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ABSTRACT: Although the function and stability of catalysts are
known to significantly depend on their dispersion state and support
interactions, the mechanism of catalyst loading has not yet been
elucidated. To address this gap in knowledge, this study elucidates
the mechanism of Pt loading based on a detailed investigation of
the interaction between Pt species and localized polarons (Ce’*)
associated with oxygen vacancies on Ce0,(100) facets. Further-
more, an effective Pt loading method was proposed for achieving
high catalytic activity while maintaining the stability. Enhanced
dispersibility and stability of Pt were achieved by controlling the
ionic interactions between dissolved Pt species and CeO, surface
charges via pH adjustment and reduction pretreatment of the CeO,
support surface. This process resulted in strong interactions between Pt and the CeO, support. Consequently, the oxygen-carrier
performance was improved for CH, chemical looping reforming reactions. This simple interaction-based loading process enhanced
the catalytic performance, allowing the efficient use of noble metals with high performance and small loading amounts.

Bl INTRODUCTION

Noble metals, such as Pt, Ru, Rh, Pd, Ag, and Au, dispersed on
metal-oxide supports are widely used as catalysts in various
reactions, including CO oxidation, selective hydrogenation,
selective hydrodeoxygenation, C—C coupling, N,O decom-
position, CH, dry reforming, CO, electroreduction, H,O,
sensing, hydroformylation, amination, and water dissocia-
tion.'~ "> Among the various metal oxides available, CeO, is
an important support material because it serves as an oxygen
reservoir with high storage capacity.*~'® By depositing noble
metals onto the CeO, surface, the surface reactivity of oxygen
can be enhanced, resulting in high oxygen usability at low
temperatures.”~'® These factors enable chemical looping
reactions, where two reactions are conducted alternately in
different reactors.'” Gaseous products can be recovered
separately using the chemical looping method, leading to
increased reaction efficiency.'” Although it is widely known
that the function and stability of catalysts depend greatly on
their dispersion state and support interactions, the mechanism
of catalyst loading has not been investigated in detail."®
Given the scarcity of noble metals, the efficient preparation
of catalysts by using these elements is crucial. Recently, single-
atom catalysts (SACs) have received considerable atten-
tion'®>° because, in addition to the dispersibility of noble
metals, their interactions with the metal-oxide support are key
to achieving high reactivity and stability. For instance, stronger
interactions between Pt and the Ce0,(100) facet have been
observed than those between Pt and other facets.”’ In addition,
dynamic charge and oxidation state of Pt on CeO,(100) were
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theoretically discussed.”> However, the control and identi-
fication of stable facets remain challenging. Furthermore, the
interaction of Pt with Ce’ ions associated with oxygen
vacancies (V) is characteristic for Pt/SACs, as demonstrated
in a study on aliovalent metal-doped CeQ,.”*">* An improved
understanding of these interactions is important for elucidating
reaction mechanisms and ensuring high catalytic performance.
Recently, dynamics of the Pt under reduction treatment of Pt/
SACs CeO, has also been reported.”>*’

Significant advances have been made in synthesizing CeO,
nanocrgrstals and understanding their unique chemical
states.”” ' Additionally, controlled synthesis of CeO, nano-
cubes with exposed (100) facets has been achieved using the
supercritical hydrothermal method.”®™** The (100) facet is an
unstable surface with high surface energy and reactivity,
affording high oxygen-storage capacity at low temperatures
(<300 °C).””~3° This is unusual compared with ordinary CeO,
particles with exposed (111) facets. The chemical activity of
Ce0,(100) nanocubes is strongly dependent on particle size.
Hence, extremely high activity and reducibility can be achieved
by precisely controlling their size.”””' The reduced surface
states of Ce0,(100) nanocubes have been clearly visualized in
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previous studies, which demonstrated a remarkably high Ce®*
concentration on the surface.””*' Thus, CeO,(100) is a highly
promising support surface for noble-metal-loaded solid
catalysts and oxygen carriers.”** In particular, interactions
between noble-metal species and Ce0,(100) nanocube
surfaces are expected to differ from those of ordinary bulk
CeQ, surfaces.

In this study, the interaction between Pt and reduced CeO,
nanoparticles with exposed (100) facets was examined to
develop a highly dispersed catalytic loading method that
utilizes the redox properties of CeO,. A previous study
demonstrated the high affinity between the CeO,(100) surface
and Pt, suggesting that remarkably high reactivity and stability
can be obtained for Pt dispersed on the (100) facets of
precisely controlled CeO, nanocubes. The highly reduced
nature of the (100) facets’®®' facilitated the analysis of
interactions between Pt and Ce®" or oxygen vacancies. During
the deposition process, promising electron transfer was
observed between Pt cations and the reduced CeO, surface,
facilitating a strong interaction. Pt loading on oxidized or
reduced Ce0,(100) surfaces was studied, and an efficient
loading method was developed. Chemical looping methane
reforming was studied as a model reaction system, and the
obtained Pt—CeO, was found to be a high-performing oxygen
carrier. Chemical looping is a promising reaction scheme with
high efficiency, particularly for the separate recovery of gaseous
products owing to the oxygen-carrying capability of metal
oxides. Hence, the development of suitable low-temperature
oxygen carriers is vital.

B METHODS

Materials. CeO, nanocubes modified with decanoic acid were
synthesized by a continuous hydrothermal process.>” Post synthesis,
these particles were dried using supercritical CO, to prevent
aggregation (ITEC Co., Ltd, Japan).*® H,PtCls-6H,0 (Fujifilm
Wako Pure Chemical Corp., Japan) was used as the Pt precursor, and
distilled water was obtained by using an Auto Still water purification
system (WG250; Yamato Scientific Co., Ltd.).

Preparation of Pt—CeO,. The synthesized organic-modified
CeO, nanoparticles were calcined in the air at 300 °C for 2 h to
remove the modifier on the surface as established before.”*** The
obtained particles are termed oxidized CeO,. These oxidized particles
were then subjected to a reducing atmosphere of 7% H,/Ar at 400 °C
for 2 h, providing reduced CeO, based on the previous study.39 Pt
deposition was conducted on both oxidized and reduced CeO,. For
this, CeO, was dispersed by sonification for 1 h in an aqueous
solution. The mixture of CeO, and the H,PtCl, solution was stirred at
1000 rpm for 1 h at 60 °C while maintaining a pH of 3. After
centrifugation and washing, the particles were freeze-dried and then
calcined again at 300 °C for 12 h in the air.

Characterization Methods. { potentials of the CeO, nano-
particles were measured by a laser Doppler electrophoresis method at
25 °C (Zetasizer Nano ZS equipped with a titrator (MPT-2), Malvern
Panalytical). The morphologies of the products were examined using
field-emission scanning transmission electron microscopy (STEM;
JEM-ARM200F; JEOL Ltd.). Electron energy loss spectroscopy
(EELS) was performed in the line-scanning mode, and Ce M-edge
spectra were recorded for each atomic column. The product
compositions after acidic dissolution were determined using
inductively coupled plasma atomic emission spectroscopy (ICP-
AES; ARCOS FHM22 MV130, Spectro Analytical Instruments,
Ametek Inc.). X-ray photoelectron spectroscopy (XPS; PHIS000
Versa Probe II, ULVAC-PHI, Inc.) was performed using Al Ka
(1486.6 eV) X-rays generated at 15 kV and 25 W, with a beam size of
200 pm. For recording the Pt 4f spectra, the measurement time step
was 20 ms, and the energy step was 0.1 eV. During the measurement,
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charge neutralization was conducted with Ar ion sputtering.
Synchrotron X-ray absorption fine structure (XAFS) data were
obtained at beamline 7-BM of National Synchrotron Light Source-II
(NSLS-II) at Brookhaven National Laboratory. For the in situ
experiments, oxygen (20% He diluted) and CH, (100%) were
introduced alternately. At each interval, He was used for gas
replacement, and the XAFS data were obtained by using a
fluorescence detector positioned at 45° angle with respect to the X-
ray beam direction. A high-temperature Nashner-Adler cell was used,
and the samples were pelletized without dilution. Pt L;-edge XAFS
spectra were recorded during the reaction. Diffuse reflectance infrared
Fourier Transform spectroscopy (DRIFTS) measurements were
conducted while increasing the temperature to 300 °C while feeding
CO or He to observe the CO adsorption or desorption patterns.
Methane reactions were conducted using a catalyst analyzer
(BELCAT-II, MicrotracBEL), with ~S0 mg of the powder sample
loaded and heated to 400 °C with 20% oxygen (diluted with Ar).
After oxidation for 20 min, the reaction involving gas replacement
with Ar was conducted for 15 min, and a reaction with 67% CH,
(diluted with Ar) was conducted for 60 min. The entire reaction was
performed twice. The produced gas was detected by mass
spectrometry (MS, BELMASS, MicrotracBEL) at the outlet.

The surface states were simulated via DFT using the Vienna Ab
initio Simulation Package (VASP) code,*”*! and the generalized
gradient approximation (GGA)** proposed by Perdew et al. was
employed as the exchange-correlation energy functional. The DFT +
U method" introduced by Dudarev et al. was used to treat electron
localization. The U—] parameter was set at 5.0 eV for Ce 4f, 7.5 eV for
Pt 5d, and 5.5 eV for O 2p, in accordance with previous studies on
Ce0,** and PtO,.** The valence configurations of the pseudopoten-
tials were 5s25p°4f'3d'6s for Ce, Sp®3d°6s' for Pt, and 2s?2p* for O.
The energy cutoff for the plane-wave basis was set at 500 eV for all
calculations, with a Monkhorst—Pack k-point mesh size of 2 X 2 X 1.
Dipole correction implemented in VASP was employed.***” The
(100) slab model with 192 atoms (2 X 2 X 4 times of the unit cell)
was used as the surface model. The forces converged to <0.02 eV/A
in all the calculations. The calculated atomic configuration models
were visualized using the VESTA code.*®

B RESULTS AND DISCUSSION

Adsorption of Pt Species on the CeO, Surface.
Ce0,(100) nanocubes were synthesized using a supercritical
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Figure 1. { Potentials of oxidized CeO,, where the point of zero
charge is 6.81, and reduced CeO,, where the point of zero charge is
8.08.

hydrothermal method that involved modifying nanocube
surfaces with decanoic acid. The decanoic-acid-modified
Ce0,(100) nanocubes were calcined at 300 °C for 2 h in
the air to remove the decanoic acid from the surface, resulting
in oxidized CeO,. This produced oxidized CeO, was treated at
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Figure 2. STEM images of (a) Pt-oxidized and (c) Pt-reduced CeO,. Representative EELS profiles of (b) Pt-oxidized and (d) Pt-reduced CeO, at
different positions from the surface. (e) Ce valence analysis based on the EELS line scanning. The peak intensity ratios of Ce M; and M, core loss
edges are plotted along the scanning line (shown with the green lines in (a) and (c)) from the surface to the interior to illustrate the chemical state
of the Ce ions.

o

400 °C under a 7% H, atmosphere for 2 h to produce reduced dispersion. Figure S1 shows the Pt chemical species at different
CeO,. For oxidized and reduced CeO,, Pt was loaded into pH levels for the H,PtCly starting material. At pH > §,
aqueous solutions to achieve a high degree of surface Pt(OH), precipitation occurred. By contrast, Pt existed in
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Figure 3. Gas products in the CH, reforming steps for two types of Pt—CeO,: (a) CO and (b) H,.

ionic states at pH < S. Figure 1 shows the { potentials of
oxidized and reduced CeO,(100) nanocubes, revealing their
different isoelectric points (6.81 and 8.08, respectively). The
results indicated that the differences in their surface natures
were maintained even after water immersion. Under low-pH
conditions, Pt existed in an ionic state (Figure S1), and both
oxidized and reduced CeO, possessed positive surface charges
when dispersed in water (Figure 1). Pt adsorption was
conducted at pH 3 with the main dissolved Pt species, PtCl;*~
and PtCl;~, which were expected to be efficiently adsorbed
onto positively charged CeO, surfaces. Subsequently, both
samples were recovered via centrifugation and calcined in the
air at 300 °C for 12 h to remove chlorine. The introduced
amount of Pt was set at 1.0 wt % of the CeO, particles,
whereas the loaded amount of Pt was 1.0 wt % for oxidized
CeO, and 0.5 wt % for reduced CeO, according to ICP-AES
measurements. These amounts corresponded to 0.30 and 0.15
atoms-Pt/nm*-CeQ,, respectively, as estimated using a cube
with a side length of 8 nm.

Figure 2a,c shows high-angular annular dark-field (HAADF)
images acquired via STEM of Pt-loaded oxidized and reduced
CeO,. Pt was well dispersed on reduced CeO, (Figure S2), as
revealed by energy-dispersive X-ray spectroscopy (EDS). No
large Pt clusters (with a size on the order of nanometers) were
observed for Pt-reduced CeO,. However, variations depending
on the observation spot were observed for Pt-oxidized CeO,
(Figure S2), suggesting that more aggregation occurred on the
oxidized CeQ, surface than on the reduced CeO, surface. Ce
valence states were analyzed by using EELS line-scanning
measurements of Ce—M; and M,, peaks in the core loss edges.
Figure 2b,d presents representative EELS spectra for atomic
columns from the surface to the interior of the particle.
Additional atomic column spectra are shown in Figure S3. The
peak intensity ratio of Iy /Iy, was calculated after extracting

the background signal to reveal the valence state. Figure 2e
shows the chemical states of both Pt-reduced and Pt-oxidized
CeO,, as evaluated from the EELS peak ratio. Pt-oxidized
CeO, exhibited more Ce*" ions on its surface, but Ce*' ions
were dominant inside the particles, similar to the case of pure
CeO, nanocubes without metal loading.”® Interestingly, Pt-
reduced CeO, had a more oxidized surface than Pt-oxidized
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CeO,, indicating strong interactions between Pt and reduced
CeO,. Hence, electron transfer occurred between the Pt
species and the reduced CeO, surface.

CH, and Pt—CeO, Reactions. The reactivity of the two
Pt—CeO, samples was examined with chemical looping
methane combustion as follows

CH, + (Pt — CeO,) —» CO + 2H, + (Pt — CeO,_,)
(1)

)

Two cycles of these reactions were conducted for each Pt—
CeO, oxygen-carrier sample (Figure S4). Figure 3 shows the
time dependence of CO and H,—the main products of CH,
reforming (Reaction 1). The temperature for both reactions
was 400 °C, and oxygen was supplied during heating and
oxidation prior to the CH, reaction. Ar was supplied for gas
replacement inbetween Reactions 1 and 2 (Figure S4). The
reaction of CH, with Pt—CeO, (Reaction 1) was performed
without any additional oxygen supply. As shown in Figure 3,
the quantity of gas products decreased over time, owing to the
depletion of oxygen from the Pt—CeO, particles. Hence, gas
production reflects the rate of the reaction between CH, and
oxygen from the Pt—CeO, particles. Notably, Pt-oxidized and
Pt-reduced CeO, exhibited substantially different reactivities,
with the latter being considerably higher. Furthermore, a
significant difference was observed in their stabilities. For Pt-
reduced CeO,, the reaction was repeated without significant
deterioration, whereas poor cyclability was observed for Pt-
oxidized CeO,. Slight changes in the loading process, i.e., with
and without reduction pretreatment, clearly affected the
reactivity and stability of these oxygen carriers.

Atomistic Insight into Pt—CeO, Particles. To gain a
more detailed understanding of the reactivity and stability
differences in Pt—CeO, nanoparticles as oxygen carriers, in situ
XAFS was employed. Figure 4 presents the Pt L;-edge XAFS
data, with Figure 4a,b showcasing the X-ray absorption near
edge spectra (XANES) and Fourier transform magnitudes
from the extended X-ray absorption fine structure (EXAFS)
data for the initial states of Pt-oxidized and Pt-reduced CeQ, in
comparison with reference samples. The XANES spectra

(Pt — CeO,_,) + O, —» (Pt — Ce0,)

https://doi.org/10.1021/acs.chemmater.4c00627
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Figure 4. continued

reforming at 400 °C; (e) comparison of Pt L;-edge XANES spectra of Pt-oxidized CeO, and Pt-reduced CeO, nanoparticles before and after the
reaction; (f) comparison of Pt L;-edge Fourier transform magnitudes based on EXAFS for Pt-oxidized CeO, and Pt-reduced CeO, nanoparticles.
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Figure 5. DRIFTS measurement data for adsorption and desorption of CO during the heating of Pt-oxidized CeO, ((a) RT, (b) 50 °C, (c) 300

°C) and Pt-reduced CeO, ((d) RT, (e) S0 °C, (f) 300 °C).

indicated the existence of Pt at a more reduced charge state in
these samples compared with the PtO, reference, which was
inferred from the lower-energy peaks. Additionally, a minor
difference was noted between the oxidized and reduced CeO,
samples in the XANES spectra. The EXAFS data revealed Pt—
O bonds similar to those in Pt oxide but with a notably weak
second coordination (Pt—O—M(Pt, Ce)) peak, suggesting
significant disorder in the local Pt structure. The predominant
Pt** chemical state in both samples, along with the slight
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variation between them, was confirmed by ex situ XPS (Figure
SS).

After the reaction cell was heated to 400 °C in an O,
atmosphere, a methane reaction was conducted on Pt-oxidized
and Pt-reduced CeO, samples. The Pt L;-edge spectra, as
illustrated in Figure 4c,d, exhibited a reduction in white-line
intensities post-CH, reaction, indicating oxygen consumption
near Pt for CH, oxidation. Subsequent reoxidation with O,
confirmed the oxidation states. However, Pt-oxidized CeO, did
not revert to its initial chemical state, suggesting an irreversible
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g

Figure 6. DFT simulations of Pt-loaded CeO,: (a) pure stoichiometry CeO,(100) facet; (b) Pt atom placement on stoichiometric CeO,(100); (c)
Pt—O molecule placement on stoichiometric CeO,(100); (d) PtO, molecule placement on stoichiometric CeO,(100); (e) CeO,(100) facet with
an oxygen vacancy; and (f) PtO, molecule placement on CeO,(100) with an oxygen vacancy in the subsurface layer. Light green, sky blue, red, and

gray balls represent Ce** ions, Ce**

ions, O atoms, and Pt atoms, respectively.

change in the state of Pt, i.e,, its dispersibility/aggregation on
CeO, particles (For pure CeO, nanoparticles, reduction and
reoxidation cycles are reversible at this temperature.’®*"*¥3%),
By contrast, Pt-reduced CeO, exhibited a distinct restoration
of the Pt chemical states, as shown in Figure 4d. This stability
in the dispersed Pt state was likely due to robust interactions
between Pt and the reduced CeO, surface, which is rich in
Ce® ions and oxygen vacancies initially, facilitating the
reversion to original chemical configurations.

The in situ XAFS spectra—particularly the XANES (Figure
4e) and EXAFS (Figure 4f) data—were pivotal in discerning
the reaction behaviors between Pt-reduced and Pt-oxidized
samples. The minimal spectral changes observed in the Pt-
reduced CeO, sample relative to the Pt-oxidized CeO, sample
suggest that the Pt species interacted strongly with oxygen
vacancies and contributed to the reversibility of the Pt-reduced
CeO, sample during the CH, reaction. This interaction is
evidenced by the consistency between the ex situ XPS results
(Figure SS) and the in situ XAFS data. The slight differences in
the chemical state and dispersibility of the Pt species
significantly affected the reactivity and stability of the samples.

To examine the chemical state of Pt on CeO,, DRIFTS
analysis was performed, with a focus on CO adsorption and
desorption as can be seen in Figure S. At room temperature
(RT), there was a noticeable difference between Pt-oxidized
CeO, and Pt-reduced CeO,. The reduced sample exhibited
two CO adsorption states. Regarding Pt’*, the peak at 2107
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cm™' was assigned to linearly adsorbed CO on positively
charged Pt. Regarding Pt’, the peak at 2000—2100 cm™" was
assigned to linearly adsorbed CO on Pt°. Notably, the oxidized
sample had only a Pt>* state, which is consistent with those
detected by XAFS and XPS, where slight reductive shifts were
observed for Pt-reduced CeQO,. With an increase in the
temperature, the fraction of Pt’-assigned species increased
significantly, and a higher adsorption intensity was observed
for Pt-reduced CeO,. This increase in Pt species and higher
intensity suggest the enhanced reactivity of surface oxygen,
indicating a more rapid consumption of O, in the Pt-reduced
CeO,. The difference in the reactivity was also supported by
temperature-programmed reduction with CO (Figure S6).
Interaction between Pt and Reduced CeO,(100)
Surface. The interaction between the Pt species and the
reduced CeO,(100) surface significantly influenced the
material’s reactivity and stability. This interaction was studied
by using density functional theory (DFT) simulations. Figure 6
presents the simulated models of the CeO,(100) surface,
emphasizing its polar characteristics. To accurately represent
stoichiometric CeO,, oxygen atoms were symmetrically placed
on both sides of the slab model, neutralizing the surface’s
inherent polarity (Figure 6a). Bader charge analysis revealed
that the initial charge of the first Ce layer in (100) CeO, was
+2.37 lel. When a Pt atom was placed on this surface layer, the
Bader charges of Ce and Pt were +2.34 lel and +0.26 lel,
respectively (Figure 6b). Upon the introduction of additional
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oxygen to platinum on the CeO, surface, which formed PtO
and PtO, with formal charges of +2 and +4, the Bader charges
for Pt were observed to be +0.73 lel for PtO and +1.29 lel for
PtO,, as illustrated in Figure 6¢,d, respectively. In comparison,
the bulk Bader charges for PtO and PtO, were higher, i.e., +
0.91 lel and +1.67 lel, respectively, indicating a variation in
electronic states between surface-bound and bulk platinum—
oxygen configurations. The interaction of Pt with the CeO,
surface led to a reductive shift in Pt’s electronic state.
Additionally, when an oxygen vacancy formed in the
subsurface layer of pure CeO,, two Ce* (Bader charge: +
2.15 lel, this is consistent with previous findings on bulk
reduced CeO,’") polarons were observed in the subsurface
layer (Figure 6e). The presence of an oxygen vacancy in the
subsurface layer of CeO, with PtO, on the surface altered the
electronic structure, as evidenced by the Bader charges of Pt
(1.08 lel) and the two Ce*" polarons (+2.20 lel; Figure 6f),
indicating slight electron transfer from Ce to Pt. This
interaction reduced the oxygen vacancy formation energy of
the stoichiometric (100) subsurface from 0.84 eV in pure
CeO, (Figure 6e) to 0.64 eV with Pt (Figure 6f), enhancing
the reducibility of the CeO, surface and stabilizing its reduced
state.

B CONCLUSIONS

The proposed methodology featuring reduction pretreatment
is promising for creating highly active and stable Pt-loaded
CeO,. The significant interactions between Pt species and
reduced CeO, enhance the Pt dispersibility and chemical
states, as demonstrated by methane chemical looping. The
strong interaction between Pt and reduced CeO, was
elucidated based on first-principles simulations, which revealed
that Pt stabilizes oxygen vacancies on the CeO, surface,
thereby significantly reducing the energy needed to form these
vacancies compared with pure CeO,. This stabilization
contributes to the reactivity and stability of the system, as
evidenced by in situ XAFS and DRIFTS data with a focus on
the chemical state of Pt on the CeO,(100) surface. By
precisely controlling the size, shape, and redox state of CeO,
nanoparticles, the effectiveness of noble-metal catalysts can be
optimized, reducing the amount of precious metal required and
enhancing the catalyst performance.
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