogen
generation [36, 37]. Recently, highly Cr-substituted CeO, NCs was also fabricated using a
non-equilibrium supercritical hydrothermal process [38]. Furthermore, Cr-doped CeO,
nanostructures with a small amount (less than 10%) and a low valence state of Cr®*, other than
Cr®* with high toxicity, are also investigated and exhibit high reactivity in diverse processes,
such as soot combustion, photocatalytic CO, reduction, and electrocatalytic N, fixation to
NHs [39-41]. The incorporation of dopant ions into the lattice of CeO, could potentially
produce more Vs, and hence modify its reduction activity, oxygen migration and catalytic
properties. Nevertheless, the effect of the Cr dopant on the lattice structure and the
distribution of Ce®* cations (or Vos) inside the CeQ, NCs, particularly with the size less than

10 nm, still remains poorly understood at the atomic scale.

The synthesis of Cr-substituted CeO, NCs with {100} facets that are mostly exposed and
display an average size of 7.8 nm has been achieved using the supercritical water reaction in
this study. By means of the state-of-the-art aberration corrected scanning transmission
electron microscopy (STEM) and electron energy loss spectroscopy (EELS) techniques, it
was demonstrated that the Cr dopants substitute approximately 3% the Ce sites. Moreover, the
layer-by-layer analysis was also conducted across an ultrafine Cr-substituted CeO, NCs
perpendicular to the {100} exposed facet for the analysis of the effect of the dopant on the
distribution of Ce valence states. A considerably large amount of Ce** cations is detected in
the Cr-substituted CeO, NCs, particularly in the internal atomic layers as the particle size
ranges from 8.6 to 7.1 nm, in contrast to our previous results of pristine cubic CeO, NCs
showing that few Ce®* cations are detected in the internal layers on a similar size scale [17].

Theoretical simulations provide the proof that the Cr dopant decreases the formation energy
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of Vo and increases the mobility of oxygen atoms, resulting in an increased Ce®" cation

concentration and OSC performance.

2. Exprimental Sections

2.1. Synthesis of Cr-substituted CeO, NCs.

In this study, Cr-substituted CeO, NCs were fabricated in supercritical water [16, 17].
Briefly, an aqueous solution of cerium hydroxide was prepared by mixing cerium (I11) nitrate
hexahydrate (99.99%, Sigma-Aldrich), chromium trichloride (99%, Sigma-Aldrich), and
sodium hydroxide (98%, Sigma-Aldrich) with stirring for at least 6 hours. The loading
amount of Cr was 5 mol%. The fresh precursor (2.5 mL) prepared as described above was
placed in a pressure-resistant Hastelloy vessel (inner volume, 5 mL) with decanoic acid as the
organic surfactant (6:1, molar ratio to Ce atom). The mixture was subsequently heated in the
reactor at 400 °C for 60 min (10 min for pristine CeO, NCs). The reaction was terminated by
submerging the reactor into a water bath at room temperature. Afterwards, the as-synthesized
Cr-substituted CeO, NCs were collected from the mixture and purified using a freeze drying
procedure. In addition, the pristine CeO, NCs without the addition of the Cr source was also

prepared for comparison.
2.2. Structural characterization of the Cr-doped CeO;, NCs.

Powder XRD measurements were recorded by collecting the diffraction peaks in the
range of 20-150° at 1°/min with a 0.005° step size using Smart Lab (RIGAKU). X-rays were
mono-chromated to Cu K,; (1.54059 A) with a Ge(111) curved crystal mono-chromator.
Lattice parameters of samples were calculated based on the Rietveld analysis via RIETAN-
FP.[42] Similarly, a standard silicon sample was used to calibrate the accuracy of the XRD

machine before the measurement. For electron microscopic images, one drop (~10 uL) of
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collected colloidal solution of Cr-substituted CeO, NCs and the pristine CeO, NCs was
directly deposited onto the ultrathin carbon film (~2 nm, JEOL Ltd.). TEM images were
captured using a JEM 2010F (JEOL Ltd.) with an accelerating voltage of 200 kV. Aberration-
corrected HAADF-STEM images and EELS spectra were recorded using a JEM-ARM 200F
(Cold FEG) at 200 kV with a probe corrector (CEOS, GmbH) and with the energy spread 4E

~0.3 eV.
2.3. Oxygen storage capacity of the Cr-substituted CeO, NCs.

The catalytic properties of the as-synthesized Cr-substituted CeO, NCs were evaluated
by measuring the OSC performance using a gas adsorption/desorption apparatus
(MicrotracBEL, BELSORP CAT-II). Approximately 50 mg of the powder sample of Cr-
substituted CeO, NCs were loaded and reduced sufficiently by hydrogen gas (99.999%) at the
measurement temperature of 300-500 °C and subsequently introduced to an oxygen pulse
(99.999%) with a thermal conductor detector (carrier gas: He, 99.999%). The amount of
oxygen stored was evaluated based on the O, pulse peak. Meanwhile, the sample of the

pristine CeO, NCs was also tested for comparison.
2.4.Theoretical calculation of the effect of the Cr dopant on the Ey, of CeO, NCs.

Plane-wave basis density functional theory (DFT) calculations were conducted to
understand the effects of Cr doping on the CeO, structure using the VASP code [43, 44]. The
generalized gradient approximation (GGA) proposed by Perdew et al.[45] was employed as
the exchange correlation energy functional. The DFT+U method introduced by Dudarev et
al.[46] was used to treat electron localization. The parameter U-J was set to 3.5 eV for Cr3d,
5.0 eV for Ce4f, and 5.5 eV for O2p states, respectively, based on previous studies of Cr,O3
[47] and CeO, [48]. The valence configurations of the pseudopotentials were 3s*3p°3d°4s" for

Cr, 55°5p°4f'5d*6s? for Ce and 2s?2p* for O. The energy cutoff for the plane-wave basis was
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set to 500 eV for all calculations and provided the convergence of the total energy in the unit
cell of CeO,. Defect calculations were carried out using the 2 x 2 x 2 extension (96 atoms) of
the CeO; unit cell (12 atoms) with a Monkhorst—Pack k-point mesh of 4 x 4 x 4. Atomic
positions were relaxed within a cubic cell, and the lattice parameters of perfect CeO, and Cr-
substituted CeO, were obtained using the Murnaghan equation of state [49, 50]. Forces were
converged to 0.01 eV/A in all calculations. The calculated crystallographic structure models

were visualized via VESTA code [51].

Nudged elastic band (NEB) calculations were performed to obtain diffusion paths and
barrier energies with seven replicas, including five nudged intermediate images. The spring
constant linking images was 5.0 eV/A and the conversion criteria were defined such that the
resulting forces, including the spring forces, were less than 0.01 eV/ A. The energy barrier
was obtained by applying the climbing image algorithm [52], which enabled the

determination of the saddle point at the transition state.

3. Results and Discussions

3.1. Analysis of the microstructure of Cr-substituted CeO, NCs.

Fig.1A shows the TEM image of Cr-substituted CeO, NCs synthesized in supercritical
water. The cubic-like morphology of CeO, NCs remained after the introduction of Cr (5%)
compared to the pristine CeO, NCs (Fig.1B). The cubic morphology of Cr-substituted CeO,
NCs was further confirmed by the atomic scale high angle annular dark field (HAADF)-
STEM images of Cr-substituted CeO, NCs depicted Fig.1C, showing that the {100} facets are
mostly exposed, which is also confirmed by the inserted FFT pattern along the <001>
projection. The crystal structure of the as-synthesized Cr-substituted CeO, NCs is indexed to

the fluorite-cubic structure of CeO, (Fm-3m, Space group 225), showing four strong
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diffraction peaks of 111, 200, 220, and 311 by powder X-ray diffraction (XRD) pattern, as
shown in the Fig.1D, which is consistent with the corresponding selected area diffraction
rings shown in the insert in Fig.1A and B. In addition, no Cr-related oxide phase was
observed in the XRD pattern, indicating that the segregation of Cr into any type of chromium
oxide during the reactions did not occur. The NC sizes was determined by performing a
Rietveld analysis of the XRD pattern and was calculated to be 7.8 nm in average for Cr-
substituted CeO, NCs, a value that is slightly larger than the pristine CeO, NCs (average size,
6.6 nm). A prolonged reaction time in the supercritical water was acquired control the
morphology and particle size of Cr-substituted CeO,, which is usually smaller than the
pristine CeO, under the same synthetic condition [38]. The-difference in particle size is

probably attributed to the difference in surface energy.similar to the previous study [53].
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Fig.1. Analysis of the microstructure of Cr-substituted CeO, NCs. TEM images of (A) as-
synthesized Cr-substituted CeO, NCs and (B) the pristine CeO, NCs. The insets show the
corresponding selected area electron diffraction rings. (C) Atomic-scale HAADF-STEM
image of Cr-substituted CeO, NCs along the <001> projection. The inset is the corresponding

FFT pattern. (D) XRD patterns of Cr-substituted CeO, NCs and the pristine CeO, NCs.

3.2.The confirmation of the presence of the Cr dopant and its distribution in CeO, NCs.

STEM-EELS techniques were adopted for the analysis of the amount and distribution of
the Cr dopant inside the CeO, NCs. Fig.2A shows the EELS profiles of the O K edge, Cr L
edge acquired from the Cr-substituted CeO, NCs and pristine CeO, NCs. The clear “white
line” of the Cr L edge at approximately 577.5 eV for Cr-L3 and 586.0 eV for Cr-L, confirmed
the presence of the dopant in the as-synthesized Cr-substituted CeO, NCs. The valence state
of the Cr dopant was determined to be Cr®* based on the peak positions of Cr L edge and their
energy difference (approximately 8:5 eV/), which was attributed to the characteristic of Cr** in
Cr,03[54]. In addition, the quantitative analysis revealed a Cr content of approximately 3.0
mol%. Compared to the feeding amount of 5.0 mol%, not all Cr ions participated in the
reaction in supercritical water, and the residual Cr ions were washed away during the
procedure of product collection. The plausible explanation is that the equilibrium value of Cr
dopant in the CeO, NCs in the particle size of 7.8 nm was approximately 3 mol% under the
current reaction conditions. Additionally, the distribution of Cr dopant was examined by the
EELS line scan as in Fig.2B. The intensity of Cr signal was multiplied by 4 times for
clarification, which are largely consistent with the Ce peaks, as emphasized by the dotted line
in the EELS line scan spectrum shown. Based on these results, the introduction of the Cr

dopant in a loading amount of 3.0 mol% substituted for the Ce cation sites in cubic NCs.
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N
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3

substituted CeO, NCs. (A) EELS spectra of the O K edge and Cr L edge for Cr-substituted
Ce0O, NCs and the pristine CeO, NCs; (B) HAADF-STEM image of a single Cr-substituted
CeO;, NC, and the corresponding elemental EELS line scan profile of Ce and Cr across an

atomic layer indicated by the vertical dotted line (yellow).

3.3.Effect of the Cr dopant on the Ce valence states inside the CeO;, NCs.

The STEM-EELS measurements were conducted using the similar method as described
in our previous report to study the effect of Cr dopant on the distribution of Ce®* cations in
CeO, NCs [17]. The layer-by-layer EELS spectra across the Cr-substituted CeO, NC
perpendicular to its {100} exposed facet was acquired based on the atomic-resolution
HAADF-STEM images, as depicted in Fig.3A and D. For the Ce M edge spectra, the featured
peaks are clearly shifted to a lower energy loss position mostly at the surface layers in the
relatively larger Cr-substituted CeO, NC (8.6 nm) shown in Fig.3B, in contrast to the
relatively smaller NC (5.9 nm) in which the shift occurred at almost all the atomic layers
shown in Fig.3E. The shift to a lower energy indicates the existence of reduced Ce cations
[17]. Moreover, the plots of the Ms/M, ratio calculated using a second derivative method [55]
to quantitatively evaluate the Ce valence states are shown in Fig.3C and F. A clear difference
in the calculated Ms/Mg ratio can be seen in these two NCs. For the larger Cr-substituted CeO,

NC (8.6 nm), the calculated Ms/M, ratio was similar to the position of Ce®* (purple dot line) in

10
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several layers from the surface, while it tended to be located near the position of Ce** (green
dot line) in the center layers. However, for the smaller Cr-substituted CeO, NC (5.9 nm), the
calculated Ms/M, ratio was similar to Ce** in all the atomic layers from the surface to the

center.

Moreover, the EELS measurements and analysis were also conducted in several NCs and
the layer-by-layer Ce®" distribution as a function of the size inside Cr-substituted CeO, NCs is
plotted in Fig.4A.The comparison between the Cr-substituted CeO, NCs in the present study
and the pristine CeO, NCs in the previous study [17] shown in Fig.4B was conducted. A
sharp increase in Ce®* was observed in the center layers for the Cr-substituted CeO, NCs with
sizes ranging from 8.1 to 7.0 nm, which differed from the situation inside the pristine CeO,
NCs of a similar size. In detail, a Ce** concentration of 15.6% was detected for the pristine
CeO;, at the size of 8.1 nm, while it increased to 29.4% for the Cr-substituted CeO, NCs with
a size of 8.1 nm. Moreover, the value increased to 58.4% for the Cr-substituted CeO, at the
size of 7.1 nm, a value that was twice as larger as the pristine CeO, (23.4%) with a size of 7.3
nm. This increase in the Ce®* concentration is attributed to the non-negligible concentration of
Ce®" cations detected at the internal atomic layers of Cr-substituted CeO, NCs, based on the
similar reduction at the surface layers, particular for NCs with a size larger than 7 nm. In
addition, a Ce** concentration of 64.9% was detected for the Cr-substituted CeO, with a size
of 6.0 nm, and 44.5% for the pristine CeO, with a size of 6.1 nm. The NCs size may play a
vital role in increasing the Ce®" concentration to a greater extent than the dopant effect,
because the surface layers and the internal layers presented a higher Ce* concentration in
both of the Cr-substituted CeO, NCs and the pristine CeO, when the size was smaller than 6
nm. In total, the Ce** concentration is much increased in the Cr-substituted CeO; NCs
compared to the pristine CeO, NCs. By combining the results of the layer-by-layer

distribution and overall concentration of Ce®* for Cr-substituted CeO, NCs, it is feasible to

11



suggest that the increased Ce®" concentration of was likely caused by the Cr dopant inside the

CeO, NCs. The substituted Cr dopants in the Ce lattices, led to the facile formation of Ce*",

particularly in the internal atomic layers of the relatively larger NCs with the size over 7 nm,

in which the cumulative effect of Cr on the valence states of Ce becomes more obvious.
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M edge position of Ce**. (C, F) The corresponding Ms/M, ratio distribution maps for each

layer with the dotted line indicating the reference Ce** (in green) and Ce®" (in pink).
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substituted CeO, NCs and (B) the pristine CeO, NCs reported previously [17].

3.4. Effect of the Cr dopant on the OSC performance of CeO;, NCs.

The catalytic properties of such ultrafine and uniform Cr-substituted CeO, NCs (with an
average size of 7.8 nm) were evaluated by measuring the OSC performance. Meanwhile, the
sample of the pristine CeO, NCs (average size, 6.6 nm) was also tested in the same procedure.
As shown in Fig.5, the sample of Cr-substituted CeO, NCs shows OSC values of 242.6, 415.6,
and 694.2 pmol-O g™ at 300, 400, and 500 °C, respectively; whereas, for the pristine CeO,
NCs, the values are 57.8, 188.3 and 353.2 pmol-O g™ at 300, 400, and 500 °C, respectively.
Apparently, the OSC performance of Cr-substituted CeO, NCs was substantially improved by
approximately 4.2-, 1.87-, and 1.67-fold compared with pristine CeO, NCs at the test
temperatures of 300, 400, and 500 °C, respectively. The OSC of the Cr-substituted CeO, NCs
may still suffer from the thermal instability when testing at the temperature greater than
400 °C according to the decrease in the performance ratio compared to the pristine NCs.
However, our understanding of this process is based on the observation that the Cr-substituted
CeO, NCs are more reactive than the pristine CeO, NCs at 300 °C. For the Cr-substituted

CeO, NCs with an average size of 7.8 nm, the reactive depth at the surface becomes larger,

13
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and/or higher mobility of Vs allows them to easily diffuse to the surface from the center,
where an increased concentration of Ce** cations were detected as discussed above, ensuring
more oxygen atoms participate in the reactions during the process of OSC test than that of the
pristine CeO, NCs. For understanding of the mechanism of high OSC performance for the Cr-
substituted CeO, NCs nanocatalysts, it is essential to quantitatively analyze of the distribution
of Ce*" cations in {100}-faceted Cr-substituted CeO, NCs with the size below 10 nm at an
atomic scale. The outstanding performance of Cr-substituted CeO, NCs, particularly at the
moderate temperature of 300 °C, represents a substantial improvement for the CeO,-based

industrial applications.[14, 56]
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Fig.5. Oxygen storage capacity (OSC) of Cr- substituted CeO, NCs (average size, 7.8 nm)

and the pristine CeO, NCs (average size, 6.6 nm) at the test temperatures of 300-500 °C.

3.5. Effect of the Cr dopant on the lattice structure and Vo formation energy of CeO,

NCs.

The experimental results presented above demonstrate the significant effect of Cr doping
and nano-sizing on the concentration of Ce®* in CeO, NCs. In particular, the lattice
parameters of the as-synthesized Cr-substituted CeO, NCs and the pristine CeO, NCs are

5.409 and 5.414 A, respectively, which were calculated from the Rietveld analysis of the
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XRD spectra. The lattice shrinkage of Cr-substituted CeO, NCs can be caused by the smaller
ionic radius of Cr** (0.615 A) than both Ce** (1.143 A) and Ce** (0.97 A) ions [57]. The
effect of the Cr dopant on the lattice structure is consistent with the previous reports [36, 58].
Moreover, the atomic-scale STEM-EELS analysis provided insights into the distribution of
the Cr dopant and its effect on the valence states of Ce cations, and the results adequately
explain the improvement in OSC performance. However, the reason why such a small amount

of Cr (3 mol%) in CeO, NCs induces a much higher Ce®" concentration remains unclear.

To elucidate these issues, density functional theory (DFT) simulations were performed to
understand the effects of the Cr dopant on Vs formation and oxygen mobility. A Ce atom in
the 96-atom 2 x 2 x 2 supercell of CeO; (Ce32064) Was substituted with one Cr atom, which is
equivalent to the loading amount of Cr at 3 mol% measured using the STEM-EELS analysis.
The formation energy of Vo (Ev,) was calculated as the total energy difference with the
chemical potential of an isolated oxygen molecule as a reference using the following

equation:
Ey, = Ef + %y(oz) — Ei (1)

where E* and E7 are the total energies of the supercells of the initial state and the final state
with a Vo introduced, respectively. Table 1 summarizes the most stable defect configurations
found, Ey, in these configurations as well as effective atomic charges calculated using the
Bader population analysis [59]. These configurations are shown in Fig.6. The incorporation of
Cr in 3+ charge state can be compensated by the formation of an extra Vo (per two Cr®* ions)
or a Vo and a Ce* ion (see Fig.6C). The oxidation of Cr-substituted CeO, NCs, on the other
hand, should create Cr** ions (Fig.6B). Whether the presence of Cr** ions can facilitate the

creation of extra oxygen vacancies (Fig.6D and E) was also considered. Out of the number of
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possible configurations of Vo, Cr**, and Ce* ions, only the most energetically favorable

configurations are presented here.

Fig.6A shows the relaxed local structure of a Vg in the pristine CeO,. Two Ce*" ions are
located in the next nearest neighbor (NNN) positions with respect to the Vo, consistent with
previous studies of CeO, with DFT+U [60, 61]. The Bader charge [59] of the Ce** ions is
equal +2.11 |e| and that of the Ce*" ions is +2.44 |e|. The Ey, in the the pristine CeO, is 2.00
eV. As shown in the experimental part, the OSC is substantially improved by Cr doping. Two
possible reasons are considered here: one is the contribution of the valence change of Cr to
Evo, and the other factor is the structural effect of Cr doping on Ey,. Only 3 mol% doping
improved the OSC by approximately two-fold, suggesting that Cr doping affects the structure
of CeO, significantly. The results of layer-by-layer EELS analysis indicated a significant
increase in the amount of Ce®*" by Cr doping, which is more than the mere compensation of

Cr¥* with Vos.

Table 1. Structural Data Calculated for Cr-substituted CeO, and CeO,.

Structure Bader charge, |e| Vo positions Ey, Ce* positions
ce* « ce* crrr cr® o} (distance from Cr)  [eV] relative to Vo
Non-doped CeO, -1.28to 3+
with 1 Vo, (Fig.6A) +2.11  +2.44 n/a 1.20 n/a 2.00 NNN (2Ce™)
Cr* doped Ce0, -1.24 to
(Fig.68) nfa  +2.45 nfa  +2.00 116 No Vo n/a n/a

Cr®* doped CeO, -1.26 to
Wit 1V (Fiage) 215 +244 186 ma Tl

3+ . O-1inFig.6B (2 A -
Cridoped CeO: ., 1c 543 4185 pa 12710 - -9 (2A)
with 2 Vo (Fig.6D) -120 0-2inFig6C(2A)  0.65

, O-1inFig.6B (2 A) -
Crdoped CeO; 515 4942 4185 nia 13/ ooinFigsc @A) - NNN(BCE™)

with 3 Vo (Fig.6E) < -1.20
0-3inFig.6D (6A)  1.20

O-1inFig6B (2A) 099 NNN (1Ce*)

NNN (3Ce®*)

In the first place, the contribution of the valence change of Cr to the OSC enhancement

was considered. An oxidative state of Cr-substituted CeO, incorporating oxygen atoms is
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initially considered and then Vs are introduced in the structure. Fig.6B shows the structure of
the simple substitution of a Ce with a Cr without a Vo, which represents an oxidative state of
Cr-substituted CeO,. In the perfect crystal of CeO,, Ce atoms are coordinated by eight
equivalent oxygen atoms. On the other hand, when a Ce is substituted by a Cr atom, local
distortion occurs, and Cr** is closely coordinated by four oxygen atoms, and other four
oxygen atoms move away from Cr. The local structural distortion results in lower Ey, than in
the pristine CeQO,. Particularly, Ey, at O sites, which have longer distances from Cr (O-1 in
Fig.6B), are 0.99 eV. This structure is more stable than other structures with Vo at different
positions. The formation of Vo compensating for Cr®* readily occurs. Fig.6C shows the
structure with an oxygen atom (O-1) removed with six coordinated Cr** local structures
forming a Ce®" with an Ey, of 0.99 eV. The Ce®* is located on NNN, similar to the pristine

Ce0.,.

Fig.6. Local structure of (A) pristine CeO, with a Vo; (B) Cr**-substituted CeO, without a Vo,
where O-1 shows one of the oxygen moving away from Cr after relaxation; (C) Cr**-
substituted CeO, with a Vo and Ce®* ion, Cr** is six-coordinated, and O-2 shows remained

non-coordinated oxygen near Cr; (D) a Cr**, two Vos, and three Ce®*" ions at the NNN of Vo,
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where O-3 shows the oxygen site coordinated by four Ce** ions (Ce-1, Ce-2, Ce-3, and Ce-4),
6 A apart from Cr; (E) structure in which three Vos are introduced; two Vos are located as
neighbors of Cr and one is located far from Cr (6 A) with all Ce** ions on NNN. Light green,
sky blue, brown, dark blue, red, and gray balls represent the Ce** ion, Ce** ion, Cr** ion, Cr**

ion, O, and Vo, respectively.

In the next place, the structural distortion effects induced by Cr doping are considered.
Fig.6D shows the structure in which another oxygen atom moved away from the Cr ion after
the formation of six-coordinated Cr®* was removed. To simulate that, O-2 was removed from
the structure shown in Fig.6C, maintaining the six-coordinated the Cr** with an even lower
Evo of 0.65 eV. The Vo is located in the nearest neighbor (NN) position of Cr®* ion, and three
Ce®" ions are located in the NNN of the Vo, as shown in Fig.6D. Further formation of Vo in
Cr-substituted CeO, was calculated. Because of the large structural distortion due to the
smaller ionic radius of Cr compared to Ce, Cr doping affects not only the neighboring oxygen
atoms of Cr** but also other oxygen sites far from Cr**. For example, the Ey, of O-3 in Fig.6D
(6 A from Cr) was 1.20 eV. A significantly lower Ey, (1.20 eV) compared to the pristine
Ce0;, (2.00 eV) was ohserved even at an O site away from Cr, i.e., O-3 was coordinated by
four Ce*" ions (Ce-1, Ce-2, Ce-3, and Ce-4 shown in Fig.6D) similar to the pristine CeOs.
Fig.6E shows the structure from which O-3 was removed, and all five compensating Ce** ions
are located at the NNN of Vo. The low Ey, of Cr-substituted CeO, NCs can lead to a
significant increase in the fraction of Ce®* ions even with 3 mol% Cr doping, as observed in

the experiments.

A nudged elastic band calculation (NEB) was conducted to elucidate the mobility of
oxygen for the pristine and Cr-substituted CeO,. Fig.7A and B show the migration path of an
oxygen atom to the vacancy site and migration barrier. Compared to pristine CeO, (0.41 eV),
a much lower migration barrier was observed in the Cr-substituted CeO; (0.28 eV). Notably,
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the migration barrier of oxygen in the Cr-substituted CeO, is much smaller than Cr,O5 (1.18
eV), according to a previous study.[62] In the pristine CeO,, an electron polaron (Ce**) exists
at the NNN of the Vo, and diffusion of the polaron accompanying the oxygen diffusion was
observed; rapid polaron diffusion in reduced CeO; has been discussed previously [62]. As a
result of the NEB calculation, the diffusion constants of the pristine CeO, and the Cr-
substituted CeO, are 5x10™ m? s* and 5x10™'° m? s™ t 400 °C, respectively. Therefore, the
increased oxygen mobility in the Cr-substituted CeO is one of the origins of the high oxygen

storage capacity observed in the experiments.
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Fig.7. Energy barrier of oxygen atom migration to a vacancy site obtained from the NEB

calculations for (A) the pristine CeO, and (B) the Cr-substituted CeO,. Light green, sky blue,
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dark blue, red, and orange balls represent Ce** ion, Ce®" ion, Cr*" ions, O, and diffusing

oxygen, respectively.

4. Conclusions

In summary, to elucidate the effect of the dopant on the formation and distribution of Ce**
cations inside the CeO, NCs, the Cr dopant was successfully introduced into the cubic {100}-
faceted CeO, NCs with an average size of 7.8 nm. Combined with atomic-scale analysis using
STEM-EELS and the theoretical calculations, the effect of Cr dopant on the distribution of
Ce®" cations and Ey, have been thoroughly studied. The introduced Cr dopant substitutes Ce
sites in a small loading amount of 3 mol%, and substantially decreases the Ey, from 2.0 eV
(the pristine CeO,) to 0.99 eV, and further reduces it to 0.65 eV for the formation of an
additional Vo. Local lattice distortion occurs around the Cr dopant, which in turn stabilizes the
formed Vos. Therefore, a considerably larger amount of the Ce®* cation was detected in the
Cr-substituted CeO, NCs, particularly in the internal atomic layers of the relatively larger
NCs with the size over 7 nm, compared to the pristine CeO, NCs. Moreover, a high oxygen

2 s was observed for Cr-substituted CeO,, which was

atoms mobility of 5x10%° m
approximately 10 times larger than the pristine CeO; at 400 °C. Therefore, the increase of Vos
with a high concentration and the high oxygen diffusivity improve the OSC performance of
Cr-substituted CeO, NCs, compared with the pristine CeO, NCs. This quantitative analysis of
the effect of the Cr dopant on the local structural distortion, the formation and distribution of
Vo, provide valuable information for understanding the internal defective features inside the
doped CeO,, and may guide the fabrication and design of novel oxygen storage materials
based on active dopants, nano-sizing and controllable exposed facets of the reduced CeO,

NCs, which hold substantial promise in developing CeO,-based nanocatalysts for use in the

industrial applications.
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Ce3*distribution in Cr-doped| CeO, nanocrystals

HAADF-STEM image of Cr-doped CeO, nanocrystal lf=sENeYVF-Teel '
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