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Metal-support interactions (MSI) profoundly modulate the catalytic properties
of supported nanometal catalysts. However, a comprehensive understanding
of their underlying mechanisms largely remains elusive. In this work, we pro-
pose a novel valence restrictive metal-support interaction (VR-MSI) through
systematic theoretical and experimental studies of the various Rh-modified
CeO,(111) surfaces. It reveals that small Rh clusters are oxidized by the CeO,
support and constantly maintain the +2 valence state, thus establishing a clear
correlation between their sizes and the electronic properties for each Rh atom.
The VR-MSI effect can therefore favor the adsorptions of negatively charged
species at small supported Rh clusters through local electrostatic interactions,
and for CO, hydrogenation reactions, the occurrence of active hydride species
(H) can be effectively promoted by the supported Rh nanocluster toward
highly selective and active CO, hydrogenation to CH,. This discovery broadens
our understanding of the MSI effect and the mechanism of selective hydro-
genation in heterogeneous catalysis, offering new insights into the rational
design of advanced hydrogenation catalysts.

M Check for updates

Metal-support interaction (MSI) plays a pivotal role in heterogeneous
catalysis". It profoundly influences the morphology and electronic
structure of the metal catalyst, subsequently altering its stability and
the catalytic activity and selectivity”’. Previous studies have demon-
strated that under reaction conditions, appropriate MSI can increase
the catalytic reaction rate by nearly an order of magnitude®. To better
understand the promotion effect of MSI, Campbell and co-workers
proposed the idea of Electronic Metal-Support Interaction (EMSI),
which suggests that the MSI can induce charge redistribution between
the metal and oxide surfaces’. Lykhacht et al. and Chen et al. also
demonstrated that EMSI can facilitate the electron transfer from the

supported metal to the carrier, giving rise to the electronically mod-
ified metal and/or interfacial sites with higher activity'*".

As important active supports for metal catalysts that can offer
unique MSI effects, the CeO, based materials have attracted significant
attentions>>', The CeO, carrier has been demonstrated to be capable
of modulating the morphologies, electronic properties, and reactiv-
ities of the supported metal clusters/nanoparticles and promoting
their effective stabilization and high dispersion”"°, Many metal/CeO,
systems governed by MSI demonstrate excellent catalytic
properties’*??, among which the Rh/CeO, catalyst is particularly
important® >, Compared with other supported catalysts, such as Ni/
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Ce0,, Rh/Ce0; not only exhibits superior reactivity, it also possesses
greater resistance to sulfur poisoning and deactivation?*”. Notably,
numerous studies have shown that altering the morphology of Rh/
CeO; can significantly affect its catalytic activity, resulting in different
selectivity for products such as CO, CH,, HCOOH, or C,HsOH***%,
However, there still lacks a basic understanding of the electronic
properties and their relationship with MSI for this system, and the
potential mechanism of CO, hydrogenation on these catalysts also
remains to be elucidated.

In this work, we first calculated the thermodynamic stabilities of
various Rh-modified CeO,(111) surfaces under reaction conditions by
plotting the computational phase diagrams. The results indicated that
the supported Rh clusters are oxidized and maintained as Rh,* by
CeO0,, resulting in higher positive charge densities in the smaller Rh
clusters. To leverage such valence-restrictive metal-support interac-
tion (VR-MSI) effect, we prepared the Rh/CeO, catalysts with varying
Rh sizes. The single-atom doped Rh catalyst (Rh;-CeO,) can pre-
ferentially catalyze the hydrogenation of CO, to CO, whereas those
with supported Rh clusters favor CH, production. The combined
theoretical and experimental results revealed that CO, on the Rh;-
Ce0O, selectively forms the COOH* intermediates via a dynamic
hydrogenation mechanism, leading to the final product of CO, while
the reaction on the supported Rh catalysts follows a direct hydro-
genation mechanism, generating the HCOO* intermediates that lead to
selective formation of CH,. Interestingly, the unique VR-MSI effect of
the catalyst with small Rh nanoclusters (Rhyc/CeO,) can help stabilize
the key intermediates and improve the activity and selectivity of CO,
hydrogenation to generate CH,. This work reveals the close relation-
ship between the electronic properties of the supported metal and the
nature of key reaction intermediates in the Rh/CeO, catalyzed CO,
hydrogenation, and how they may further determine the reactivity and
product selectivity. It also shows that the VR-MSI can be an effective
strategy for developing catalysts for CO, methanation, which may
promote synthetic natural gas (SNG) production and “power-to-gas”
application.

Results

Construction of Rh-modified Ce0,(111) surfaces

We systematically investigated the stable structures of the different
Ce0,(111) surfaces modified by Rh under a reducing atmosphere using
density functional theory (DFT) calculations and p-T phase diagrams.
The calculated configurations included monatomic Rh oxide clusters
with varying oxygen contents (RhO,/Ce45096, X =1~ 3), single-atom Rh
supported on the surface (Rh;/Ce43096), Rh clusters supported on the
surface (Rh3/Ce48096), Rh-doped surface (Rh;Cey7096), and Rh-doped
surfaces with an oxygen vacancy (Rh;Ces;09s) (see Fig. 1a, Supple-
mentary Note 1, Supplementary Fig. 1 and Supplementary Table 1). The
results revealed that the Rh-doped CeO,(111) prefers to occur, and it
can also readily form the oxygen vacancy beside the Rh dopant under
usual conditions (Fig. 1b, c). As the reducing atmosphere pressure and
temperature increase, the CeO,(111) surface with supported Rh clus-
ters then becomes favorable (Fig. 1d). Therefore, we chose the single-
atom Rh doped Ce0O,(111) with an O vacancy and the CeO,(111) with a
supported Rh cluster in the subsequent study.

Valence restrictive metal-support interaction

Using the determined structures, we performed the electronic prop-
erty calculations for the Rh-doped CeO,(111) surface with an oxygen
vacancy (Rh;Ce4;09s, denoted as Rh;-CeO,) and the CeO,(111) surface
with the supported Rh clusters with varying sizes (Rh,/Ce0,). For the
Rh;-CeO; surface, the calculated spin charge density differences sug-
gested that the two electrons brought by the oxygen vacancy are
localized at both the Rh and Ce sites (Fig. 2a), resulting in the reduction
of Rh*" and Ce*" to Rh*" and Ce*, respectively (see the calculated Bader
charges in Supplementary Fig. 3). In addition, the calculated density of

states (DOS) revealed that the valence electron energy levels of the
doped Rh are close to the populated Ce-4f states (Fig. 2a), indicating
that the Rh** may exhibit similar electron-donating capacity as Ce*".

Regarding the CeO,(111) surfaces with supported Rh clusters, we
focused on the Rh;/CeO,(111) and Rhy/CeO,(111) model systems. The
calculated spin charge density differences indicated that in both sys-
tems, two Ce** cations take two electrons from the Rh clusters,
resulting in their reduction to two Ce* species (Fig. 2a). As evidenced
by our DOS calculations for Rh; and Rhy at CeO,(111) (Fig. 2a), the
valence band maximum (VBM) is primarily contributed by Rh 4d
states, indicating that Rh dictates the electron-donating capacity near
the Fermi level. Moreover, the unoccupied Rh states in the conduction
band also lie significantly below the empty Ce 4 f states. This energy
level alignment prevents further electron transfer from the partially
oxidized Rh cluster to the Ce 4 f states after the two-electron transfer.
Our calculations also showed that other Rh,, clusters smaller than a
critical size are consistently oxidized to the +2 valence state (Supple-
mentary Fig. 4), and we referred to this phenomenon as the valence-
restricted metal-support interaction (VR-MSI) effect. For much larger
Rh clusters, the VR-MSI effect becomes much less significant for the
average atoms. For example, though the supported Rh,, forms Rhy,**,
the positive charges of each Rh atoms are low enough to resemble a
metallic state (Supplementary Figs. 4 and 5). Similar VR-MSI effects
were also determined in our calculations for Ni, Pd, and Pt clusters on
the CeO,(111) (Supplementary Fig. 6), but not in the system with ana-
tase TiO,(101) as the support (Supplementary Fig. 7). These results
highlight the pivotal role of the strongly localized Ce 4 f states in
driving this effect.

Further analysis revealed that VR-MSI is closely associated with
local structural constraints at the Rh/CeO,(111) interface. For small Rh
clusters stabilized in the + 2 valence state by VR-MSI, the relaxation of
interfacial Ce and O atoms is moderate (Fig. 2b). The limited relaxation
is crucial, as the reduction of Ce*" to the bigger Ce** ions inherently
induces localized strain, which then prevents the formation of excess
Ce* ions near small Rh clusters or more electron transfer. On the other
hand, as the Rh cluster size increases (like Rh,, and Rhs;, see Fig. 2b),
the larger metal-support contact area can facilitate more pronounced
interfacial relaxation, and such enhanced relaxation can more effec-
tively accommodate a greater number of Ce*" ions, allowing larger
clusters to donate a greater total number of electrons to the support.

To elucidate the potential catalytic activities of the various Rh-
modified CeO, surfaces, we first calculated the adsorptions of single H
species on these surfaces. Two types of adsorbed H species were
determined on the Rh;-Ce0,(111) surface: H at the Rh site (Hgp, €xo-
thermic by 0.10 eV) and H at the oxygen vacancy (Ho,, endothermic by
1.11eV). The Hg, species is negatively charged very slightly (Bader
charge: - 0.07 |e|, Supplementary Fig. 8a). This could be due to the fact
that the highly positive Rh*" lacks the capacity to further transfer
electron to the H species (Fig. 2¢). In contrast, the Ho, species carries a
significant amount of negative charge (Bader charge: - 0.50 le|, Sup-
plementary Fig. 8b), forming ionic bonds with the neighboring Ce
cations.

For the Rh,,/CeO,(111) surfaces, we calculated the H adsorptions at
the hollow sites of the various Rh clusters (n=3~9). The results
showed that the smallest cluster, Rh3, exhibits the highest activity for H
adsorption (exothermic by 1.23eV, Fig. 2c¢), and the adsorption
strength decreased as the Rh cluster size increased, with the H
adsorption energy on the Rhg cluster reaching 0.44 eV, nearly the same
as that on the Rh surface (0.46 eV; see Fig. 2c and Supplementary
Fig. 8). Bader charge calculations showed that the Rh,, clusters in the
Rh,/Ce0, systems can transfer almost one extra electron to the
adsorbed H (Supplementary Fig. 8). Interestingly, from the calculated
electrostatic interaction energies (Ep) between the Rh® and H species
in the series of Rh,/Ce0,(111) systems (Fig. 2d, Supplementary Table 2
and Supplementary Note 2), we can further learn that owing to the VR-
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Fig. 1| Stability analyses for Rh-modified CeO,(111) surfaces. a calculated phase
diagrams of Rh-modified CeO,(111) under reducing atmosphere. b-d calculated
structures of the Rh-doped CeO,(111) surfaces (Rh;Ce4709¢) (b), the Rh-doped
CeO,(111) surface with an oxygen vacancy adjacent to the Rh site (Rh;Ce4;0ys, also
denoted as Rh;-CeO,) (c) and Rh cluster supported on the CeO,(111) surface (Rhs/
Ce45006, also denoted as Rh3/Ce0,) (d). The dotted cycle in red represents the O
vacancy. Red balls: O atoms; white balls: Ce atoms; navy blue balls: Rh atoms. This
notation is used throughout the paper.

MSI effect in the Rh,/Ce0,(111) system, the positive charge densities of
the Rh species decrease with the increasing cluster size, and the
electrostatic interactions between the adsorbed H and the neighbor-
ing Rh species also decrease accordingly, resulting in a decreasing H
adsorption energy.

Catalytic CO, hydrogenation on Rh-modified CeO,

Basing on the theoretical understandings of the size-dependent
activities in the Rh/CeO, systems, we prepared a series of Rh-
modified CeO, catalysts. Octahedral CeO, nanocrystals with exposed
{111} facets were synthesized (Supplementary Fig. 9)*, and Rh species
were deposited under controlled temperatures (80 °C and 350 °C) and
other conditions to obtain different types of Rh-modified CeO, cata-
lysts, as guided by the thermodynamic phase diagram analysis (Fig. 1a).
High-Angle Annular Dark Field Scanning Transmission Electron
Microscopy (HAADF-STEM) and Energy Dispersive Spectroscopy (EDS)
images showed that the catalyst prepared at 80 °C mainly contained
atomically dispersed Rh species, designated as Rh;-CeO, (Fig. 3a and
Supplementary Fig. 10), and that synthesized at 350 °C mainly involved
Rh nanoclusters, designated as Rhyc/CeO, (Fig. 3b and Supplementary
Fig. 10). Furthermore, the catalyst with high amount of Rh content on
the CeO, was also prepared, for which the STEM analysis confirmed the
presence of Rh nanoparticles with a diameter of ~3 nm, designated as
Rhyp/Ce0; (Fig. 3¢ and Supplementary Figs. 10 and 11).

The local coordination environment of Rh was investigated by
using the Fourier-transformed k>-weighted extended X-ray absorption
fine structure (EXAFS) in R-space (Fig. 3d, with the corresponding
EXAFS fitting summarized in Supplementary Table 3 and Supplemen-
tary Fig. 12). The results revealed that the Rh;-CeO, catalyst exhibited a
single Rh-O coordination shell at ~ 1.5 A (Fig. 3d, e), with a coordination
number of 4.18 + 0.45, indicating that the Rh species are doped as
single atoms in the CeO, support®, which is consistent with the cal-
culated phase diagram. In contrast, the Rhyc/CeO, and Rhyp/CeO,
catalysts gave a strong scattering peak at around 2.41 A (Fig. 3d, f and
g), corresponding to the Rh-Rh coordination shell. Among them, the
Rh-Rh coordination number of the Rhyc/CeO, catalyst is 1.68 +0.19,
and the Rh-O coordination number is 3.47 + 0.22%, clearly indicating
the formation of small Rh clusters. However, the Rhyp/CeO, catalyst
exhibited a high Rh-Rh coordination number (4.36 + 0.35) and a low
Rh-O coordination number (1.70 + 0.38)*, characteristic of supported
metallic Rh nanoparticles. These results are also in line with the

nanoparticle structures of the different Rh/CeO, catalysts observed
by STEM.

The electronic properties of the Rh species were investigated by
using in situ diffuse reflectance infrared Fourier transform spectro-
scopy of CO adsorption (in situ CO-DRIFTS), X-ray photoelectron
spectroscopy (XPS), and normalized X-ray absorption near-edge
structure (XANES). The Rh;-CeO, catalyst exhibited the characteristic
Rh** features in the CO-DRIFTS spectra, showing bands at 2110 and
2030 cm™, attributed to the symmetric and asymmetric vibrations of
linearly adsorbed CO**** (Fig. 3h). The absence of bridging CO bands
further confirmed the atomic Rh dispersion, corroborated by the Rh**
XPS peak at 308.9 eV?* (Supplementary Fig. 13). For Rhyc/CeO,,
besides the characteristic Rh® bands (2064 cm™ for linear and
1858 cm™ for bridge-bonded C0O)**, additional bands at 2094 and
2017 cm™ were observed as well. Combined XPS analysis confirmed
these features as CO adsorption at the Rh® (0 <§<3) sites*. Rhyp/
Ce0, showed metallic Rh characteristics only, evidenced by the CO-
DRIFTS bands at 2064 and 1858 cm™ and the XPS peak at 307.4
eV»*(Supplementary Fig. 13). Normalized XANES results (Supple-
mentary Fig. 14 and Supplementary Table 4) also established the order
of Rh oxidation states as Rh;-CeO, > Rhyc/CeO, > Rhyp/CeO,, bench-
marked against Rh foil and Rh,05 standards®?. The spectroscopic
characterization results evidenced that the average oxidation state of
Rh in the Rhyc/CeO, systems maintains between Rh*" and Rh°. As the
Rh nanoparticles occur, the VR-MSI effect on each Rh atom is then
diminished, and it exhibits as the metallic one.

Next, we evaluated the catalytic performance of the three cata-
lysts for CO, hydrogenation in the temperature range of 200 - 400 °C,
where the reaction remains in the kinetically controlled region (see
Supplementary Table 5). The determined activities followed the order
Rhne/Ce0, > Rhyp/Ce0, > Rhy-CeO, (Fig. 3i), with the turnover fre-
quencies (TOF) of 0.32, 0.23, and 0.20s™ at 290 °C, respectively.
Notably, the TOF of Rhyc/CeO, surpassed the previously reported
similar catalysts under comparable conditions (Supplementary
Table 6). Moreover, we also found that the CO, hydrogenation on the
Rh;-Ce0, surface primarily produced CO, while both Rhye/CeO, and
Rhpp/Ce0, favored the methane formation (Fig. 3j). In particular, Rhye/
CeO, exhibited over 95% methane selectivity at temperatures above
250°C, with a CH, yield significantly higher than that of Rhyp/CeO,
(23.7 molcy4 grnth™ at 390 °C, see Supplementary Fig. 15). Moreover,
the stability test of the Rhyc/CeO, catalysts showed that the catalytic
hydrogenation of CO, can maintain high conversion and selectivity at
300 and 400 °C for 75h (Supplementary Fig. 16). Post-reaction XPS
and STEM (Supplementary Figs 17 and 18) analyses also revealed that
both the Rhyc/CeO, and Rhyp/CeO, catalysts kept their structural
integrity and oxidation states.

Mechanistic study of CO, hydrogenation

To illustrate the relationship between the morphology and catalytic
behavior of the supported Rh catalysts, we systematically calculated
the CO, reduction pathways on the Rh;-CeO,(111), Rha/Ce0,(111), and
Rhy/Ce0,(111) model surfaces. The reaction generally involves CO, and
H, adsorption, H, dissociation, and subsequent formation of different
intermediates®*°, We considered three specific routes for CO, acti-
vation: (i) the direct dissociation of CO, to produce CO, (ii) the H'/H
species attacking the C¥ of the adsorbed CO, to form the HCOO*
intermediate, and (iii) the H'/H species reacting with the O% of the
adsorbed CO, to form the COOH* species.

For Rh;-CeO,, the calculated results showed that CO, pre-
ferentially adsorbs at the Rh-O-Ce site, whereas H, prefers to adsorb at
the Rh-O site (as detailed in Supplementary Note 3 and Supplementary
Fig. 19). Moreover, the adsorption of CO, at the Rh-O-Ce site is much
stronger than that of H, at the Rh-O site (1.66 eV vs. 0.56 eV, Supple-
mentary Fig. 22), which suggests that CO, may compete with H, for the
same adsorption sites. Under such conditions, the adsorbed H, may
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Fig. 2 | Illustration of valence restricted metal-support interaction (VR-MSI).
a calculated spin charge density differences (gray) and density of states (DOS) of
Rh;-Ce0,(111), Rh3/Ce0,(111) and Rhy/Ce0,(111) surfaces. The average Bader charge
per Rh atom is also shown. In the DOS plots, the red, blue, and black regions
correspond to the projected Ce-f, Rh-d, and Rh-s orbitals, respectively. b mean
atomic displacement of relaxed Ce and O atoms (top two O-Ce-O layers) on various
Rh,,/Ce0,(111) surfaces (calculated with respect to unsupported CeO,(111)).

¢ schematic explanation of VR-MSI, the adsorption energy of H species and the
electron transfer between H and Rh sites are also shown. d calculated the
adsorption energy of H on the supported Rh clusters, as well as the electrostatic
interaction energies (Eg;) between the H species and its three neighboring Rh
atoms. Blue bars indicate smaller, more ionic Rh clusters, whereas yellow bars
indicate more metallic Rh clusters.

undergo heterolytic dissociation at the oxygen vacancy site to produce
one hydride and one proton species with the barriers of 0.77 eV
(Fig. 4a). The calculations also showed that the direct dissociation of
CO, into CO and O species is both thermodynamically and kinetically
unfavorable (Fig. 4a). The process for the H'/H species to attack the C*
of the adsorbed CO, to form HCOO* needs to overcome rather large
barriers of 4.12/1.31 eV and is endothermic by 2.44/0.04 eV. However,
H'/H reaction with the O% of the adsorbed CO, to form COOH*
requires activation energies of 0.64/0.41 eV only and is exothermic by
0.20/1.45eV. These results clearly suggested that during CO, hydro-
genation, the H'/H' species can more readily react with the O% of CO,
than with the C¥, leading to the preferential formation of COOH* and
the subsequent production of CO. These results were confirmed by the
in situ DRIFT spectra at 300 °C (see Supplementary Figs. 24 and 25, and
consistent results were obtained at 250 °C, confirming mechanism
robustness), which showed strong peaks of COOH* at 1680, 1622, and
1270 cm™ and trivial ones of HCOO**** It is noteworthy that
although H species are more reactive than H* both kinetically and
thermodynamically, kinetic studies on Rh;-CeO, showed that at high
H,:CO, feed ratios, hydrogen spillover can occur, resulting in H*
accumulation with high surface coverages and thus leading to com-
parable reactivity (Supplementary Note 4). In addition, our calcula-
tions also showed that when the H' reacts with 0% of CO, to form
COOH*, it actually turns to a H radical first by transferring one electron
to the surface Ce** (Fig. 4b, c). One can therefore refer to such H
species whose intrinsic properties change during the reaction as
“dynamic hydrogen”.

On the Rh3/Ce0,(111) and Rho/Ce0,(111) surfaces, both CO, and
H, preferentially adsorb on metallic Rh sites rather than at interfacial
sites (as detailed in Supplementary Note 3 and Supplementary
Figs. 20 and 22). The similar adsorption strengths of CO, and H, may
lead to their co-adsorption, which would favor their subsequent
reactions. Kinetic studies demonstrated that on both Rhyc/CeO, and
Rhpnp/Ce0,, the reaction orders of CO, and H, are similar, providing
evidence for the co-adsorption mechanism (see Supplementary Note 4
and Supplementary Fig. 29). Notably, the adsorptions of CO, and H,
are stronger at the supported Rh3 than Rho, largely due to the stronger
VR-MSI effect in the Rh3/CeO, system. Our calculated results also
showed that the homolytic H, dissociation for the generation of two
Hgn species can occur with the barriers of 0.04 and 0.02 eV only on the
Rh3/Ce0,(111) and Rho/CeO,(111) surfaces, respectively (Fig. 4d). When
the Hgp, species reacts with the C¥/0% of CO,, it still stays at the surface
site and retains the Rh-H bond in the transition state (Fig. 4e, f). Fur-
thermore, the Hgy, reaction with the adsorbed CO, for HCOO* forma-
tion is kinetically and thermodynamically more favorable than COOH*
formation on the Rh,,/CeO, surfaces (Fig. 4d). This can be attributed to
the fact that the HCOO* species may interact with the surface more
strongly through the bidentate O-Rh bonds, which also involve the
favorable electrostatic attraction (Supplementary Table 7). In fact,
since the smaller cluster Rh; has a stronger VR-MSI effect for each Rh
atom, the local electrostatic attraction between Rh and HCOO* is fur-
ther improved than that on the Rhy cluster, giving rise to its better
stability (Supplementary Table 7). The in situ DRIFT spectra results
(Supplementary Figs. 24 and 25) not only indicated the presence of
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Fig. 3 | Experimental studies of the structures and catalytic hydrogenation
activities of Rh/Ce0,. a-c high-angle annular dark field scanning transmission
electron microscopy (HAADF-STEM, left) images and energy dispersive spectro-
scopy (EDS, right) elemental maps of Rh;-CeO; (a), Rhnc/CeO; (b), and Rhyp/CeO,
(c). EDS mapping;: yellow = Rh, purple = Ce. The yellow dashed circle highlights the
nanocluster in the STEM image and partial aggregated Rh structures in the EDS
maps. d the Fourier transform of k*-weighted extended X-ray absorption fine
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structure (EXAFS) spectra at the K-edge of Rh;-CeO,, Rhyc/CeO,, Rhyp/CeO,,
Rh,03, and Rh foil. e-g the wavelet transform analysis of Rh;-CeO, (e), Rhyc/CeO,
(f) and Rhyp/Ce0, (g). hin situ CO-DRIFTS of Rh;-CeO,, Rhyc/CeO,, and Rhyp/CeO,,
all labels denoted as “a.u.” in this work represent “arbitrary units”. i,j temperature-
dependent CO, conversion (i) and product distribution (j) during CO, hydro-
genation over various Rh/CeO, catalysts, where the red line on the right side of
panel (j) represents the CO selectivity for the Rh;-CeO, catalyst.

HCOO* (2962, 1550/1559, and 1384/1404 cm™) and they also showed
the existence of the CH;0* (2927 and 1469 cm?) species*>*, clearly
suggesting that the hydrogenation mechanism indeed follows the
HCOO* pathway for the deep hydrogenation to CH;0* and ultimately
to CH4

Overall, the correlation between the Rh cluster size and the cat-
alytic performance of the Rh-modified CeO, catalysts in CO, hydro-
genation was explored and established. The enhanced catalytic activity
and selectivity of small Rh clusters were attributed to the unique VR-
MSI effect, which can improve the substrate adsorption and facilitate
the formation of key intermediates.

Discussion

This study investigated the effect of interactions between metal and
support on the catalytic activities of Rh-modified CeO, catalysts. The
novel effect of valence-restricted metal-support interaction was
proposed, which ensures the supported Rh clusters being con-
sistently oxidized by CeO,(111) to reach a general +2 state and cor-
responding more positive charges for each Rh atom in smaller
clusters. Such a VR-MSI effect was verified by CO-DRIFTS, XPS, and
XANES measurements. Theoretical calculations further showed that
the small Rh cluster tuned by the VR-MSI effect can promote the
adsorptions and occurrences of the negatively charged adsorbates,
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Fig. 4 | Theoretical simulation of CO, hydrogenation. a, d calculated energy
profiles of CO, hydrogenation on the Rh;-CeO,(111) (a), Rh3/CeO,(111) and Rhy/
CeO,(111) surfaces (d), with the corresponding structures provided in Supple-
mentary Figs. 23, 26-28. b, e schematic illustration of the interaction of reactive H
species with CO, on the Rh;-CeO, (b) and Rh;/CeO, surfaces (e). ¢, f calculated spin

Téz COdH*+H*

HCOO*+H*

charge density differences (gray) of transition states of CO, hydrogenation on the
Rh;-CeO; (¢) and Rh3/CeO, surfaces (f) (left: transition state of the COOH* forma-
tion, right: transition state of the HCOO* formation). The Bader charges of the
adsorbed hydrogen species are also shown. Black balls: C atoms; yellow balls: O
atoms from CO,.

including the hydride species, mainly through the favorable elec-
trostatic interaction, which can be involved in the active and selective
CO, hydrogenation to CH,. The detailed reaction mechanisms were
also determined through combined theoretical and experimental
studies, and the nature of the differences in the selectivity and
activity of the Rh-modified CeO, in catalytic CO, hydrogenation was
shown to arise from the competitive formation of the HCOO* and
COOH* intermediates. These results disclosed a new type of MSI
effect exerted by the CeO, support through its unique ‘quantized’ 4 f
electron reservoir, which may help pave the way for the rational
design of high-performance catalysts with tailored electronic prop-
erties and enhanced activities.

Methods
Computational methods
In this work, all spin-polarized DFT calculations were performed using
the Vienna Ab-initio Simulation Package (VASP) version 5.4.4*. The
projector augmented wave (PAW) method*® and the Perdew-Burke-
Ernzerhof (PBE) functional*” under the generalized gradient approx-
imation (GGA)"® were applied. The kinetic energy cut-off was set to
400eV, and the force threshold for structure optimizations was
0.05 eV/A. By adopting these calculation settings, the optimized lattice
parameter of CeO, (a=b=c=5.456 A) closely matches the experi-
mental value (5.411A)*, which was then used for the subsequent
simulations.

For the model construction, a p(4 x 4) surface slab with three
0O-Ce-0 atomic tri-layers was built for the CeO,(111) surface. The top

two tri-layers were allowed to fully relax, while the bottom
one was kept fixed to mimic the bulk region. A large vacuum gap of
12 A was used to eliminate the interaction between neighboring
slabs, and the k-point mesh of 2x2x1 suggested by previous
studies was used for Brillouin-zone integrations®’. Note that the on-
site Coulomb interaction correction is necessary for accurately
describing the localized Ce 4 f electrons® ™, and therefore we used
an effective U value of 5eV to describe the localized 4f
orbitals of Ce.

The transition states (TSs) of surface reactions were located using
a constrained optimization scheme and were verified when (i) all forces
on the relaxed atoms vanish and (ii) the total energy is a maximum
along the reaction coordination but a minimum with respect to the rest
of the degrees of freedom®> ™,

The adsorption energy of species X on the surface, E,q5(X), was
calculated with

Eoqs(X)= — (EX/sIab — Egap — Ex) oy

where Ex/qab is the calculated total energy of the adsorption sys-
tem, while £, and Ex are the calculated energies of the clean surface
and the gas phase molecule X, respectively. Accordingly, a positive
E,qs(X) value indicates an energetically favorable adsorption process,
and the more positive the E,45(X) is, the more strongly the adsorbate X
binds to the surface, and this definition was also proposed by Somorjai
and Li”".
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The neutral oxygen vacancy formation energy (Eo,) was calcu-
lated according to

Eoy = Egab_vac T1/2E(0;) — Egqp )

where Egp.vac is the total energy of the surface with a neutral
oxygen vacancy and E(O,) is the energy of a gas-phase O, molecule.

Catalyst preparation

The CeO, support with octahedral morphology was prepared by the
hydrothermal method. Specifically, 2 mmol of Ce(NO3);:6H,O and
0.02 mmol of NazPO,4-12H,0 were dissolved in 80 mL of distilled water.
After stirring at room temperature for 30 min, the solution was
transferred to a Teflon-lined stainless-steel autoclave and heated at
170 °C for 10 h. The mixture was then cooled to room temperature
and filtered to obtain the white solid. This solid was washed with dis-
tilled ethanol, dried at 120°C for 12h, and calcined in air at
400°C for 4 h.

1g of the as-prepared CeO, was mixed with 500 mL of deionized
water, followed by ultrasonic dispersion for 20 min. Diluted nitric acid
(HNO;, pH = 3) was added dropwise into the CeO, suspension under
stirring, until the pH reached 3. Rhodium nitrate solution (0.1g,
10.47 wt%) was prepared by dissolving rhodium nitrate (Rh(NOs)3) in
deionized water and adjusting pH to 3 with HNO;. This Rh solution was
then added dropwise to the CeO, suspension, and the mixture was
stirred for 4 h at room temperature, followed by filtration to obtain the
solid. Finally, the solid was dried at 80 °C for 12 h, calcined in air at
450°C for 4 h, and reduced in a flow of 10 vol% H, and 90 vol% Ar at
400 °C for 4 h. The obtained sample was named as Rhyp/CeO,.

In addition, we prepared 0.5-Rhyp/CeO, by adding 0.05 g of rho-
dium solution (10.47 wt%) using the method described above. To
synthesize the Rh/CeO, catalysts with different Rh particle sizes,
including single atoms and clusters, the 0.5-Rhyp/CeO, sample
underwent hydrothermal redispersion followed by hydrogen treat-
ment for aggregation. The sample was placed in a quartz glass tube and
exposed to a flow of air containing 10 vol% H,O (50 mL/min) at 750 °C
for 25 h. After cooling to room temperature, the samples were dried in
air at 80 °C for 12 h, resulting in the Rh/CeO, sample with single Rh
atoms, named Rh;-CeO,. The Rh/CeO, sample with Rh clusters was
synthesized using similar procedures, except that the sample was
treated at 350 °C in a gas flow of 10 vol% H, and 90 vol% Ar for 12 h, and
it was named Rhyc/CeO,.

Catalytic activity test
The catalytic performances of the catalyst for CO, hydrogenation were
evaluated in a stainless steel fixed-bed reactor. Prior to the test, the
catalyst was treated in a reducing atmosphere (10 vol% H, and 90 vol%
Ar) at 200 °C for 1h, and the effects of the treatment were confirmed
by the H,-Temperature Programmed Reduction (H,-TPR) results
(Supplementary Fig. 30). Then, 100 mg of catalyst was used, and the
feed gas consisted of 19 vol% CO,, 76 vol% H,, and 5vol% N, (Hy/
CO,=4:1) with a total gas hourly space velocity (GHSV) of
10000 mL-g™h™ at 0.1 MPa. The reaction was conducted over a tem-
perature range of 200 - 400 °C and was maintained at a certain tem-
perature for 30 min to achieve a steady state before testing. CO,
conversion rate and the selectivity were measured using an online gas
chromatograph (GC-2060) equipped with a flame ionization detector.
The formula for calculating the conversion rate of CO, is as
follows:

ni, —n
X =—in__T0ut . 1009 3)
in

where the n;, andng,: are the moles of CO, in the feed gas and
exhaust gas, respectively.

The calculation for the turnover frequency (TOF) of the catalyst is
as follows:

_ Veo, *Xco, - Mpn

TOF
Mgy, - Dy,

“)

Among them, X o, is the conversion rate of COy, V oy is the flow
rate of CO, (mol/s), mpy, is the mass of Rhiin the tested catafyst (g),and
Mpgy, is the molar atomic mass of Rh (102.9055 g/mol); Dy, is the
dispersion of Rh and the dispersion of Rh;-CeO, and Rhyc/CeO, sam-
ple was set to 1, since our characterization confirmed that these Rh
species exist either as isolated single atoms or as fully exposed few-
atom monolayer clusters (Figs. 3a, b, e and f). For the Rhyp/CeO, cat-
alyst, the Rh dispersion was determined by CO pulse chemisorption,
using a Micromeritics AutoChem Il 2920 analyzer with an HPR-20 QIC
mass spectrometer. A 30 mg catalyst sample was pretreated with 5%
Hy/Ar at 300 °C for 30 min, cooled to 30 °C, and then exposed to 1%
CO/He pulses (5 mL/min) every two minutes until a constant CO signal
was obtained. The Rh dispersion was then calculated from the CO
uptake, assuming a 1:1 CO-to-Rh active site ratio. For TOF measure-
ments, the catalyst mass was reduced to 20 mg to maintain the con-
versions below 15%, ensuring differential reactor conditions and thus
providing a more accurate assessment of the intrinsic turnover
frequency.

The selectivity for CO or CH4 formation in CO, hydrogenation was
calculated as follows:

n
Selectivity ¢ o, CH, = COor CH,

~ (nco*nch,) ®
Among them, the nc( and ncy, are the moles of CO and CH, in
the exhaust gas, respectively.

Characterizations
Rh K-edge analysis was performed with Si(311) crystal mono-
chromators at the BL14W1 beamlines at the Shanghai Synchrotron
Radiation Facility (SSRF) (Shanghai, China). The Rh K-edge extended
X-ray absorption fine structure (EXAFS) spectrum was recorded in
transmission mode.

Aberration-corrected scanning transmission electron microscopy
(AC-STEM) characterization was conducted on a Thermo Fisher The-
mis Z transmission electron microscope equipped with two aberration
correctors. High-angle annular dark-field STEM images were captured
using a convergence semi-angle of 25 mrad and inner and outer col-
lection angles of 47 and 200 mrad, respectively. Energy dispersive
X-ray spectroscopy (EDS) was carried out using four in-column Super-
X detectors.

X-ray photoelectron spectroscopy (XPS) measurements were
performed on a PHI-Quantera spectrometer with an Al anode (Al
Ka =1486.6 eV). Binding energy calibration was obtained using the Cls
peak at 284.4 eV. Before XPS measurement, the sample was pre-treated
with 10% H,/Ar reduction at 310 °C for 1 h.

In situ diffuse reflectance infrared Fourier transform (DRIFT)
spectra of CO adsorption on the catalyst were recorded on a Nicolet
Nexus 670 Fourier transform infrared spectrometer, with 64 scans and
an effective resolution of 4 cm™. The catalyst was first reduced in 10 vol
% H, balanced with Ar at 300 °C for 1 h and purged by Ar at 150 °C for
30 min. After cooling to room temperature in Ar, a background spec-
trum was collected. The sample was then exposed to 10 vol% CO in Ar
(20 mL/min™) for 30min until CO adsorption saturation. Subse-
quently, the sample was purged with Ar (20 mL/min™) for another
30 min to remove the gas-phase CO, and the DRIFT spectrum was
collected with 64 scans at a resolution of 4 cm™.

In situ DRIFT spectra of CO, hydrogenation were also recorded on
the Nicolet Nexus 670 Fourier transform infrared spectrometer.
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Before measurement, the sample was pre-treated in Ar at 300 °C for
1h, and the background spectrum was recorded. A mixture of 19 vol%
CO,, 76 vol% H,, and 5 vol% N, (50 mL/min) was then introduced, and
the in situ DRIFTS spectra were collected over a specified period.

The contents of rhodium (Supplementary Table 8) were deter-
mined by inductively coupled plasma optical emission spectrometry
(ICP-OES) using an Agilent (US) 5800 ICP-OES apparatus.

Data availability

Data are available from the corresponding authors upon request.
Some of the data are also provided in the Supplementary Information
and the Source Data file. Source data are provided in this paper.
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