Downloaded via UNIV OF SZEGED on July 10, 2024 at 10:24:25 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IEJAPPLIED MATERIALS

XINTERFACES

Research Article

www.acsami.org

High-Entropy Oxides: A New Frontier in Photocatalytic CO,
Hydrogenation

Dalibor Tatar, Habib Ullah, Mohit Yadav, Jelena Kojcinovic, Stjepan Sari¢, Imre Szenti, Tina Skalar,
Matjaz Finsgar, Mi Tian, Akos Kukovecz, Zoltan Koénya, Andras Sépi,* and Igor Djerdj*

I: I Read Online

Article Recommendations |

Cite This: ACS Appl. Mater. Interfaces 2024, 16, 29946—29962

ACCESS | [l Metrics & More ’ Q Supporting Information

oo 4o
9

ABSTRACT: Herein, we investigate the potential of nanostructured high- O

entropy oxides (HEOs) for photocatalytic CO, hydrogenation, a process x
with significant implications for environmental sustainability and energy
production. Several cerium-oxide-based rare-earth HEOs with fluorite
structures were prepared for UV-light driven photocatalytic CO, hydro-
genation toward valuable fuels and petrochemical precursors. The cationic
composition profoundly influences the selectivity and activity of the HEOs,
where the Cey,Zry,Lay,Ndg,Sm;,0,_5 catalyst showed outstanding CO,
activation (14.4 molcg kg, ' h™' and 1.27 moICH}OH kg, ' h™') and high

methanol and CO selectivity (7.84% CH;OH and 89.26% CO) under

ambient conditions with 4 times better performance in comparison to pristine CeO,. Systematic tests showed the effect of a high-
entropy system compared to midentropy oxides. XPS, in situ DRIFTS, as well as DFT calculation elucidate the synergistic impact of
Ce, Zr, La, Nd, and Sm, resulting in an optimal Ce**/Ce*" ratio. The observed formate-routed mechanism and a surface with high
affinity to CO, reduction offer insights into the photocatalytic enhancement. While our findings lay a solid foundation, further

research is needed to optimize these catalysts and expand their applications.
KEYWORDS: ceria, high-entropy oxides, photocatalytic CO, hydrogenation, selectivity, DFT

1. INTRODUCTION
Carbon dioxide (CO,) is a double-edged sword. Although it

contributes to creating a warm environment on Earth, the
excessive burning of fossil fuels has led to a continuous rise in
CO, concentration in the atmosphere, resulting in irreversible
climate changes.1 In order to reduce the amount of CO, in the
atmosphere, methods which include CO, capture, storage, and
chemical utilization are used.” Highly efficient catalysts are
necessary to reduce the energy required for converting CO, to
less harmful chemicals.’ The desired outcome is to convert CO,
into products with high selectivity according to the specific
application requirements. The most likely products for different
types of atmospheric pressure hydrogenation reaction (thermo-
catalytic, photocatalytic, etc.) are carbon monoxide (CO) and
methane (CH,) through reverse water—gas shift and Sabatier
reaction, respectively.”* CO can be further transformed into
chemicals and fuels through established gas conversion
technologies, such as Fischer—Tropsch synthesis and methanol
synthesis.”

In its early stages, photocatalytic CO, conversion shows great
promise as a clean technology for reducing greenhouse gas
emissions.” This process usually involves a semiconductor
photocatalyst that absorbs light and converts CO, through
various pathways, resulting in different products.”” However, for
a successful photocatalytic CO, conversion to occur, the
photocatalyst must possess qualities such as an appropriate
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bandgap, band structure, and long-life charge carriers with
optimal mobility.'"” While there are already photocatalysts
available,'"'* continuous exploration for highly effective
materials is crucial to achieve practical application."

Entropy materials are categorized based on the disorder in
element arrangement within their lattice structures. The
configurational entropy of multielement oxides can be calculated
using Boltzmann’s entropy equation,'* where R is the molar gas
constant. Low-entropy oxides (S5, < 1R) exhibit minimal
disorder, while medium-entropy oxides (1R < Scontig < 1.5R) and
high-entropy oxides (Scmflg > 1.5R) show increasing disorder. In
terms of element number, medium-entropy oxides comprise
more than two but less than five components, while high-
entropy oxides have a minimum of five components. The study
of high-entropy materials has emerged as a rapidly growing and
dynamic field within material science. These materials,
consisting of a mixture of various elements in single-phase
compounds, are known for their unique properties and crystal
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Table 1. List of Synthesized High—Entropy Compounds Together with Elements Used for the Synthesis of HEOs

compound name chemical formula

CZLPY Ceg,Zry,Lag,Pry,Y0,0, 5
CZLNS Ceg,Zry,Lay,Ndj,Smy,0,_s
CZLPN Ceg,Zry,Lag,Pry,Ndy,0,_s
CZLPS Cey,Zry,Lag,Pry,Smy,0,_5
CZLNY Ceg2Zro,La9,Ndg,Yp,0,_5
CZLSY Ceg,Zry,Lag,Sm,Y,0,_5

element coordination charges ionic radii
Ce VIII +3/+4 1.143/0.97
Zr VIII +4 0.84
La VIII +3 1.16
Pr VIII +3/+4 1.126/0.96
Nd VIII +2/+3 1.29/1.109
Sm VIII +2/+3 1.27/1.079
Y VIII +3 1.019

structures due to their high configurational entropy.'> The
discovery of high-entropy oxides (HEOs) has generated
significant interest in the scientific community, particularly
due to their ability to incorporate five or more different cations
into a single-phase oxide system."> The key step for creating a
single-phase high-entropy material is in selecting metal cations
with similar ionic radii, oxidation state, and coordination
number."” These materials are of great interest due to their
versatility and ability to be adjusted, making them useful in
various applications such as energy conversion and storage,lé
hydrogen and oxygen production,'”” and heterogeneous
catalysis.'”'® Despite the progress made in this field, there are
still unexplored combinations of elements and potential
applications that offer promising opportunities for future
research and development.

Nanostructured ceria (CeO,) finds application across various
fields of scientific researches in the last decades, due to its
accessibility, cost-effectiveness, stability, durability, high surface
area of ceria nanoparticles, etc.'” Due to these advantageous
properties of CeO, it has been found to have a potential as a
photocatalyst for a range of purposes, including producing
energy, generating hydrogen, releasing oxygen, and improving
storage capacity. Its redox potential also makes it possible to
convert cerium easily between Ce** and Ce®* and generate
oxygen vacancies, which can be further enhanced through
doping effect.”® By alteration of its physical and chemical
properties, ceria becomes an even more viable option for these
applications. Defects, particularly oxygen vacancies, play a
crucial role in boosting ceria’s photocatalytic properties.””
Investigation of ceria-based high-entropy oxides is important
due to their potential for enhanced properties compared to
traditional oxides. Incorporating elements like Zr or rare earth
elements into ceria-based compositions has shown potential in
improving catalytic and mechanical properties. Understanding
how incorporation of other elements affects material properties
can lead to the development of more efficient materials for
various applications.

In our research, we have synthesized six ceria-based high-
entropy oxides with a fluorite-type structure and average particle
sizes in the range of 4—5 nm. Their efficiency in converting CO,
into products through photocatalysis was further evaluated. The
synthesis process followed an environmentally friendly and low-
cost sol—gel citrate method that had previously been utilized in
the preparation of high-entropy oxides’”’ and perovskite
oxides.”® To better understand the photocatalytic behavior,
thorough structural analysis and surface studies were conducted.
A catalytic activity of the oxides was in situ studied with the aim
to discover the mechanism behind CO, hydrogenation. In
addition, density functional theory (DFT) simulations have
been performed to explore how a complex oxide catalyst (HEO)
can aid in the reduction of CO,. Our DFT analysis identified Zr
as the crucial element in this process, directing the reduction of

29947

CO, on the surface of HEO catalysts. Through DFT
simulations, we observed the accumulation of charges at the
Zr sites of HEO catalysts, facilitating the subsequent transfer of
electrons from the catalyst to the CO, molecules. Notably, this
electron transfer phenomenon exclusively occurs at the Zr sites.
This electron transfer activates CO,, initiating the reduction
process. This is a vital step toward utilizing CO, as a resource,
instead of treating it as waste.

Our motivation for investigating the photocatalytic CO,
hydrogenation of high-entropy oxide compounds was based
on our previous successful research in which we used HEOs as
photocatalysts for water purification from AZO dyes.””
Furthermore, as part of the same research, we used HEOs as
electrocatalysts for the hydrogen evolution reaction, and they
demonstrated remarkable hydrogen production. These promis-
ing results prompted us to investigate the potential of HEOs as
photocatalysts for CO, hydrogenation. The ability of HEOs to
exhibit exceptional catalytic activity for various applications
suggests that they have a unique atomic-level structure that
allowsenhanced catalytic activity. Hence, exploring the CO,
hydrogenation activity of HEOs could offer new insights into the
development of highly efficient catalysts for sustainable energy
conversion.

2. EXPERIMENTAL SECTION

2.1. Materials. For the synthesis of HEOs, commercially available
chemicals were purchased and used without further purification.
Chemicals were purchased from Sigma-Aldrich, Germany (cerium(III)
nitrate hexahydrate (99.9%), zirconium(IV) oxynitrate hydrate
(99.9%), lanthanum(III) nitrate hexahydrate (99.9%), praseodymium-
(11I) nitrate hexahydrate (99.9%), neodymium(I1I) nitrate hexahydrate
(99.9%), samarium(III) nitrate hexahydrate (99.9%)), Alfa Aesar,
Germany (yttrium(III) nitrate hexahydrate (99.9%)), T.T.T., Croatia
(citric acid monohydrate (99.9%)), and Gram — Mol, Croatia
(concentrated ammonia solution 25%).

2.2. Preparation of Compounds. The list of synthesized HEOs
along with structural features™ for each metal cation is presented in
Table 1. High-entropy oxide nanogarticles were synthesized using a
modified sol—gel citrate method.*>*°

An equimolar composition of 0.2 mmol of each element was chosen
to achieve the maximum configurational entropy of the system. The
synthesis procedure involved dissolving 0.2 mmol of each metal nitrate
in a 10% citric acid solution (previously prepared by dissolving 10 g of
citric acid in 100 mL of Milli-Q water). The solution was stirred
constantly and concentrated ammonium solution was added dropwise
to achieve a pH of approximately S (pH-meter 211, HANNA, Croatia).
The solution was kept under constant stirring and heated to 120 °C
until all of the liquid evaporated, forming a black resin. The black resin
was further dried in an oven (Instrumentaria ST—01/02, Croatia) at
120 °C for 24 h, then ground in a mortar, with a pestle, and calcined at
700 °C for 8 h using a muffle furnace (LTS/11/B410, Nabertherm,
Germany) with a heating rate of 4 °C per minute. This resulted in the
formation of single-phase high-entropy stabilized oxide catalysts.

2.3. Structural and Spectroscopic Characterization. The
crystal structure and microstructure of the synthesized materials were
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Figure 1. Rietveld plots of the investigated synthesized HEO catalysts and pure CeO,, accompanied by the visualized fluorite-type crystal structure.

analyzed by using X-ray powder diffraction (XRD), utilizing a XPS measurements were performed with a Supra+ instrument
PANalytical Aeris diffractometer (Malvern PANalytical, UK) with a (Kratos, Manchester, UK) using the Al K, X-ray excitation source and a
Cu Ka radiation source (at 40 kV and 15 mA). The XRD analysis was charge neutralizer that was on during the measurements. The angle
performed at 298 K with a step size of 0.02 and 1° divergence slit. The between the surface of the compound and the path of the electrons to
PXRD patterns were analyzed using the FULLPROF software”” and the the analyzer was 90° (take-off angle). High resolution and survey
Rietveld refinement method. The Rietveld refinement was performed spectra were measured at 20 and 160 eV pass energy, respectively. The
with the purpose of extracting and quantifying important structural and powder compounds were attached to carbon tape, which was placed on
microstructural information. The structures were visualized using the the Si wafer. XPS measurements and data processing were performed by
VESTA software.”®> The UV—vis spectra and optical bandgap were using ESCApe 1.5 software (Kratos). The binding energy scale was
determined using a solid-state UV/vis/NIR spectrophotometer (UV- corrected using the C—C/C—H peak at 284.8 eV in the C 1s spectra.
3600Plus, Shimadzu, Japan). To study the thermal stability and The background of the peaks was determined with a Shirley

background correction.

2.4. Photocatalytic Test. The study aimed to investigate the
photoreduction activity of the compounds by conducting the
photocatalytic hydrogenation of CO, in a flow microreactor. The

potential phase changes of the catalysts at high temperatures, a
thermogravimetric analyzer/differential scanning calorimeter (TGA/
DSC System 1, Mettler Toledo, USA) was utilized over a temperature
range of 25 to 1000 °C with a heating rate of 10 °C/min in an O, 3 X i )

atmosphere. The infrared spectroscopy analysis was conducted using a microreactor consisted of an inner glass cylinder (dne, = 64 cm, h = 25
Shimadzu FTIR-8400S spectrometer (Shimatzu, Japan). The N, cm) and an out.er glass cyllmder (dipner = 10.2 cm, h = 25 em). The
physisorption measurements were performed by using the Quantach- smaller glass cy.hnder c.(?ntamed an 11 WUV lamp (4 = 370 nm). The
rome NOVA 3000 instrument at a temperature of liquid Ny. To cat.alysts were 1mmc?blllzed on the outer surfz?ce of the smaller glass
prepare the compound for adsorption measurements, it was subjected cylinder by suspending 250 mg of the catalyst in a few mL of absolute

ethanol using ultrasonication. The immobilized catalysts were pre-
to vacuum at a temperature of 250 °C for S h to remove any unwanted 8 . . . 7 P
. . . . . treated by introducing various gases (Ar for 20 min, O, for 30 min, Ar
impurities. The surface structure was examined using a Thermo Fisher

s . . . for 10 min, and H, for 10 min, in that order) into the space between the
Scientific Apreo C scanning electron microscope (Thermo Fisher linders while heating the inner cylinder to 250 °C using a heating rod
Scientific, Waltham, MA, USA). A field emission scanning electron ¥ 8 < 8 grod.

. FE.SEM. Zeiss ULTRA Plas. Zeiss. G d A gas mixture of CO, and H, (at a ratio of 1:2) was then introduced into
microscope (FE- s LIS us, Zeiss, Germany) was used to the space between the cylinders by using an Aalborg mass flow

collect images in the secondary electron image, using an InLens controller (Hazel Park, MI, USA). To analyze the products, a fixed
detector at a cathode voltage of 20 kV and an approximate working amount of the CO,/H, gas mixture was recirculated between the
distance (WD) of 5.5 mm. The dried powder compounds were reactor and a gas chromatograph (GC) by using a gas pump. The
mounted on aluminum stubs by double-sided carbon conductive tape. reactants and products were separated by passing them through a 2-
Prior to imaging, they were coated with a ca. 10 nm thick conductive meter-long capillary column (d = 0.635 cm) packed with a Porapak QS

Au/Pd layer using a high sputter coater (Quroum QIS0T ES, UK). polymer (Bellefonte, PA, USA) and detected using a thermal
Mapping was performed on an Oxford Instruments microanalysis conductivity detector and a flame ionization detector. The products
system consisting of a 50 mm? silicon drift detector (X-Max50, Oxford were analyzed using a HP 5890 Series I GC.
Instruments plc, Tubney Woods, Abingdon, UK). The results of DRIFTS analysis was performed by using an Agilent Cary 670 FTIR
element distributions (element maps) were processed using Inca spectrometer (Agilent, CA, USA) equipped with a Harrick Praying
(Oxford Instruments, UK) software. As-synthesized catalysts were Mantis diffuse reflectance attachment. To prepare the catalysts for
characterized using a Tecnai G* 20 X-Twin (FEI Company, Hillsboro, testing, we followed the pretreatment conditions as in the experiments
OR, USA) high-resolution transmission electron microscope (HR- but used helium as an inert gas instead of argon. After pretreatment,
TEM), equipped with electron diffraction, and operated at a high background spectra were recorded. CO,/H, mixture with a ratio of 1:2
voltage (200 kV). All microscopy images were analyzed using Image] was introduced into the DRIFTS cell at room temperature, along with a
software.” stream of helium (He) in a flow rate of 40 mL/min. The catalyst was
29948 https://doi.org/10.1021/acsami.4c00478
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10 1/nm

Figure 2. (a—d) SEM images under low and high magnification of the CZLNS catalyst; (e) SEM image under high magnification used for EDS
mapping; (f—i) Elemental maps of the CZLNS catalyst; (jk) HRTEM images of the CZLNS compound along with the SAED image.

gradually heated from room temperature to 250 °C at a heating rate of
10 °C/min. The spectra at an interval of 50 °C were recorded. The
spectral data were collected within the range of 4000 to 800 cm™" with a
resolution of 2 cm™.

2.5. Density Functional Theory (DFT) Simulations. All density
functional theory (DFT) calculations were conducted using Quantum-
ATK, and the results were visualized using VNL (Version 2019. 12).XA
cubic unit cell of ceria (CeO,) with a space group Fm—3m and lattice
parameter a = 5.467 A was used to represent the experimentally
prepared HEO compounds, as per literature data.”” To accommodate
doping, a 1 X § X 1 supercell of CeO, was employed to construct
models containing dopants. The local density approximation (LDA)
and Perdew—Zunger (PZ) were utilized as exchange and correlation
functionals, respectively, in conjunction with Fritz—Haber—Institute
(FHI) pseudopotentials and a double Zeta polarized basis set.
Electronic properties such as the density of states (DOS), effective
potential, electron difference density (EDD), electrostatic difference
potential (EDP), and electron localization functional (ELF) were
simulated by using the same method. The linear combination of atomic
orbitals (LCAO) method was applied for Ce, Zr, La, Pr, Y, Nd, Sm, O,
C, and H atoms. A 3 X 3 X 1 Monkhorst—Pack k-grid with an energy
cutoff of 75 hartree was used for the slabs.

3. RESULTS AND DISCUSSION

3.1. X-Ray Diffraction. The phase purity, crystal structure,
and microstructural features of newly synthesized HEOs were
initially studied by using powder X-ray diffraction (PXRD). The
obtained XRD powder patterns are displayed in Figure S1, and
they reveal that all synthesized catalysts exhibit phase purity at
least until the resolution limit of XRD technique. The Rietveld
refinement plots that are displayed in Figure 1 further

corroborate the phase purity and point to the fluorite structure
of ceria that crystallized in the cubic Fm—3m space group. The
structural features obtained from the Rietveld refinement are
presented in Table S1. The microstructural size-microstrain
analysis shows an average crystallite size of 4—5 nm for high-
entropy compounds, while for pure CeO,, the average crystallite
size is slightly larger and it amounts to 11 nm. The lattice
parameters and unit cell volume increase with the addition of
cations compared to pure CeO, which provides evidence for
their successful incorporation into the host CeO, lattice. The
mutual variation of lattice parameters among the studied HEOs
depends on the ionic radii of cations, with evident expansion of
the crystal lattice due to the incorporation of cations larger than
Ce. The crystal structure shown on the top left part of Figure 1
reveals a fluorite-type structure consisting of a face-centered
cubic unit cell of cations, with oxygen anions occupying the
tetrahedral interstitial sites. Five different rare-earth metal
cations alternate randomly at crystallographic site 44 making
this structure disordered. These cations are coordinated by eight
nearest-neighbor oxygen anions, while each oxygen anion is
coordinated by four nearest-neighbor metal cations.

In high-entropy materials, lattice defects mostly originate
from the lattice strain due to the mismatch of different
constitutive metal cations. Such defect sites might tune the
electronic structure of the active sites, facilitating the photo-
catalytic CO, reduction. Such feature should be detectable by
the increased value of XRD-derived lattice microstrain. Indeed,
in this consideration, all obtained microstrain values of HEOs
(Table S1) are significantly larger in comparison with pure

https://doi.org/10.1021/acsami.4c00478
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CeO,. It is noteworthy that the CZLNS compound
(Ceg,Zrg,Lag,Ndy,Smy,0,_5) exhibits by far the largest
value of lattice microstrain among all studied HEOs, making it
somehow special.

3.2. Electron Microscopy Study. The morphology and
composition of the studied compounds were investigated by
using scanning electron microscopy (SEM) coupled with energy
dispersive X-ray spectroscopy (EDS). The high-entropy
compounds displayed flake-like morphology with visible
porosity (Figures 2a—d and S2). Higher magnification SEM
images reveal that the flakes are thin nanosheet-like structures.
The EDS analysis was used to evaluate the elemental
composition, homogeneity, and weight distribution of elements
in the HEOs, demonstrating a uniform distribution of the
elements within the high-entropy compounds. Figure 2 displays
SEM images at different magnifications and corresponding
elemental maps of selected high-entropy compound CZLNS.
The EDS data (and sum spectrum for CZLNS in Figure S3)
confirmed that the empirical formula of all compounds was
relatively close to nominal Ce,,Zry,Lag,X0,Y0,0,_5 (X, Y = Pr,
Nd, Sm, Y), as shown in Table S2.

High-resolution transmission electron microscopy (HR-
TEM) was further utilized to validate the local crystallinity at
the nanoscale level. HR-TEM image shown in Figure 2j reveals
that the nanoparticle sizes of the CZLNS compound align with
the data obtained from the Rietveld analysis, which revealed the
presence of crystallites with an average size of 4 nm. HR-TEM
analysis was performed for all studied HEO compounds, along
with the parent CeO,, as shown in Figure S4, and no deviation
from the data obtained by the Rietveld analysis was observed. All
accompanied selected area electron diffraction (SAED) patterns
exhibit well-resolved Debye—Scherrer rings which are typical for
nanocrystalline materials, as shown in Figures 2k and $4.*
SAED patterns were indexed to the cubic Fm—3m space group,
confirming XRD results.

3.3. Physisorption Measurements. The results of the
physisorption measurements conducted on all catalysts using
nitrogen as an adsorptive at 87 K are shown in terms of
adsorption—desorption isotherms in Figure SS, while extracted
numerical data are displayed in Table S3. All of the studied
HEOs exhibited type IV isotherm characteristic for mesoporous
materials. The pore sizes of all catalysts were found to be similar,
falling within the range of 10.7 to 14 nm in diameter, indicating
that the catalysts have similar pore structures. Furthermore, all
catalysts displayed specific pore volumes ranging from 0.06 to
0.12 cm® ¢! and a specific surface area ranging from 21 to 36 m*
g~'. It is worth noting that the compounds lacking
praseodymium exhibited larger surface areas, pore volumes,
and pore size diameters compared to those containing
praseodymium. This could be attributed to the tendency of
praseodymium 3+ ions in Pr-HEO to undergo advanced
sintering, leading to a partial collapse of the nanoscale
porosity.”” As a result, the presence or absence of praseodymium
may impact the porosity of the compounds and subsequently
influence their properties.

3.4. Thermal Stability. The thermal stability of catalysts
was determined by using thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC). The stability of all
synthesized HEOs was examined within a temperature range of
25 to 1000 °C, at a heating rate of 10 °C per min. The results,
presented in Figure S6, indicate that all HEOs are stable and
showed no further weight loss in the temperature range studied.
This confirms the stability of the compounds after calcination

and suggests that they could be used at high temperatures to
avoid damage to the materials. A slight loss of nearly 1 wt % for
all compounds is attributed to the loss of surface moisture. DSC
curves of all compounds show no evidence of phase changes,
corroborating the phase stability of prepared catalysts in the
studied temperature range. Upon heating the prepared catalysts
under an oxygen atmosphere, its uptake was observed, which
confirms the presence of oxygen vacancies in the materials.
These vacancies are known to influence the catalytic activity of
the materials by facilitating the adsorption and activation of CO,
molecules. The enlarged TGA curve of studied catalysts can be
divided into 3 temperature regions, as shown in Figure 3.
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Figure 3. TGA curves of as-synthesized high-entropy compounds in
temperature ranges: a) 100—300 °C, b) 300—600 °C, and c) 600—1000
°C heated in an oxidative atmosphere (O,, 200 mL/min) and heating
rate 10 °C/min.

The first region, 100—300 °C, shows a mass decrease of 0.3%
up to almost 1% (Table S4). This could be due to the removal of
adsorbed species at the surface of as-synthesized compounds.
There are also peaks for each compound in the range of 200—
215 °C that point to quick mass increase—decrease behavior.
This change could be attributed to CO, desorption from the
surface of catalysts.”” The second region 300—600 °C shows a
mass increase trend of 0.3 up to 1.3 wt %, which is obviously
attributed to the oxygen uptake that fills surface oxygen
vacancies resulting in the oxidation of surface cations, such as
Ce® and Pr’". It is noteworthy that the largest mass change of
1.3 wt % is recorded for catalyst CZLNS, which has the largest
quantity of surface adsorbed oxygen species (70.9 wt % as-
synthesized) as deduced by XPS and will be further elaborated
below. The third region, 600—1000 °C, shows a slight increase
in the mass of as-synthesized compounds, attributed to further
oxidation. There are small peaks in the range of 750—850 °C
that also show mass increase—decrease behavior. This range is
where surface carbonates are probably decomposed™® and
carbonate-free cations are oxidized.

3.5. Spectroscopy. 3.5.1. Fourier-Transform IR Spectros-
copy. After calcination, the HEOs were further analyzed by
Fourier transform IR spectroscopy. The stacked spectra are
displayed in Figure S7 and show the presence of significant
absorption bands at 3568 and 3280 cm', indicating O—H
stretching and bending, respectively, of O—H from water
molecules that are present on or adsorbed onto the surface, also
corresponding to TGA analysis. Two bands at 2360 and 2336
cm™! were assigned to environmental CO, molecules because
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the FTIR sample holder was not sealed, while the bands
appeared at 1494 and 1399 cm ™" are attributed to the carbonate
groups that were most probably formed by CO, adsorption on
the catalyst surface.”> This follows from the absence of any
metal-carbonate phases which might be detected by XRD. The
bands at lower wavenumbers (under 600 cm™") originate from
metal-oxygen stretching vibrations.

3.5.2. UV=Vis Spectroscopy and Optical Bandgap Calcu-
lation. The synthesized HEOs displayed variations in their
color, and each compound appears in a different shade of brown
(compounds containing praseodymium) or white (compounds
without praseodymium). These color variations highlight
differences in the optical behavior of the compounds and can
be attributed to the synergistic interaction of multiple
components within the high-entropy oxide system. The
normalized absorbances of the as-synthesized HEOs were
obtained by transforming the room-temperature reflectance
spectra through the Kubelka—Munk function and are displayed
in Figure 4. It is clear that the recorded UV—vis spectrum of pure

CeO,

——CZLPY
—— CZLNS
——CZLPN
——CZLPS
—— CZLNY
——CZLSY

Absorbance (normalized)

-

200 300 400 500 600 700 800
Wavelength (nm)

Figure 4. Normalized absorption spectra for all synthesized compounds
obtained by transformation of reflectance spectra by the Kubelka —
Munk function.

CeO, and CeO,-based HEOs exhibits two absorption bands
that are observed in the UV region for pure CeO, at 340 and 250
nm, while for HEOs at 295—298 and 258—-261 nm.

Generally, the absorption of ceria in the UV region occurs at
about 255, 285, and 340 nm.** The former maxima (255 nm)
correspond to the O to Ce’* charge transfer transitions,
whereas the latter two absorption maxima may be caused by the
O’ to Ce*" charge transfer (285 nm) and interband (340 nm)
transitions. Pr-contained HEOs show the shift of adsorption
edges toward the longer wavelength into the visible region, i.e.,
red shift, which indicates a narrowing of optical bandgaps. From
the reflectance spectra (Figure S8), optical bandgaps were
extracted assuming a direct allowed transition from the Tauc
plot: (E(R)hv)*—hv plot, where hv is the incident photon energy
(in eV) and F(R) is the Kubelka—Munk function (insets of
Figure S8). The optical bandgaps of the synthesized catalysts are
summarized in Table S5. Lower bandgap values are found for Pr-
containing HEOs (CZLPY, CZLPN, and CZLSY) in
accordance with the extension of absorption edges into the
visible light region, which is caused by the modification in the
electronic structure of Pr-containing HEOs compared to pure
ceria. The conduction band in pure ceria is composed mainly of
Ce 4f states with a slight admixture of the O 2p states (due to
hybridization). However, incorporation of Pr cations in the
CeO, host lattice introduces conduction bands to the bottom of

ceria, Pr 4f states that modify bandstructure (DOS) of
conduction band, causing its shift toward the top of the valence
band and a narrowing bandgap as evidenced from our previous
studies.®® =7 Doping ceria with other elements such as Zr, La,
Nd, Sm, and Y can have a significant impact on its bandgap
value.” The size and charge of these dopant ions can introduce
defects and modify the electronic structure of ceria, leading to a
wider or narrower bandgap. Ceria-based high-entropy oxides
(HEOs) have been found to exhibit lower bandgap values than
pure ceria, which is evident comparing Table S5 and Figures S8
and S9.

The diffuse reflectance spectra (Figure S8) in the visible light
region demonstrate similar patterns for CZLNS and CZLNY
compounds, i.e. similar sharp and well-defined absorption
strengths for the peaks that were assigned to Nd**
absorptions.®>*”** The absorption features of Nd in UV—Vis
reflectance spectra originate from the f—f electron transition of
Nd**. The absorptions are sharp because the Nd 4f orbitals are
shielded from outer orbitals, reducing the effects of crystal fields
when Nd is in crystal coordination.*” Even though the CZLPN
compound contains Nd in equal amounts as CZLNS and
CZLNY, reflectance UV/vis spectra show only one absorption
peak typical for Nd*" at 750 nm.

3.5.3. X—ray Photoelectron Spectroscopy. Figure S10 shows
C 1s spectra with four deconvoluted peaks. The peaks for C—C/
C—H, C—-0, and COO/COOH containing species most likely
originate from adventitious carbonaceous species adsorbed on
the surface after sample preparation and transfer to the
spectrometer. The C 1s peak at the most positive binding
energy corresponds to the carbonates. The decrease in the
amount of carbonates follows the trend of CZLNY > CZLNS ~
CZLSY > CZLPN =~ CZLPS > CZLPY. This decrease can be
attributed to the reduction of surface carbonates along with the
reduction of CO, during the reaction.

The O 1s spectra show three features (Figure S), i.e., the peak
for a lattice oxygen peak (designated as Oy at the most negative
binding energy), followed by the peak for surface-adsorbed
oxygen species (designated as O.)-"" The peak at the most
positive binding energy most likely represents the presence of an
amorphous carbonaceous species. The relative ratio of O,4, (%)
versus total area in O 1s spectra reveals that the highest
concentration of surface oxygen species follows the decreasing
trend CZLPN > CZLNS > CZLPY > CZLSY > CZLPS >
CZLNY. Relative ratios (%) of O,4/total area, Ce**/*" and
Pr**/#* calculated from the area under the deconvoluted curves
are shown in Table S6.

Zr 3d spectra (Figures S11) show two different environments
for Zr (most likely corresponding to surface hydroxyls at more
negative binding energy of each orbital split and ZrO, at more
positive binding energy).”” Two different Y environments can
also be confirmed based on the Y 3d spectra fitting (most likely
originating from yttrium oxide at more negative binding energy
for each orbital split and yttrium carbonates at more positive
binding energy, Figure S12).%

Fitting Ce 3d spectra is challenging. The Ce 3d spectrum for
oxidized CeO, has six peaks originating from three pairs of
spin—orbit doublets. They are usually labeled with u, u”, and u”
for 3ds/, and v, v*, and v” for 3d,,, spin—orbit components. On
the other hand, Ce(Ill)-oxide shows two pairs of doublets
labeled as v° and v’ for 3ds),, and u’ and u’ for 3d7/2.43 CeO,
reduction to Ce(III) will decrease the v’ and u” peak intensities
and increase the peak intensities for v/ and u’, which will result in
the peak intensities decrease of u” and v”. On the other hand, the
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Figure S. High resolution O 1s spectra of as-synthesized high-entropy compounds.

peaks for v’ and u’ are difficult to resolve due to a small peak
energy difference compared to the peaks for v and u.** All fitted
Ce 3d spectra are displayed in Figure S13. The calculated
fraction of Ce®" is in the following descending order: CZLNS
(21.1%) > CZLSY > CZLNY > CZLPN ~ CZLPS ~ CZLPY,
which corresponds well to the catalytic activity of high-entropy
oxides as explained below.

The fitted Pr 3d spectra for the samples containing Pr are
shown in Figure S14. The spectra were fitted following the
detailed procedure presented previously” with three doublets
labeled a/b, a’/b’, and a”/b” and an additional feature Pr 3d;,,
labeled t. The shapes of the spectra and the fitted features are
very similar for all three samples, suggesting that the Pr
environment is similar. Doublet a”/b” is not present for Pr,0;
and can, therefore, be assigned to Pr*" ions.*> However, at the
high-binding energy side of the b” peak, an intense oxygen Auger
Oxup peak is present, making fitting the b’ peak difficult.

After conducting TGA/DSC analysis, XPS was employed to
estimate the oxygen uptake process, indicating the incorporation
of oxygen into the crystal lattice, subsequently leading to the
oxidation of Ce** to Ce*". The results given in Figure S15 and

29952

Table S6 suggest oxygen uptake upon subjecting the best
catalyst CZLNS to heating in an oxygen atmosphere at 600 °C.
This observation agrees well with a decrease in the relative
percentage of Ce’* from 21.1% to 12.6%. Additionally, the
spectrum of the O 1s exhibits an increase in the level of Oy and a
decrease in the level of the levels of the O,y species on the
surface, confirming the incorporation of oxygen into the lattice
structure.

3.6. Photocatalytic Performances. The results of HEO
performance in photocatalytic CO, hydrogenation are pre-
sented in Figure S16. The photocatalytic activity of the HEO
material was confirmed over 190 min of irradiation with the UV
lamp, without co-catalyst addition. There are several factors that
contribute to the elevated rate of CO production in current
HEOs, including the existence of lattice defects like oxygen
vacancies which serve as active sites,"" the presence of five
cations which increase activity through the synergistic effect,”’ a
favorable electronic structure that supports the reactions of CO,
conversion,” resulting from the defective nature of HEOs, to
participate in photocatalytic reactions.
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Figure 6. Selectivity of HEOs toward reaction products (a) after the first interval time (21 min) and (b) after the final interval time (189 min). Used

HEO catalysts space-time yield toward reactions products (c—e).

In the study of photocatalytic CO, hydrogenation, six HEOs
were tested with different combinations of Ce, Zr, La, Pr, Nd,
Sm, and Y. The photocatalytic activity of each compound was
evaluated, and the results showed that some compounds
exhibited significantly better activity than the others. Overall
results of the photocatalytic CO, hydrogenation are given in
Table S7. The conversion of CO, to products was observed over
a 10-time interval (21 min per interval, and 4 additional minutes
for GC to get to ready state). As expected, pure CeO, showed
the lowest conversion, with only 6.6%, while the CZLNS
compound exhibited the highest conversion rate of 29.7%. The
CZLPY compound showed a modest improvement with 7.4%,
while the CZLPN and CZLPS compounds exhibited con-
versions of 7.9% and 9.2%, respectively. The CZLNY and
CZLSY compounds showed a conversion of 19.3% and 20.3%,
respectively. The significant improvement in the photocatalytic
activity of CZLNS, CZLNY, and CZLSY compounds can be
attributed to the presence of Nd and Sm, which are rare earth
elements with mixed oxidation state (+2/+3). These elements
possess unique optical and electronic properties that enhance
the photocatalytic activity.***’ Additionally, the combination of
Ce, Zr, and La with Nd and Sm played a crucial role in the
enhanced activity. The CZLPY, CZLPN, and CZLPS
compounds, on the other hand, showed only moderate
improvements in photocatalytic activity compared to those of
the pure oxide. One possible reason for the lack of improvement
in these compounds could be the addition of Pr, but it did not
significantly enhance the photocatalytic activity . Furthermore,
the brown color of Pr-containing compounds may have
hindered UV light absorption, leading to a lower activity.”’
Overall, the results indicate that the combination of Ce, Zr, La,
Nd, Y, and Sm is more effective in enhancing the photocatalytic
activity of HEOs for CO, hydrogenation. The selectivity of a
photocatalytic reaction refers to the percentage of a specific
product that is formed during the reaction, compared to the total
amount of products, formed after final interval time and after
first time interval is presented in Table S7 and Figure 6a,b.

The selectivity toward the products for all catalysts at the first-
time interval (where the conversion is below 10% for most of the

compounds), together with selectivity at the final time interval
and the different time intervals, is presented in Figures 6a,b and
S17, respectively. Pure ceria (CeO,) was found to have 100%
selectivity toward carbon monoxide (CO) in all reaction stages.
However, the other compounds tested showed varying degrees
of selectivity toward different products.

Among the tested compounds, CZLPY showed the highest
selectivity toward methane (CH,) in the first reaction time
interval, but its selectivity shifted toward CO in the following
reaction intervals. CZLPY showed a selectivity of 94.66% toward
CO and 5.34% toward CH, at the final time interval. This
suggests that the presence of Pr and Y in the composition may
have favored the production of CO over CH,. CZLNS showed a
relatively high selectivity toward methanol (CH;OH) in the first
three-time intervals, but its selectivity shifted toward CO in the
later stages of the reaction. CZLNS had a selectivity of 89.26%
toward CO, 2.9% toward CH,, and 7.84% toward CH;OH at the
final time interval. The presence of Nd and Sm in the
composition may have contributed to the higher selectivity
toward CH;0H over CH,. CZLPN and CZLNY showed
consistently high selectivity toward CO in all reaction stages,
with only minor amounts of CH, and CH;OH being produced
for CZLPN. At the final time interval, CZLPN showed a
selectivity of 97.4% toward CO, 2.2% toward CH,, and 0.4%
toward CH;OH. The presence of Pr and Nd in the composition
may have contributed to the high selectivity toward CO. CZLPS
had a relatively high selectivity toward CH;OH in the first
reaction point, but its selectivity shifted toward CO in the later
stages. CZLPS showed a selectivity of 90.6% toward CO, 8.7%
toward CH,, and 0.7% toward CH;OH at the final time interval.
The presence of Pr and Sm in the composition may have
contributed to the higher selectivity toward CH, over CH;OH.
CZLNY had a selectivity at the final time interval of 82.1%
toward CO, 9.3% toward CH,, and 8.6% toward CH;OH. The
presence of Nd and Y in the composition may have favored the
production of CH;OH over CH,. Finally, CZLSY showed the
lowest initial selectivity toward CO among all tested
compounds, but its selectivity shifted toward CO as the reaction
progressed. At the final point, CZLSY showed a selectivity of
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80.2% toward CO, 10.2% toward CH, and 9.6% toward
CH;OH. The presence of Sm and Y in the composition may
have contributed to the similar selectivity toward CH, and
CH;0H.

First, it is evident that the pure ceria compound (CeO,) has a
100% selectivity toward CO in all reaction stages, which is
consistent with its known activity as an efficient oxygen storage
material.”>* Regarding the high-entropy compounds, it can be
seen that most of them show a high selectivity toward CO at the
final time interval, ranging from 82.1% to 97.4%. This indicates
that the presence of ceria and zirconia in the catalysts is essential
for the CO, hydrogenation reaction,”” as these elements are
known to have a high affinity for CO, and can facilitate the
adsorption of CO, onto the catalyst surface.””> In terms of the
selectivity toward CH, and CH;OH, some correlations can be
made. For instance, high-entropy oxides that contain La, Pr, Nd,
and Sm tend to show a higher selectivity toward CH,, while
those containing Y tend to show a higher selectivity toward
CH;0H (CZLNY and CZLSY). This suggests that the
selectivity toward these products may be related to the presence
of these specific elements in the catalysts. Moreover, it is
interesting to note that the selectivity toward CH, tends to
decrease over time in most of the compounds, while the
selectivity toward CO tends to increase. This could be explained
by the fact that the CO, hydrogenation reaction involves a series
of steps, where CO, is first adsorbed onto the catalyst surface
and then reduced to CO,***” which can subsequently undergo
further reduction to produce CH,. Thus, the selectivity toward
CH, could be affected by the availability of CO on the catalyst
surface, which may decrease over time as more CO, is adsorbed.

Figure 7 illustrates the comparison of total CO, conversion
using pure CeO, and HEOs as catalysts. The results show that
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Figure 7. Comparison of CO, conversion over HEOs vs CeO,
conversion at the final point.

the photocatalytic activity of the HEO compounds is
significantly higher than that of CeO,. In particular, CZLNS
improves the photocatalytic activity by 4.47 times, while CZLPY
shows only a modest improvement of 1.12 times compared to
pure CeO,.

Table 2 presents the overall comparative results of the
structural and spectroscopic characterization, physisorption
measurements (BET surface area), and conversion of CO, for
the high-entropy oxide compounds. The results indicate that the
CZLNS compound has one of the highest surface area and pore
volume, along with CZLNY and CZLSY. The bandgap values of
the compounds range from 2.65 to 3.37 eV, with CZLNY having
the highest value and CZLPN the lowest. In terms of
photocatalytic activity, the results show that CZLNS has the
highest CO, conversion efficiency, which is 4.47 times higher
than that of pure CeO,. CZLPY has a moderate photocatalytic
activity with a 1.12 times improvement compared to pure CeO,,
while CZLNY and CZLSY have slightly lower photocatalytic
activity than CZLNS. The three compounds with the highest
conversion efficiency CZLNS, CZLSY, and CZLNY are Pr-free
compounds implying that their bandgaps are among studied
catalysts larger (>3 eV) due to the fact that Pr 4f states lower
bandgap values of parent pristine CeO, compound. It also
follows that these catalysts absorb light only in the UV part of the
spectrum as evidenced from absorption spectra. From Table 2, it
is also evident that these catalysts have the largest BET surface
area, the highest Ce3*/Ce* ratio, quite a high lattice microstrain
and a pretty high concentration of surface oxygen species
including oxygen vacancies. All of these findings measure the
availability of catalytically active sites required for successful and
efficient catalytic conversion of CO,. The key structural
parameter that mostly affects the catalytic activity of studied
HEOs is the fraction of Ce*" species as nicely presented in Table
2.

An additional point of the research was to investigate the
photocatalytic activity of HEOs when the ent_ro?y is introduced
step by step, in a way previously reported.”*>” The research
started by comparing the activity of CeO,, which served as a
baseline. Since all the high-entropy compounds contained Ce,
Zr, and La, and among all, CZLNS catalysts exhibit the highest
CO, conversion, the next compounds to be tested were the
oxides containing four elements in equimolar ratio, namely, Ce,
Zr, La, and Nd/Sm, the so-called medium-entropy oxides. The
goal was to observe the trends in selectivity toward reaction
products and CO, conversion in general and to establish a
connection between the activity of each element and its
influence on the catalytic activity. The overall results of the
catalytic activity of medium-entropy oxides are shown in Table
S8 and Figure 8. In addition to exploring the effect of entropy

Table 2. Overall Results of Using Ceria-Based HEOs for Photocatalytic CO, Hydrogenation. The Bold Text Denotes the
Catalysts with the Highest Activity Expressed with the Conversion Rate

average lattice
crystallite size microstrain SEEI ) oxygen species concentration bandgap  conversion
compound (nm) (x107%) (m®*g™!) Ce* ratio [Ce*]/[Ce**+ Ce**][rel.%] [O,4:)/[Total area][rel.%] (eV (%)
CeO, 11 20.56 21.5 n/a n/a 3.74 6.6
CZLPY 4 67.11 249 7.5 331 2.73 74
CZLNS 4 93.38 33.2 21.1 37 3.32 29.7
CZLPN 4 79.53 27.3 6.1 41.6 2.65 79
CZLPS S 59.02 242 74 30.1 293 9.2
CZLNY 4 72.68 35.7 18.3 26.9 3.37 19.3
CZLSY 4 74.35 32 20.6 31.5 3.21 20.3
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time yield toward reactions products (c—e).

introduction, we also investigated the impact of increasing the
concentration of Nd and Sm in the medium-entropy oxides. To
do so, the same amount of Ce, Zr, and La was used as in the high-
entropy form (0.2), but increased the concentration of Nd and
Sm to 0.4. Catalytic activity of medium-entropy oxide systems
resulted in interesting outcomes in terms of their photocatalytic
activity and selectivity for CO, hydrogenation. The
Cegr5Zrg55Lay,5Ndy,50,_5 exhibited a CO, conversion rate of
18.2%, with an almost 100% selectivity toward CO. Similarly,
the Ceg,5Z1g,5Lag,55mg,50,_s oxide showed a CO, conversion
rate of 17.2% with selectivity almost exclusively toward CO. On
the other hand, increasing the concentration of Nd or Sm in the
Ce—Zr—La—Nd and Ce—Zr—La—Sm medium—entropy oxides,
while keeping the concentration of Ce, Zr, and La constant at
0.2, resulted in higher CO, conversion rates. The
Ceg,Zry,Lay,Nd,,0,_5 oxide system exhibited a CO, con-
version rate of 21.7%, with a selectivity of 88.59% toward CO,
8.69% toward CH,, and 2.72% toward CH;OH. Meanwhile, the
Cey,Zry,Lay,Sm;,0,_s5 oxide system also showed a CO,
conversion rate of 21.7%, but with a selectivity of 86.53%
toward CO, 7.72% toward CH, and 5.75% toward CH;OH, as
shown in Figure 8.

The results of this research showed that the catalytic
properties of HEOs can be tuned by selecting the appropriate

29955

constituents. Specifically, we found that ceria-based HEOs have
great potential as photocatalysts for CO, hydrogenation
reaction, when tuned correctly.

The overall catalytic activity of the various compounds was
evaluated by calculating the spatial time yield (STY). STY values
were calculated by using eq 3. Total inlet volumetric feed flow
rate (Q;,): 15 mL/min. Proportion of CO, in the inlet feed was
fixed to 0.33 (V,,), V, represents molar volume of ideal gas at
STP, while remaining parameters used were catalysts weight
(M), conversion of CO, (Xcq ), and selectivity toward

reaction product (S;).

Xco, \( S
B QinViﬂ( 100 )(W)

kgcath V:gmcat (3)

mol

STY,

The compounds tested include pure ceria, medium-entropy
oxides, and six HEOs. Among the HEOs, the CZLNS
compound showed the best activity, with an STY of 14.4
molco kg, ' h™'. In terms of activity toward the production of
CH,, the CZLSY compound showed the best activity with an
STY of 1.09 molcy, kg, ' h™'. Regarding the activity toward
CH;O0H production, the CZLNS compound exhibited the best
performance with an STY of 1.27 mol¢y oy kg, ' h™". These

results additionally suggest that HEOs can be considered as
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Figure 9. In situ IR spectra for CeO, (top) and the best CZLNS compound (bottom), under the reaction conditions.

promising catalysts for CO, CH,, and CH;OH production in
CO, hydrogenation reactions. The results are shown in Figures
6¢—e, 8c—e and Table S9.

Comparing the results of photocatalytic activity, specifically
regarding STY values, across different studies presents a
challenge due to the diverse experimental setups and conditions
employed. Discrepancies in gas composition, sources of
radiation, reaction parameters, different reactors, and catalyst
properties significantly influence the observed photocatalytic
performance. Nonetheless, despite these challenges, it remains
essential to provide an overview of the field’s progress. In this
work, CeO, exhibited CO production rate of 3.5 mmol g_1 h,
while the best catalyst (CZLNS) exhibited 14.4 mmolg™ ' h™".In
previously published papers, there are many reported photo-
catalysts used in photocatalytic CO, reduction reaction. For
instance, Shangguan et al® used quantum-sized Au nano-
particles with a diameter of aproximately 4nm as the
photocatalyst and exhibited CO evolution up to 4.73 mmol
g 'h™! (accompanied by O, evolution) at 200 °C while using
different LED light sources (365—620 nm) and different light
intensities. Zhao et al." used FeO-CeO, nanocomposites as the
photocatalyst under Xe lamp irradiation and heating up to 419
°C, which resulted with a CO production rate of 19.61 mmol g™*
h™". Pu et al. also investigated photocatalytic CO, reduction over
a Ce0,/g-C;N, catalyst under different atmospheres.”> The
catalyst under an N, atmosphere showed the best photocatalytic
activity with a production rate of 3.5 ymol g"'h™" under full
spectrum illumination (300 W Xe lamp) and the presence of
water vapor through 8 h. Just for comparison, commercially
available photocatalyst TiO, P25 was tested by Akrami et al."
alongside synthesized TiZrNbHfTaO,; high-entropy oxide,
using 400 W Hg lamp, with reported 4.63 umol g"'h™", and
4.64 pmol g~'h™! CO production rates, respectively.

3.7. Diffuse Reflectance Infrared Spectroscopy
(DRIFTS). DRIFTS analysis was employed to investigate the
mechanism behind the CO, hydrogenation process in both
parent and modified HEO (CZLNS) compounds as depicted in

Figure 9. CZLNS compound exhibited stronger signal
intensities, indicating more effective CO, adsorption, consistent
with catalytic performance. Similarities between spectra of CeO,
and CZLNS can be noticed, which is consistent to material
characterization results, which again confirms that the ceria-
based HEOs are indeed modified versions of CeO,. A distinct IR
band at 2350 cm™' indicated the presence of gaseous CO,.
Overtones of gas-phase CO, and OH bonds were observed
between 3590 and 3730 cm™ in both CeO, and CZLNS
compounds.” A broad band in the 1600—800 cm™' range
corresponds to intense C—O vibration modes associated with
surface carbonates, carboxylates, formates, and alkoxides.
Vibrations related to C—H bonds were detected between
2800 and 3000 cm ™", with a minor peak at 2858 cm™ attributed
to C—H vibrations of surface formate species,” although gas
phase CH, was not visible as it typically emerges at higher
reaction temperatures (>250 °C). The process of CO,
hydrogenation involves hydrogen dissociation, OH formation,
and CO, activation.”®* This results with the formation of
CO,’ species (activated), which then interact with OH groups
to form bicarbonates.”* IR bands at 1600—1300, and around
1220—1210 cm™' represent various vibrational modes of
bidentate bicarbonates.”> When temperatures rise, surface
monodentate and bidentate carbonates and carboxylates
become visible through IR bands, each exhibiting intensities
and stabilities across the catalysts.””®” The formation of formate
plays a crucial role as an intermediate in the CO, hydrogenation
process. Formate can exist as either monodentate or bidentate
and originates from carboxylates or bicarbonates (eq 4).”” =%
Characteristic vibrations of formate, including bidentate and
monodentate forms, are detected in the 2800—2900 cm™* range
for (CH) and in the 1600—1300 cm™" range for asymmetric
and symmetric modes of v(CO,). Deformation modes 5(CO,)
are detectable below 1000 cm ™. Formate on catalysts can either
desorb as CO or react further with hydrogen to produce
methane (eq 5).°* Among the catalysts studied, CO formation is
preferred, while adsorbed CO has a lifespan on oxide surfaces—
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either desorbing or partially reacting with hydrogen to produce
oxygenated hydrocarbon fragments such as HCO, HCOH,
H,CO, and H,CO. IR bands around 1050—1000 cm™" indicate
the C—O stretching modes which are partially attributed to
alkoxide species.”’ Vibrations around 1450—1400 cm™' for
CeO, and 1420 cm™' for CZLNS are associated with alkyl
groups, which may overlap with carbonate and formate species,
after methanol dissociatively adsorbs on a surface of the
catalysts.”"

The main mechanism in the process of CO, hydrogenation
involves the decomposition of HCOO intermediates to form
CO. During the catalytic process, three primary products are
generated: CO, along with small amounts of CH, and CH;OH
over the CZLNS catalyst. This could be explained by an
alternative reaction pathway that results in the production of
alcohols from formate. Initially, from a kinetic perspective,
formaldehyde formation is more favorable, which is then
converted into methoxy species.”> Microkinetic analysis has
confirmed that the HCOO™ route is the predominant pathway
for methanol formation on ceria-based catalysts, which

subsequently undergoes hydrogenation to form methane (eqs
6—9). 63,64

HCO;(ads) + H(ads) - HCOO(_ads) + OH(ads) (4)

HCOO 45y = COyyqs) + OH (4, (3)

HCOO(,4,) + 2H — H,CO(q + OH 4 (6)
H,COq,) + H = H;COq4, (7)
H,CO(ygy) + H — HSCOH(g) (8)
H;COqq) + Hy = CH, ) + OHyg) )

3.8. Characterization of the Material After Photo-
catalytic Reaction. In order to evaluate the material (CZLNS)
after the catalytic reaction of photocatalytic CO, hydrogenation,
several analyses were conducted. These included X-ray
diffraction (XRD) to assess the crystallographic data, scanning
electron microscopy (SEM) to examine any possible morphol-
ogy changes, and X-ray photoelectron spectroscopy (XPS) to
analyze the surface composition. The XRD analysis (Table S10)
revealed a slight increase in the average crystallite size of the
material and a significant decrease of coupled lattice microstrain,
which can be attributed to the pretreatment at a higher
temperature. Additionally, there was a slight decrease observed
in the lattice parameters and cell volume. This decrease could
potentially be explained by an increase in the concentration of
Ce®" ions resulting from the hydrogenation reaction. SEM
images (Figure S18) showed that the surface morphology of the
material remained unchanged after the catalytic reaction. This
indicates that the reaction did not cause any significant
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alterations in the surface structure. Elemental mapping also
demonstrated that the distribution of elements remained
uniform, further confirming the stability of the material’s
composition (Figure S19). The deconvolution analysis of the
Ce 3d spectrum for CZLNS after the reaction revealed an
increase in the concentration of Ce** ions compared to its as-
synthesized form, which is consistent with crystallographic data
obtained from the Rietveld refinement. This suggests that the
hydrogenation reaction led to the reduction of surface Ce**
species to Ce* ions. Furthermore, the deconvolution analysis of
the O 1s spectrum for CZLNS after the reaction showed a
decrease in the concentration of adsorbed oxygen species
compared to the as-synthesized CZLNS. This decrease indicates
that these oxygen species likely participated directly in the CO,
hydrogenation reaction. Additionally, deconvoluted XPS spectra
are shown in Figure S20.

3.9. First-Principles Density Functional Theory Simu-
lations of HEOs. As outlined in our previous research, similar
methodologies have been employed for dopin§, resulting in the
construction of six distinct HEOs models.”” These include
Ce,Zrg,Lag,Prg,Y0,0, (CZLPY), Ceg,Zrg,Lag,Ndy,8mg,0,
(CZLNS), Ceq,Zrq,La, ,Pry,Nd;,0, (CZLPN),
Ce,Zrg,Lag,Pro,Smg,0, (CZLPS), Ceg,Zrg,La0,Ndy,Y0,0,
(CZLNY), and Cey,Zry,Lay,Smy,Y,,0, (CZLSY), as depicted
in Figure S21. It should be noted at this point that the oxygen
site in HEO lattices was considered as fully occupied in the
theoretical modeling. The DFT-optimized bulk structures were
cleaved in various directions, revealing that the surface along the
(001) direction exhibits high stability. To identify the most
effective catalyst, all of these slabs, along with pristine ceria, were
optimized as illustrated in Figure S22. Subsequently, five CO,
molecules were adsorbed at five distinct positions on the slab of
these HEOs due to the presence of five different types of atoms,
as shown in Figure $23. The interactions between CO,
molecules and catalyst surfaces were simulated using the
following equation:

AEad =Esutface@analyte - (Eanalyte +Esurface) ( 10)

In this equation, Eufce@anayte Tepresents the adsorption
energy of the intermediate species, E ;. corresponds to the
DFT energies of the relaxed slabs with the specific adsorbate,
E e signifies the DFT energy of the slab without any
adsorbate, and E,,y. stands for the DFT energies of the
molecular gas-phase references.

Based on the CO, interaction energy (—0.89 eV), it is
determined that CZLNS is the superior catalyst for CO,
reduction compared to the other HEOs. The 2D electron
localization function (ELF) plots of all seven species, as shown
in Figure S24, indicate that the CO, molecules excellently share
electronic cloud density with the catalyst surfaces. A
comparative analysis of Figure S24 suggests that all HEOs are
active and capable of reducing the level of CO,. The interaction
energy of CO, with all of these species is depicted in Figure 10a,
a finding that aligns with our experimental data.

Similarly, to identify and verify whether the same catalyst can
desorb the CO molecules, we interacted with five CO molecules
on the surface of all these HEOs and simulated their interaction
energy. The optimized models and ELF maps are presented in
Figures S25 and S26, while the interaction energy can be seen in
Figure 10b. A comparative analysis of Figures S25, $26, and
Figure 10b leads to the conclusion that CZLNS is again the best
catalyst for CO desorption, exhibiting a minimum interaction
energy (—0.76 €V). This lower interaction energy indicates that

CO molecules will not adhere to the surface of CZLNS and only
a small energy barrier is required for CO desorption.

After confirming CZLNS as the best catalyst, we investigated
its most active site (most reactive atoms). To perform this study,
we individually interacted one CO, molecule with each of the
Ce, Zr,Nd, La, and Sm atoms on the catalyst and simultaneously
simulated their interaction energies, as depicted in Figure 10c.
From the comparative interaction energy analysis, it is inferred
that Zr is the most reactive site for CO, reduction, exhibiting the
highest adsorption energy.

To streamline the discussion, we focused our simulation on
the CZLNS model and conducted all of the electronic structure
properties and CO, reduction studies. This model displayed
ideal interaction energy with CO, and CO molecules. The
conversion of the CO,RR into CO occurs via three intermediate
steps:

Formation of COOH: In the first step, CO, is converted into
the intermediate COOH (carboxyl group) with the addition of
electrons and protons: 2 CO, + 2 e— + 2 H+ - 2 COOH.

Formation of HCOOH: The COOH intermediate further
transforms into formic acid (HCOOH) with the addition of
electrons and protons: 2COOH + 2 e— + 2 H+ — 2 HCOOH.

Formation of CO: The final step reduces formic acid
(HCOOH) or carboxyl groups (COOH) to produce carbon
monoxide (CO): 2 HCOOH + 2 e— + 2 H+ - 2 CO + 2 H,0.

We optimized the adsorption configurations of reactants,
intermediates, and products on the (001) facet of CZLNS as
shown in Figure S27. The adsorption energies of CO,
intermediate species were calculated using eq 4. The CO,RR
begins with the adsorption of CO, on the catalyst surfaces. Here,
the adsorption energy of CO, on the surface of CZLNS is —1.74
eV. This high energy demonstrates excellent conversion of the
CO,RR over the surface of CZLNS.

As discussed earlier, the CZLNS surface catalyzes the CO,
reduction reaction via a sequence of intermediates: CO,* —
COOH* — HCOOH* — CO*. The adsorption energy of each
intermediate (E,4,) determines its stability and reactivity on the
surface as shown in Figure 10d and Table S11. A more negative
E,4 implies a stronger intermediate-surface interaction and
higher stability but also a lower tendency to desorb or react
further. Thus, each intermediate faces a trade-off between
stability and reactivity. A moderate E g is desirable to enable
both the adsorption and desorption of intermediates. In our
case, COOH* exhibits the most negative E4, (—2.34 eV),
indicating that it is the most stable and least reactive
intermediate on the CZLNS surface. This high E 4 results
from the strong bonding and anionic state of COOH¥*.
Conversely, the adsorption energy of CO* is —0.76 eV,
suggesting that it is a stable intermediate on the CZLNS surface.
Therefore, the CZLNS surface favors the CO, reduction
reaction and may promote desorption of CO, enhancing its
selectivity. As the final product, weak adsorption is expected for
CO. However, too negative E 4 should be avoided as it may
impede the release of CO. The binding strength of these four
intermediates could also be inferred from comparing the density
of states (DOS) of the active Zr site with adsorbates (Figure
10e). As can be seen from Figure 10e, all of these intermediate
species have additional peaks near the Fermi level compared to
pristine CZNLS, corresponding to the stronger adsorbate
binding energies.

As aresult, the reduction of CO, to CO was found to be most
energetically favorable. Additionally, HCOOH®* has an
intermediate E, 4, implying that it has moderate stability and
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Figure 11. a) Comparative density of states and b) 2D effective potential map along c-axis. c) Electron difference density along c-axis and d)
electrostatic difference density along b-axis of pristine CZLNS and CO, interacted intermediates.

reactivity on the CZLNS surface. This may be beneficial for the
CO, reduction reaction as it may balance between stability and
reactivity and facilitate both formation and desorption of
HCOOH*. CO,* has a reasonable E,4, meaning that it is
adsorbed on the CZLNS surface. This is advantageous for
initiating the activation of CO, and increasing the reaction rate.

Based on our DFT simulations, we conclude that CZLNS
demonstrates both high selectivity for CO and significant
activity in CO, reduction. Our analysis suggests that the rate-
limiting step in this process may involve the formation of
COOH*, while the most favorable product appears to be CO*.
To summarize, our findings strongly indicate that the CZLNS
surface serves as an eflicient catalyst for the CO, reduction
reaction. The robust binding of COOH* and HCOOH?,
combined with the moderate adsorption of CO,* and CO¥,
supports the notion that this surface can facilitate the various
stages of the reaction. These adsorption energy profiles signify a
promising potential for catalytic activity in the conversion of
CO, into CO when HEO materials enriched with elements such
as La, Ce, Zr, Sm, and Nd.

In Figures 11a and S28, the sharing of electron cloud density
between the CO,RR intermediates and the surface of pristine
CZLNS is clearly visible from the electron localization function
(ELF) maps. The strong interaction between the CO,
intermediates and the CZLNS surface can also be observed
from the 2D effective potential map near 15 A (Figure 11b),
where pristine CZLNS is compared with the CO,RR
intermediates. Additionally, from CO,RR intermediates, we
calculated the electron difference densities (EDDs) and
electrostatic difference potential (EDP) of pristine CZLNS

29959

with and without CO, intermediates interactions, as shown in
Figure 11c,d, respectively. The ELF, EDD, and EDP of the pure
CZLNS catalyst and CO,RR intermediates attached to CZLNS
clearly demonstrate the electron transfer from the surface atoms
to the CO,RR intermediates.

Particularly, CZLNS@CO, is more prominent compared to
other species, as can be seen from the EDP in Figure 11d. A
comparative analysis of Figure 11 leads us to predict that, at the
Zr sites of the CZLNS catalyst, we noted the buildup of charges,
which facilitated the subsequent electron transfer from the
catalyst to the CO, molecule. Remarkably, the electron transfer
phenomenon is exclusively confined to the Zr sites, playing a
crucial role in activating CO, and instigating the reduction
process.

4. CONCLUSIONS

To summarize, we have successfully synthesized six types of
phase pure ceria-based high-entropy oxides in nanocrystalline
form using a modified aqueous sol—gel route. Thorough
structural and surface analysis using various characterization
methods (PXRD, SEM, TEM, BET, UV-Vis, XPS, and
DRIFTS) has revealed that the obtained HEOs have a single
fluorite structure with a lattice parameter similar to that of parent
simple oxide CeO,. The variation of equimolar chemical
composition yielded the bandgap variation and modulation of
electronic structure. The phase stabilization of HEO in parent
CeO, lattice induced more lattice distortion, more Ce>*
concentration, more oxygen vacancies, and additional energy
levels as compared to pristine CeO,. Based on the obtained
results, the compound Ce,Zr;,Lay,Ndy,Smy,0,_s (CZLNS)
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exhibited the best catalytic activity and space-time yield among
all tested catalysts. This is attributed primarily to its unique
chemical composition and comparative properties among
studied catalysts: the highest lattice microstrain, the highest
fraction of surface oxygen species including oxygen vacancies,
high fraction of Ce**, high BET surface area, and the absence of
Pr cations. Additionally, through DRIFTS analysis, we gained
insights into the mechanism behind CO, hydrogenation over
both CeO, and the best high-entropy oxide. In these processes,
carbon monoxide (CO) was found to be the product with 100%
selectivity when pure CeO, was used as a catalyst. On the other
hand, “modified ceria”’-HEOs displayed a preference for
producing other reaction products such as methane and
methanol. Importantly, these experimental observations align
with theoretical models, including density functional theory
(DFT) simulations. Finally, DFT simulations highlight CZLNS
as an efficient catalyst for CO, reduction, demonstrating high
selectivity for CO and significant activity, with COOH*
formation potentially serving as the rate-limiting step and
CO* as the favored product. This work delivered a promising
way for designing new catalysts by combining high-entropy
stabilization, nanoengineeringand theoretical modeling, bring-
ing more opportunities for their applications in CO, conversion
under UV light irradiation.
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