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Abstract:

Active, stable Pd species were incorporated within the matrix of the fluorite-based high-entropy oxide
(HEO) (YZrLaGdHf)1O; using an entropy-driven strategy based on a liquid-phase reaction. In situ X-ray
absorption fine structure analyses and transmission electron microscopy observations at elevated
temperatures under H, confirmed that partially aggregated Pd oxide species in the as-synthesized
Pd@(YZrLaGdHf)0,) were transformed into an entropy-stabilized isolated form at 600 °C. In contrast, Pd
species on the (YZrLaGdHf)\O, surface were readily reduced with the formation of
nanoclusters/nanoparticles even in the temperature range of 100 to 200 °C. This HEO incorporating Pd
exhibited enhanced activity during the hydrogenation of CO, to formic acid with a maximum turnover
number of 5000 based on the quantity of surface-exposed Pd atoms. This performance was more than eight
times higher than that of the Pd/(YZrLaGdHf)xO: on the basis of supported Pd. An assessment of kinetics
and theoretical investigations suggested that entropy-stabilized isolated Pd species facilitated both H»

dissociation and the attack of dissociated H atoms on C atoms in HCO;™ ions.
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1. Introduction

Multicomponent solid solutions have attracted significant attention as so-called high-entropy materials
exhibiting fascinating properties derived from high values of configurational entropy (AScont).'* In 2005,
Rost et al. suggested the concept of high entropy oxides (HEOs) as a new class of single-phase materials
composed of five or more metal oxides and having random occupancies.’ Subsequently, HEOs with various
crystal structures, such as rock salt-type, perovskite-type oxides, spinel-type, and fluorite-type oxides, were
developed.® The wide range of possible HEO compositions suggests many potential applications, including
in batteries and catalysis.” In particular, the high AScont values of such materials that result from the large
number of components is a prominent characteristic. According to the Gibbs free energy equation G = H —
TS, (where G is the Gibbs free energy, H is the enthalpy, 7 is the temperature and S is the entropy), phase
stability will be principally determined by competing enthalpic and entropic effects. Specifically, higher
temperatures and higher AScons values will stabilize a given system by lowering the overall G value. HEOs
in particular are able to stabilize foreign atoms based on a pronounced entropy effect at high temperatures,
depending on the combination of constituent elements that is employed.'!* For example, entropy-driven
stabilization of single-atom Pd within (CeZrHfTiLa)Ox has been established by a mechanical milling
followed by the calcination at 900 °C, which shows outstanding low-temperature CO oxidation activity as
well as high resistance toward thermal and hydrothermal degradation.'® More recently, the crucial role of
oxygen vacancies in HEOs is also well investigated. This research demonstrated that the higher amount of
oxygen vacancies promotes the surface oxygen exchange, which facilitates the efficient N dissociation and

thus leads to higher NH; formation yield.'

The hydrogenation of CO; to produce formic acid (FA; HCOOH) is an important reaction because FA
has a relatively high hydrogen content (53 g L™!), is nonflammable under ambient conditions, and exhibits
low toxicity.'*!® This compound is also being considered as a renewable hydrogen storage material in CO»-
mediated energy cycles because FA can efficiently release hydrogen and CO; in the presence of appropriate
catalysts. The synthesis of FA via CO, hydrogenation is typically performed in the liquid phase in the
presence of a weak base (B) that shifts the thermodynamic equilibrium to the product side based on the
equation CO: (aq) + Hz (aq) + B —» HCO: (aq) + BH', AG = —35.4 kJ'mol ."” However, reliable
heterogeneous catalysts for this reaction have not yet been developed in spite of the practical advantages
such materials would provide.?*! The fabrication of precious metal catalysts that are not prone to sintering
would be especially desirable because supported active metal nanoparticles tend to agglomerate at high
temperatures, drastically reducing the catalytic performance. Such agglomeration can be inhibited by
utilizing the strong interactions between metal nanoparticles and catalyst supports, which can also generate

unique synergistic effects at the interfaces between these materials.?? In addition, the surface modification



of support materials with organic ligands can inhibit the aggregation of metal nanoparticles through specific
metal-ligand electronic effects.”

The present study incorporated active Pd species within the HEO (Y ZrLaGdHf)O», which is the typical
single-phase multi-component fluorite-type oxides. It was anticipated that the high-entropy effects
originating from the number of components in this HEO matrix would solve the aggregation problem of
supported metals. As expected, entropy-stabilized isolated Pd species were obtained, as evidenced by in
situ observations at elevated temperatures under H,. Enhanced catalytic activity during the hydrogenation

of CO» to generate FA was also observed.

2. Experimental

2.1. Materials: Na,PdCls; was obtained from the Tokyo Kasei Kogyo Co., Ltd. while La(NOs);-6H>0),
Ce(NOs);-6H,0, HfCls, Gd(NO3)3-5H>0, ZrO(NOs),, NHy):[TiO(C204):]'nH2O and hexamethylene
tetramine were purchased from Nacalai Tesque. Poly(ethylene glycol)-block-poly(propylene glycol)-block-
poly(ethylene glycol) [P123] and Y(NO3)3-6H>O were purchased from Sigma-Aldrich. All commercially

available compounds were used as received. Distilled water was employed as the reaction solvent.

2.2. Synthesis of Pd@(YZrLaGdHf),0:

Y(NO3)3-6H,0 (0.5744 g), ZrO(NOs)2:2H,0 (0.4009 g), La(NOs)3-5H,0 (0.6495 g), Gd(NOs)3-5H,O
(0.6500 g), HfCl4 (0.4805 g) and 37.5 mL of distilled water were combined in a 500 mL flask and the
mixture was ultrasonicated until all reagents were completely dissolved. Following this, a solution of 3.0 g
of P123 in 56 mL of ethanol was added after which ethylene glycol (180 mL), hexamethylenetetramine
(1.05 g) and Na,PdCl4 (0.0784 g) were added and the mixture was stirred for 45 min. The resulting solution
was transferred into an autoclave with a Teflon liner and heated at 170 °C for 15 h, followed by cooling.
The solid product was recovered, washed with ethanol and water, and dried overnight under vacuum. Finally,
the product was ground in an agate mortar and calcined in air at 400, 600 or 800 °C for 2 h to obtain the
Pd@(YZrLaGdH{f)O,. The Pd@(TZrLaCeHf):O, was prepared by the same procedure but using
(NH4)2[ TiO(C204)2]-3H,0 (0.4948 g) and Ce(NO3)3-6H,0 (0.6513 g).

2.3. Synthesis of Pd/(YZrLaGdHf),0,

Y(NO3)3-6H20 (0.5744 g), ZrO(NOs),-2H>0 (0.4009 g), La(NOs)3-5H,O (0.6495 g), Gd(NOs);-5H,O
(0.6500 g), HfCl4 (0.4805 g) and 37.5 mL of distilled water were combined in a 500 mL flask and
ultrasonicated until the reagents were completely dissolved. Following this, a solution of 3.0 g of P123 in
56 mL of ethanol was added to the precursor mixture. Ethylene glycol (180 mL) and

hexamethylenetetramine (1.05 g) were subsequently added and the mixture stirred for 45 min. The resulting
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solution was transferred into an autoclave with a Teflon liner and heated at 170 °C for 15 h, followed by
cooling. The product was then separated, washed with ethanol and water, and dried overnight under vacuum.
Finally, the mixture was ground in an agate mortar and calcined in air at 800 °C for 2 h to obtain the
(YZrLaGdHf),0..

A 0.5 g quantity of this material was dispersed in a mixture of 100 mL of an aqueous solution containing
Na,PdCls (0.0142 g), then the mixture was stirred at room temperature for lh. The suspension was
evaporated under vacuum, and the obtained powder was dried overnight. Subsequently, the sample was
reduced with H, (20 mL/min, 400 °C) for 2 h to yield the Pd/(YZrLaGdHf),O, having a Pd content of 1.0
wt%. Pd/(TiZrLaCeHf) O, was prepared by the same procedure but using (NHa4):[TiO(C204):]-3H,O
(0.4948 g) and Ce(NO3)3-6H,0 (0.6513 g). ICP analysis clearly indicated that the desired amounts of metal

species were successfully loaded onto each support

2.4. General procedure for the catalytic hydrogenation of CO,: CO, hydrogenation to FA was conducted
with a batch reactor system using a stainless-steel autoclave (60 mL). In each trial, a portion of the catalyst
(30 mg) and a 1.0 M aqueous NaHCOs solution (10 mL) were transferred into the reactor after which the
pressure in the device was increased to 2.0 MPa by adding H, and CO» in a 1:1 molar ratio. The system was
subsequently heated to 100 °C and stirred for 24 h. FA yields were determined based on analyses by high-
performance liquid chromatography at 40 °C using a Shimadzu instrument equipped with a Bio-Rad
Aminex HPX-87H ion exclusion column (300 x 7.8 mm) with 5 mM H>SOs at a flow rate of 0.5 mL/min
as the mobile phase. TON values were determined by dividing the quantity of FA produced after 6 h by the
moles of total Pd or surface-exposed Pd in the catalyst specimen, as appropriate. In the case of the reaction
using Pd/(YZrLaGdH()xO,, the specimen was treated with H; at 100 °C prior to catalytic experiment. After
the reaction, the catalyst was recovered by centrifugation, washed twice with water and ethanol, then
redispersed in aqueous solution and used for repeated tests under the same conditions. Since the catalyst
cannot be completely recovered, the same reaction was carried out twice, and the recovered catalyst was

combined and used in the next reaction.

2.5. Characterization: Powder XRD patterns were recorded using a Rigaku Ultima IV diffractometer with
Cu K, radiation (A = 1.54056 A). Nitrogen adsorption-desorption isotherms were acquired at —196 °C using
a BELSORP-max system (MicrotracBEL Corp.). Samples were degassed at 150 °C for 3 h under vacuum
to remove physisorbed water prior to each trial. Specific surface areas were calculated using the BET
method based on the nitrogen adsorption data. Metal concentrations in the samples were determined using
ICP-AES, employing a Nippon Jarrell-Ash ICAP-575 Mark II instrument. STEM images and elemental
maps were obtained with a JEOL-ARM 200F apparatus equipped with a Kvex energy-dispersive X-ray

detector (JED-2300T) operating at 200 kV. CO pulse adsorption analyses were performed using a BEL-
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METAL-1 instrument (BEL Japan, Inc.) as a means of assessing the extent of Pd dispersion. Each sample
was pretreated under a flow of He at 50 °C for 15 min and subsequently under a H, flow at 50 °C for 60
min. The CO adsorption of each specimen was assessed at 323 K under a flow of 1% CO in He at a rate of
20 ml'min’'. Pd K-edge X-ray absorption fine structure (XAFS) spectra were obtained in the transmission
mode using the BLO1B1 beamline at the SPring-8 facility operated by JASRI in Harima, Japan (proposal
numbers 2023A1668 and 2023B1805), using a Si(111) monochromator. In preparation for these analyses,
each sample was formed into a pellet and held in a batch-type in situ XAFS cell. During reduction sequences,
the sample was reduced under a 45 mL/min flow of a mixture comprising 33% H; in He while heating at a
rate of 10 °C/min to a constant temperature. The H,-D» exchange reaction was monitored using a
BELCATII system (MicrotracBEL Corp.). After pretreatment under a He flow at 323 K for 30 min, the H,-
D, exchange reaction was performed at 50 °C using 25% H; in He or 25% D- in He at a flow rate of 25
ml-min!. The products of this process (H,, HD and D) were analyzed using an online mass spectrometer

and the rate constant was determined based on the quantity of HD (m/z =3) that was generated.

2.6. In situ ETEM

The thermal stability of each specimen was ascertained using an ETEM apparatus (Titan ETEM G2,
Thermo Fisher Scientific Inc., USA) employing a Cs corrector in conjunction with the objective lens
together with a monochromator and a K3-IS Direct Detection camera (Gatan, Inc., USA). The accelerating
voltage and electron current flux were set at 300 kV and less than 4 A/cm?, respectively, and observations
under these conditions did not cause serious damage to the HEO support. The material was heated from
room temperature to 700 °C under H; of 100 Pa at a heating rate of 5 °C/min using a NanoEx/i-v device
(Thermo Fisher Scientific Inc., USA).

2.7. DFT calculations. First-principles calculations were conducted using the projector augmented-wave
method?* as implemented in the VASP code.?>2° The Perdew-Burke-Ernzerhof functional as tuned for solids
(PBEsol)*” was employed. A surface cation was changed to Pd. The La,Os slab model used in a previous
study by the authors®® was also used, in which a Hubbard U* based on the relationship U-J = 3 eV was
added to the valence 5d states of La in La,Os. The calculated model is La7;PdO;os. The experimentally
determined lattice parameter a=5.28825A for a standard fluorite cell was used to construct the HEO model
for Y13Zr13La13Gs 12Hf1,PdO125 per supercell. The Pd site in this model were fixed at the outermost surface
of the model, and elements were randomly distributed at the remaining cation sites. The (100) termination
of the fluorite structure had a nonpolar type C morphology based on the definition proposed by Hinuma.*
Half of the atoms in the outermost layers, which comprised cations, were removed in a striped pattern to

obtain a slab that was nonpolar when all cations were the same.?' All internal coordinates were relaxed and
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the atom positions were allowed to fully relax. Spin polarization was considered. Additionally, a Pdes model
was considered.

Calculations with HCOs™ adsorbed on the slab with negative charge could not be performed in
conjunction with three-dimensional periodic boundary conditions. Therefore, neutral HCO3; was adsorbed.
The electronic density of states (DOS) was obtained for HCO; on HEO, HEO, HCO3 on Lay0s, LayO;3,
HCOs on Pd, and Pd, respectively. The DOS for all atoms in the model, partial dos for the Pd atom, and O
in HCO; that is adsorbed to Pd are shown in the figure. There are two Pd-O bonds for HCO; adsorbed to
Pd, and DOS for the Pd-O pair where O does not bond to H is shown.

3. Results & Discussion
3.1. Synthesis and Characterization of Pd-based HEO samples

Scheme 1 shows the illustration of the synthesis of Pd@/(YZrLaGdHf)<O, and Pd/(YZrLaGdHf).O,. A
specimen of the HEO incorporating 1.0 wt% Pd (Pd@(Y ZrLaGdHf)<0O-) was synthesized using a solution-
based hydrothermal method involving all dissolved metal salts in the presence of P123 as surfactant and
hexamethylenetetramine as a precipitant.? This was followed by calcination in air at 400, 600 or 800 °C
for 2 h. Pd@(TiZrLaCeHf)xO, was prepared by the same procedure but using Ti and Ce precursors instead
of precursors containing Y and Gd. (YZrLaGdH():O; and (TiZrLaCeHf):O, were also prepared using the
same process but without the Pd precursor with subsequent calcination in air at 800 °C for 2 h. For
comparison purposes, HEO specimens supporting 1.0 wt% Pd (Pd/(YZrLaGdHf):O, and
Pd/(TiZrLaCeHf)1O,) were prepared by the conventional impregnation method followed by reduction at
400 °C under Ha.

Figure Sla presents the X-ray diffraction (XRD) patterns obtained from the (YZrLaGdHf):O.-based
specimens. The Pd@(YZrLaGdHf)1O> and Pd/(YZrLaGdHf):O; calcined at 800 °C were both confirmed
to have fluorite structures, suggesting that low levels of Pd did not change the HEO structure.* In contrast,
the samples calcined at 400 °C generated various broad peaks but not the characteristic peaks assignable to
a fluorite structure (Figure S1b). These data indicated that single-phase HEO materials were not formed
by the calcination at 400 °C. The N, adsorption/desorption isotherms of these same two specimens both
exhibited hysteresis indicative of a mesoporous structure whereas this structure was evidently collapsed by
the following treatment at 800 °C (Figure Slc). In addition, the Brunauer—Emmett—Teller (BET) surface
area (Sger) decreased significantly upon increasing the calcination temperature, from 83 m* g! at 400 °C
to 6 m? g'! at 800 °C (Table S1). In the XRD pattern of the (TiZrLaCeHf)xO,-based specimens, the peaks due
to a fluorite structure were intensified with increasing the calcination temperature, but the patterns calcined at

800 °C show the appearance of additional peaks (Figure S2a and b). Similar trends can be observed with regard



to the N, adsorption/desorption data obtained from these (TiZrLaCeHf)xO»-based specimens compared with
(YZrLaGdHf)xO»-based ones (Figure S2c).

In situ X-ray absorption fine structure (XAFS) analyses were conducted to elucidate the stability of the
Pd species under an H, atmosphere at elevated temperatures. The shape of the Pd K-edge X-ray absorption
near-edge structure (XANES) spectrum of Pd@(YZrLaGdH{).O- before reduction resembled that of PdO
but differed from that of Pd foil and contained two distinct peaks attributed to the allowed 1s—5p transition
(Figure 1a). The spectrum acquired at 600 °C under an H, atmosphere resembled that of the material prior
to reduction and that of PdO. However, a more detailed inspection found an adsorption edge position of
24,348 eV, similar to that of Pd foil but lower than the values of the material before reduction and of PdO.
This outcome provided evidence that the valence state of Pd in the Pd@(TiZrLaCeHf),O, at 600 °C under
H, was between 0 and +2 (Figure S3).

The Fourier-transform extended X-ray absorption fine structure (FT-EXAFS) spectrum of the
Pd@(YZrLaGdHf)1O, before reduction contained a peak attributed to Pd—O bonds and peaks due to Pd—
O-Pd and/or Pd-O-M (M=, Zr, La, Gd, Hf) bonds at approximately 1.6 and 3.0 A, respectively (Figure
1b). The intensity of the latter peaks relative to that of the former peak gradually decreased with increases
in the reduction temperature. A small peak related to contiguous Pd—Pd bonds was also evident. Wavelet-
transformed EXAFS (WT-EXAFS) is a useful tool for identifying the nature of surrounding atoms not only
on the basis of interatomic distance but also backscattering amplitude.** The WT-EXAFS spectrum obtained
from the Pd@(YZrLaGdHf).O; before reduction contained peaks attributable to Pd—O bonds and to Pd—O—
Pd and/or Pd—-O-M (M=, Zr, La, Gd, Hf) bonds (Figure 1e), consistent with the PdO reference (Figure
S4a). The Pd@(YZrLaGdHf)O, heated at 600 °C under H» generated a main peak due to Pd—O bonds with
an R value of 1.5 A and a k of 5.0 cm ™!, but the peaks related to Pd—O-Pd and/or Pd-O-M bonds were
small (Figure 1c). In addition, a new and less intense peak appeared with an R of 2.5 A and k of 11.0 cm™".
This peak clearly differed from that related to the Pd-Pd bonds in Pd foil (R =2.5 A and k=9.1 cm™)
(Figure S4b), suggesting an interaction between heavier elements such as La, Gd and Hf rather than with
Pd.

Scanning transmission electron microscopy (STEM) images of the Pd@(YZrLaGdHf)O. before
reduction did not show any noticeable particles. In addition, an EDX analysis demonstrated the uniform
distributions of Y, Zr, La Gd, and Hf throughout the matrix but partial aggregation of the Pd (Figure S5).
These results are in agreement with the XAFS data and so it appears that Pd was present in the form of
partially aggregated oxides within the HEO matrix. Notably, no nanoparticles were identified in STEM
images even after reduction at 600 °C under H; (Figure 2). EDX mapping also confirmed the homogeneous
distribution of all elements in this material, with good dispersion of Pd and an absence of aggregation.

These findings demonstrated that partially aggregated Pd oxides were transformed into isolated entropy-



stabilized particles as suggested by the XAFS analysis. It is therefore evident that a homogeneous solid-
solution phase composed of multiple elements was synthesized (Figures 1d and f).

Pd species supported on the (YZrLaGdHf)«O, were found to undergo rapid reduction. As such, the Pd K-
edge in situ XANES spectrum of the Pd/(YZrLaGdH{):O, following reduction at 50 °C was similar to that
of Pd foil (Figure 3a). In addition, the FT-EXAFS spectrum exhibited a single intense peak associated with
Pd-Pd bonds at 2.5 A even at 50 °C (Figure 3b). The WT-EXAFS spectrum acquired from the
Pd/(YZrLaGdH{)<O; after reduction at 100 °C exhibited a peak attributed to Pd—Pd bonds with an R of 2.5
A and k of 8.5 cm™! (Figure 3c¢). This peak was consistent with that generated by Pd foil (Figure S4b),
suggesting the formation of Pd nanoparticles. STEM images showed nanoparticles having diameters in the
range of 2 to 5 nm on the periphery of the HEA support after reduction at 100 °C (Figure 4). EDX mapping
also confirmed the formation of aggregated Pd species. These results revealed that the impregnated Pd
precursor is easily converted to Pd nanoparticles without benefiting from the stabilizing effect of HEO
(Figures 3d and f).

In the case of the Pd@(TiZrLaCeHf).O,, the shape of the XANES spectrum gradually changed beginning
at 100 °C and was completely transformed into Pd metal at 200 °C (Figure Séa). In the FT-EXAFS
spectrum, the intensities of the peaks related to Pd—O bonds at 1.5 A and to Pd—-O-Pd and/or Pd-O-M (M=
Ti, Zr, La, Ce, Hf) bonds at 3.0 A gradually decreased, while the peak ascribed to Pd-Pd bonds become
stronger (Figure S6b). WT-EXAFS spectra confirmed the transformation of partially aggregated Pd oxide
species into Pd nanoparticles by reduction at 200 °C (Figures Séc-f). Pd K-edge XAFS results suggest that
the stability of the Pd species follows in the order of Pd/(YZrLaGdHf)O, < Pd@(TiZrLaCeHf):O, <
Pd@(YZrLaGdHf)xO,. The relatively rapid reduction of incorporated Pd species within the
(TiZrLaCeHf)1O, compared with that within the (YZrLaGdHf).O, indicated that the entropy-stabilization
effect was greatly affected by the composition of the HEQ.353¢

The thermal stability of the Pd species in response to sintering under H, was further evaluated based on
in situ ETEM observations at elevated temperatures under H, of 100 Pa. Interestingly, almost no change
was observed with increases in temperature in trials with the Pd@(YZrLaGdHf)O, even at 600 °C,
although very small nanoclusters/nanoparticles appeared above this temperature (Figure Sa). However, this
behavior was rare because nanoparticle formation was confirmed at only nine observation points out of
approximately 90 points in a 50 nm square region after heating under H, at 700 °C. These results clearly
demonstrate that the Pd species encapsulated within the (YZrLaGdHf)«O, exhibited high thermal stability
and structural resistance to deterioration because of the high configurational entropy effect. In contrast, the
impregnated Pd species on the (YZrLaGdHf)«O, were readily reduced under the present conditions and the
formation of nanoclusters/nanoparticles could be observed even at 100 to 200 °C (Figure Sb), consistent

with the in situ XAFS results.



3.2 Catalytic performances in CO; hydrogenation into FA

The catalytic activities of these materials during CO, hydrogenation to FA were examined with the
results shown in Figure 6a. A typical reaction was carried out in a basic aqueous solution containing 1.0 M
NaHCOs under a total pressure of 2.0 MPa (H2:CO, = 1:1) at 100 °C over a span of 6 h. To calculate TON
values based on the quantities of surface exposed Pd, the dispersion of Pd species in each specimen was
determined by pulsed CO adsorption measurements (Table S2).*” The Pd@(YZrLaGdHf).O, exhibited the
highest TON value of 5000 together with >99% selectivity. This performance was more than eight times
higher than that of the Pd/(YZrLaGdHf)<O.. It should also be noted that no reaction byproducts were found
in either the liquid or gas phase. Presumably, the lack of Pd aggregation, as evidenced by the in situ XAFS
and TEM analyses, resulted in high activity per surface Pd despite the small amount of Pd available for the
reaction. The recovered catalyst could also be reused at least three times without any loss of activity (Figure
S7). The effectiveness of the incorporation of Pd within the HEO matrix was also demonstrated based on a
comparison between the Pd@(TiZrLaCeHf)\O, and Pd/(TiZrLaCeHf)O,. The activity of the
Pd@(TiZrLaCeHf):O, was found to be superior to Pd/(YZrLaGdH{f):O,, but was inferior to that of the
Pd@(YZrLaGdHf)1O». This finding can also be explained by the in situ XAFS results, in which the Pd
species in the Pd@(TiZrLaCeHf)xO, underwent reduction at lower temperatures compared with those in
the Pd@(YZrLaGdH()<O,, but at higher temperatures compared with those in the Pd/(YZrLaGdHf)O-.

To further assess the advantages of HEO materials, the catalytic activity of the Pd@(YZrLaGdHf).O>
was compared with those of single metal oxides containing Pd species prepared by a similar hydrothermal
method. These results are also included in Figure 6a. The TON values obtained using the Pd@YxOy,
Pd@Zr.Oy, Pd@wlLa.Oy, Pd@GdiOy and Pd@Y.O, specimens were all lower than that for the
Pd@(YZrLaGdHf)O-. A similar trend was observed upon comparing the Pd@(TiZrLaCeHf),O, and single
metal oxides made of the same components, although the Pd@ZrOy showed higher activity than that of
the Pd@(TiZrLaCeHf):O, (Figure S8). Moreover, the catalytic activities of the Pd@(TiZrLaCeHf):O:
samples prepared by calcination at 400 and 600 °C, which produced XRD patterns having broad peaks
without characteristic peaks assignable to the fluorite structure, were substantially lower than those of
Pd@(TiZrLaCeHf) O, samples calcined at 800 °C (Figure S9). This occurred despite the lower BET
surface area of the latter (Table S1). From these data, it is apparent that the incorporation of Pd species
within the oxide matrix and entropy-driven stabilization provided by the single-phase HEO were required
to obtain high activity during CO, hydrogenation.

Based on previous studies, a possible reaction mechanism for CO, hydrogenation to FA over metal
catalysts can be proposed.*! In this process, the dissociation of H, on Pd yields a metal hydride species
(step 1), followed by the adsorption of a HCOs™ ion formed from the reaction of dissolved CO; in the basic
aqueous solution (step 2). Next, dissociated active H atoms attack the C atom of the adsorbed HCO;™ to

afford a formate intermediate (szep 3). Finally, the O atom of the OH group undergoes attack by another H
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atom (step 4), leading to the production of formate and H>O (step 5), accompanied by regeneration of the
initial active species. When HCO;™ was used as a sole carbon source without gaseous CO,, the catalytic
activity significantly decreased. Additionally, in the previous investigation using PdAg/TiO, catalyst, the
use of BCO, in D,O as a solvent (with 0.5 M NaOH) generated a sole peak at 170.8 ppm due to the
deprotonated H'*COO™ by *C NMR spectroscopy without the formation of byproducts.?’ These
experiments provide firm evidence that the FA originates from CO.. An analysis of the effect of H, pressure
was performed and the Pd-incorporated Pd@(YZrLaGdHf),O, catalysts displayed a lower reaction order
(0.25) compared with the Pd-supported Pd/(YZrLaGdH{f):O, (0.33) (Figure 6b). In the case of the H-D
exchange reaction (H, + D, «» 2HD), the HD formation rate (m/z =3) based on the surface exposed Pd
species was significantly enhanced when using the Pd@(YZrLaGdHf),O, compared with the
Pd/(YZrLaGdH{f):O, by a factor of more than four (Figure S10). These findings indicate that the
dissociation of H, occurred more easily on the Pd- incorporated Pd@(YZrLaGdHf)sO than on the Pd-
supported Pd/(YZrLaGdHf).O,. Additionally, the Pd@(Y ZrLaGdHf).O- catalysts exhibited lower reaction
order values than the Pd/(YZrLaGdHf)«O, in trials assessing the effect of HCO;  concentration, as

determined using the slope obtained at low HCOs™ concentrations (Figure 6c¢).

Density of states (DOS) calculations were performed to confirm the bonding state between HCO3 and
Pd on the surface of HEO (100) (Y13Zri3Lai3GsioHf12Pd;O128), La;Os (100) (La71PdiO10s), and Pd metal
(111) (Figure 7). The DOS of Pd substituting a surface cation in HEO and La,Oj; strongly depends on the
substrate. There is a strong bonding state just above the Fermi level between a Pd atom at the surface of
HEO and O in HCOs adsorbed to this Pd. The HCO:s is adsorbed as a neutral species due to computational
constraints. Adding an extra electron fills this state, resulting in a chemical bond between Pd and HCO:s.
On the other hand, there is no such bonding state for HCO3 and Pd on the surface of La,Os or Pd metal slab
surface, suggesting enhanced reactivity of HCO3; with HEO compared to La;O3; and Pd metal.

Further DFT calculations showed that the adsorption energy (£.4) of the HCOs™ ion in step 2 on a Pd atom
in the HEO (100) (Y13Zr13La;3Gs12Hf12Pd O128) was —2.63eV (Figure S11). This value is higher than that
of —2.58 eV determined for La,Os (100) (La71Pd;O103), suggesting that the HEO should be more reactive
than La,Os with regard to HCO;™ adsorption. These kinetics evaluations and calculation results indicate that

the rate determining (step 3) will be promoted by entropy-stabilized Pd species.

Conclusion

In summary, we synthesized (YZrLaGdHf)xO, incorporating Pd based on an entropy-driven strategy
using a liquid phase reaction. The structure of the as-synthesized Pd@(YZrLaGdHf):O, was confirmed the

presence of partially segregated Pd oxides along with the homogeneous distribution of metal oxides based
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on five elements. In situ observations at elevated temperatures under H, established the formation of
entropy-stabilized isolated Pd species at 600 °C, providing evidence that thermal stability was enhanced by
the increased configurational entropy of this multi-element material. In contrast, Pd species loaded onto the
(YZrLaGdHf)O, surface readily agglomerated in the temperature range of 100 to 200 °C. The
Pd@(YZrLaGdHf):O,) showed higher activity in the hydrogenation of CO, to FA compared with the
Pd/(YZrLaGdH{)<O,. Kinetics data and DFT calculations indicated that the presence of entropy-stabilized
Pd species promoted H; dissociation together with the attack of dissociated H atoms on C atoms in HCO3~
ions. The techniques reported herein could allow the development of environmentally friendly hydrogen

storage systems mediated by CO; and FA.
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Figure 1 (a) Pd K-edge in situ XANES and (b) FT-EXAFS spectra acquired from the Pd@(YZrLaGdHf)1O,
under H; at elevated temperatures together with spectra for PdO and Pd foil as references. (¢) WT-EXAFS
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EXAFS spectra obtained prior to reduction and (f) the proposed structure before reduction.
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Figure 2. STEM image and EDX maps of the Pd@(YZrLaGdHf),O after reduction at 600 °C under H,.
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Figure 4. STEM image and EDX maps of the Pd/(YZrLaGdHf)<O, after reduction at 100 °C under Ha.
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Figure 5. Representative in situ ETEM images of the (a) Pd@(YZrLaGdHf)O, and (b)
Pd/(YZrLaGdH()<O.
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