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ABSTRACT: Single-atom catalysts are often reported to have
catalytic properties that surpass those of nanoparticles, while a di-
rect comparison of sites common and different for both is lacking.
Here we show that single atoms of the Pt-group embedded into the
surface of Fe3O4 have a greatly enhanced interaction strength with
CO2 compared with Fe3Oas surface. The strong CO2 adsorption on
single Rh atoms and corresponding low activation energies lead to
two-orders-of-magnitude higher conversion rates of CO2 compared
to Rh nanoparticles. This high activity of single atoms stems from
the partially oxidic state imposed by their coordination to the sup-
port. FesOs-supported Rh nanoparticles follow the behavior of sin-
gle atoms for CO: interaction and reduction, which is attributed to
the dominating role of partially oxidic sites at the Fe3O4-Rh inter-
face. Thus, we show a likely common catalytic chemistry for two
kinds of materials thought to be different, and we show that single
atoms of Pt-group metals on Fe3Oa are an especially successful ma-
terial for catalyzed reactions that depend primarily upon sites with
the metal-O-Fe environment.

Introduction

Controlling the nuclearity of metal clusters and nanoparticles is
a powerful strategy for tailoring their physicochemical properties
and catalytic functionality."* However, it has been repeatedly
stressed that activity versus size correlations do not hold as the size
of metal particles approaches a few atoms.’® The extreme case of
single-metal atoms dispersed on oxidic supports frequently has
been proposed to be superior in catalytic applications, outperform-
ing traditional oxide-supported metal catalysts.” '

However, the mechanisms that enable catalytic reactions with
higher rates on single-atom catalysts than on traditional supported
nanoparticles still are disputed. For example, a study concluded that
single Ir atoms on MgA1204 coordinate with multiple ligands (CO

and O species) to facilitate the oxidation of CO,'* while single Pt
atoms were found to increase the mobility of neighboring oxygen
for CO oxidation, facilitating the addition of lattice oxygen to
CO.'*15 Several other studies have focused on underlining the
chemical and catalytic differences between single-metal atoms and
nanoparticles.!®23 The interpretations of the results often are based
on the premise that single-metal atoms and supported nanoparticles
have intrinsically different properties. In contrast, we show here
that single-metal atoms and supported nanoparticles share physico-
chemical properties resulting from the interface created by embed-
ding the single atom and stabilizing the metal nanoparticle in the
same environment.

We compare Rh single atoms stabilized on Fe3O4 with metal na-
noparticles supported on FesO4 and SiOz. The catalytic properties
of the materials were studied for CO2 reduction, which requires
sites that polarize CO2, while being able to generate and transfer
hydrogen to the activated species.?*?® The single Rh atoms interact
more strongly with CO2 than metallic Rh and selectively reduce
CO2 to CO with lower activation energy and with up to two-orders-
of-magnitude higher rates. Interestingly, the catalytic properties of
nanoparticles supported on Fe3O4 are more similar to the Rh single-
atom catalysts than to nanoparticles supported on SiO».

Thus, the intermediate oxidation state (between metal and formal
cation) that the support environment imposes (both interfaces and
single atom sites) leads to more favorable interactions with adsorb-
ing and reacting molecules. Namely, the ground state of adsorbed
CO:z is stabilized, while that of adsorbed CO is destabilized along
the reaction pathways. The interplay between these changing com-
peting states impacts the rates of the corresponding catalytic reac-
tions. Detailed analyses of the physicochemical and catalytic prop-
erties of the single-metal sites and Fe3Os-supported nanoparticles
confirmed the critical role of the metal-O-Fe environment on elec-
tronic properties of Pt-group metals and the resultant enhancements
in the elementary steps of COz reduction.
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Figure 1. Characterization of isolated Rh atoms on magnetite (Rh/Fe304-0.05). (A, B, C) Time-of-flight secondary ion mass spectroscopy
(TOE-SIMS) patterns show signals of Rh* fragments, whereas RhoO™ fragments are absent, which indicates the presence of only isolated Rh
atoms. (D) Rh K-edge X-ray absorption near edge structure (XANES) results of Rh/Fe304-0.05 and reference materials, which show that the
environment of Rh in Rh/Fe304-0.05 is similar to the oxide reference in contrast to the metallic state of Rh in the foil. (E, F) High-angle
annular dark-field scanning transmission electron microscopy (HAADF-STEM) results and the corresponding intensity profile in the direc-
tion marked by the arrow identifying the single atoms by its brightness (some are marked with red circles). (G) Experimental (dotted lines)
and fitted (continuous lines) Rh K-edge extended X-ray absorption fine structure (EXAFS), which shows that Rh in Rh/Fe304-0.05 is coor-
dinated with O atoms in the first shell (Rh-O) and surrounded by Fe atoms in the second (Rh-Fe1) and third (Rh-Fe2) shells contrasting the

coordination of Rh in the reference Rh203 and Rh foil materials.

Results and Discussion
Single Rh atoms on Fe3O4

We prepared the Rh single-atom catalyst by depositing a small
concentration of Rh cations on magnetite via a urea-hydrolysis
method?” (see supporting information for experimental details).
The resulting material was denoted as Rh/Fe304-0.05, where 0.05
indicates 0.05 wt.% of Rh (Table S1). TOF-SIMS analysis identi-
fied the atomic dispersion of Rh at the Fe3O4 surface.?$?° RhoO*
species would have been detected by TOF-SIMS, if agglomerated
RhOx species were present. Figures 1A—1C notably show the ab-
sence of the RhoO" fragment, while the presence of monoatomic
Rh* species is seen. This allows us to conclude that the concentra-
tion of metal particles, if any, in Rh/Fe304-0.05 is below the detec-
tion limit (5 x 10 to 5 x 10® atoms/cm?, see experimental section
for details).30-3!

The intensity of the white line in the XANES results showed that
the environment of Rh in Rh/Fe304-0.05 resembles that of the oxide
reference and differs from the metallic state of Rh in the foil (Fig-
ure 1D). Independently, the isolated Rh atoms were imaged by
HAADF-STEM as shown in Figure 1E. An exemplary line profile
is shown in Figure 1F.

Rh K-edge EXAFS spectra of Rh/Fe3;0s-0.05 are shown in
Figure 1G. We attribute the feature at 2.02 A to a Rh-O path with
the coordination number (CN) of 5.5 (Table S2), indicating that the
Rh atom is located at octahedral sites. A Rh-Rh path (expected at
2.66 A) can be excluded from this fit. The second shell corresponds
to a Rh-Fe path at 2.98 A with a CN of 3.3. Conceptually, Rh should
have six Fe neighbors, if it is in the bulk octahedral sites of Fe3Oa.

Thus, we conclude that isolated Rh atoms are anchored to under-
coordinated octahedral positions at the surface. A direct bond be-
tween Rh and Fe in the form of Rh-Fe is excluded, because the Rh-
Fe distance in the alloy is 2.53-2.59 A (i.e., less than the distance
of 2.98 A that we observed).?>?* The detailed description of the
analysis of the X-ray spectra is provided in supplementary notes in
Tables S3—-S6 and Figures S1-S8 in the supporting information.
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Figure 2. (A) Optimized geometry for single Rh atoms based on
density functional theory (DFT) calculations in which a single Rh
atom adopted the surface octahedral sites at 0.75 monolayer H cov-
erage on Fe304(001). Color codes: octahedral Fe (blue), tetrahedral
Fe (light blue), Rh (brown), O (red), and H (white). Comparison of
molecular dynamic (MD)-simulated EXAFS and experimental
EXAFS spectra in magnitude part (B) and imaginary part (C) for
Rh/Fe304-0.05. The MD-simulated EXAFS spectra were generated
using the equilibrated MD trajectories at 300 K (please refer to the
procedure associated with Figures S6-S7 for additional details).
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Figure 3. (A) Rh K-edge EXAFS spectra of selected catalysts. Representative HAADF-STEM images and particle size distribution histo-
grams of Rh/Fe304-0.5 (B, C), Rh/Si02-0.5 (D, E) and Rh/Si02-0.05 (F, G). The points in Figure 3A are experimental data while the curves

are the fitting results.

The concentration of surface hydroxyl groups (quantified by
thermogravimetric and mass spectrometric analysis, Figure S9)
formed during H> treatment and the reduction of CO2 with Hz was
~0.75 of a monolayer (OH/(Rh+Fe)). We used this information, the
structure derived from EXAFS spectra, and the Fe;04(001) model
surface with subsurface cation vacancies proposed by Bliem et al.>
to create a model for the single atom and its coordination environ-
ment by DFT calculations. We found excellent agreement between
the experimental EXAFS spectra and those simulated for the model
(Figure 2A-2C). In contrast to model Fe3Oa surfaces,**37 the high
degree of hydroxylation of our material induces restructuring that
eliminates subsurface cation vacancies. See the computational de-
tails and Figure S4-S8 for a full discussion of the structural model
and the EXAFS simulation.

Rh nanoparticles supported on Fe3O4 and SiO2

At 0.5 wt.% Rh on Fe304 (labeled as Rh/Fe304-0.5), Rh nano-
particles formed (Figure 3A-3C). RhoO" fragments (and larger)
were observed in TOF-SIMS results (Figure S10). The Rh nano-
particles observed by HAADF-STEM (Figure 3B and S11) had a
narrow size distribution of 1-2 nm with a mean particle size of 1.4
nm and a dispersion of 78% (Figure 3C).

The EXAFS spectra of Rh/Fe304-0.5 showed a signal at 2.67 A.
We attribute this signal to a Rh-Rh path with a CN of 6.8 corre-
sponding to an average number of 28—29 Rh atoms and a dispersion
of 82 % (Figures 3A and S12, Table S6, see the supporting infor-
mation for calculation details).*3? This is in agreement with results
from the microscopy analysis. We attribute the signal at 2.02 A to
a Rh-O path with a CN of 0.7 that corresponds to Rh in the nano-
particle/FesO4 interface forming Rh-O-Fe bonds (Table S6). Such
bonding requires that these Rh atoms have cationic character. This
was confirmed by the intensity of the white line in the XANES re-
sults (Figure S13), which was higher for Rh/Fe304-0.5 than for the
Rh foil (Table S1). In general, the oxidic nature of metal atoms at
the interface of metal particles and oxide supports has been studied

in a variety of cases by combining spectroscopy and theory. For
example, there have been proposals of Ru clusters binding CeO2 by
Ru-O-Ce bonds.***! Cu particles also bind via Cu-O-Zr bonds
when supported on bulk ZrO2 and on ZrO: clusters in metal organic
frameworks.?% 42 Pd clusters supported on FeOx have higher oxida-
tion state than metallic Pd.¥ In previous work, we found that an
overlayer of FeOx on Rh nanoparticles leads to the positively
charged Rh species at the interfaces.**

To probe the potential impact of the interfacial Rh-O-Fe bond,
varying concentrations of Rh were supported on SiO: (i.e.,
Rh/Si02-0.05 and Rh/Si02-0.5, the numbers indicate the wt.%
loading). The TOF-SIMS spectra of these two materials showed
large amounts of RhoO* fragments, expectedly suggesting that the
average particle size increased with loading (Figures S10). The CN
determined for the Rh-Rh path for Rh/Si02-0.05 was 4.2, corre-
sponding to an average number of 8-9 Rh atoms constituting the
particle and to a dispersion of 99% (Figures 3A and S12, Table
S7). The Rh-Rh CN for Rh/Si02-0.5 was 6.7, indicating an average
size of 28-29 Rh atoms and a dispersion of 83% (Figures 3A and
S12, Table S8). This agrees well with the results of HAADF-
STEM measurements (Figures 3D and 3E) showing the average
diameter of particles on Rh/SiO2-0.5 to be 1.4 nm. For Rh/SiOs-
0.05, most of the Rh particles had a diameter below 1 nm, with an
average diameter of 0.8 nm (Figures 3F and 3G).

We analyzed further the Rh-O region (1-2 A in R-space) of the
XAFS spectra of Rh/Fe304-0.5, Rh/Si02-0.05, and Rh/SiO2-0.5
(Figure S14). There is a Rh-O feature (evident when compared
with the Rh203 reference) for Rh/Si02-0.5, but it is more evident
for Rh/Fe304-0.5 and for Rh/Si02-0.05. This increasing contribu-
tion of the Rh-O path correlates well with the intensity of the white
line of the XANES results (Figure S13). This correlation between
XANES and XAFS results supports our interpretation that some Rh
atoms had a cationic character due to the bond with oxygen for
Rh/Fe304-0.5, Rh/Si02-0.05, and Rh/Si02-0.5.



Adsorption on single Rh atoms and Rh nanoparticles

The adsorption isotherms of CO2, Hz2, and CO on selected mate-
rials are shown in Figure 4. The catalysts containing Rh nanopar-
ticles had maximum uptakes between 0.1 and 0.3 mol COz per mol
of exposed Rh. This agrees well with published results suggesting
that CO> interacts weakly with metal surfaces.***¢ In contrast,
Rh/Fe304-0.05 showed a CO2 uptake of 1.5 mol COz2 per mol of Rh
(Figures 4A and 4B), while adsorption on bare Fe;Os was only
20% of the total uptake observed for Rh/Fe304-0.05 (Figures S15
and S16).

Rh/Fe304-0.5 (Rhzs particles) showed a much lower CO2 uptake
than Rh/Fe304-0.05, despite both having nearly the identical frac-
tion of Fe3Os surface exposed (8.0 Fe/nm? for Rh/Fe304-0.5 and
8.4 Fe/nm? for Rh/Fe304-0.05). Thus, we conclude that Rh single
atoms are part of the adsorption sites. In contrast to the strong in-
teraction of single Rh atom sites with CO>, the adsorption of CO
and H> was low (Figures 4C—4F). The CO and H: uptakes on
Rh/Fe304-0.05 were the lowest (<0.5 mol CO or H atoms per mole
of isolated Rh at 33 kPa) followed by Rh/Fe304-0.5, and Rh sup-
ported on SiOx.
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Figure 4. Adsorption isotherms, DFT-optimized geometry, and ad-
sorption energy of CO2 (A-B), CO (C-D) and H: (E-F) on single
Rh atoms stabilized in Fe3O4 at 0.75 monolayer H coverage. A, C,
and E also show the adsorption isotherms measured on Rh catalysts
supported on Fe3O4 and SiOz. The isotherms were taken at 308 K
after treating the catalysts under Hz flow in 473 K. The reference
state of DFT-based adsorption energy is the bare Fe304(001) and
gas-phase COz, CO, and Hz2 molecules (see computational details
for the definition of adsorption energy). Color codes: octahedral Fe
(blue), tetrahedral Fe (light blue), Rh (brown), O (red), C (cyan), O
of CO2/CO (purple) and H (white).

Using a Langmuir formalism (i.e., constant heat of adsorption,
reversibility of adsorption), we determined the adsorption equilib-
rium constants, which are compiled in Table S9 (fitting lines are
shown in Figure 4). The CO: adsorption equilibrium constant
(Kco2) for Rh/Fe304-0.05 (single Rh sites) was 551 (i.e., one to two
orders of magnitude higher than for the catalysts with Rh nanopar-
ticles). However, the adsorption equilibrium constant of CO (Kco)
for Rh/Fe304-0.05 was only 1.6 (i.e., one to two orders of magni-
tude lower than for catalysts containing Rh particles). We observed
a similar, although less marked, trend for Kadas of H2 (Kn2), which
was 2 on Rh/Fe3;04-0.05 and 7-10 for Rh particles supported on
Fe304 and SiO2. We were able to measure the enthalpy of adsorp-
tion of CO2 on Rh/Fe304-0.05 as AH = -93+6 kJ mol! and the en-
thalpy of adsorption as TAS = -93+6 kJ mol-'. However, the uptakes
of Hz2 and CO were too low to be accurately measured.

DFT suggests that upon adsorption, CO2 has one O atom directly
bound to the Rh site, while the C atom binds to a neighboring sur-
face O (Figure 4B), forming a carbonate. In qualitative agreement
with the experiments, the resulting DFT adsorption energy of CO2
was -180 kJ mol!. In contrast, the DFT adsorption energy of CO
and Hz were only -42 and -17 kJ mol’!, respectively (Figures 4D
and 4F), indicating a much weaker adsorption.

The importance of the single Rh atom is seen when replacing the
Rh atom with an Fe atom in the calculations, which decreased the
interaction strength with CO2 to 90 kJ mol’!. Differences between
Rh and Fe sites are attributed to their charge differences, with Rh
being more reduced than Fe at the same location (Figure S17A).
The base strength of oxide (favoring stabilization of carbonates) is
enhanced with increasing surface coverages of H, as indicated by
the slight increase in the negative Bader charge of surface O atoms
(from -1.1 to -1.2 ¢’). Thus, we conclude that higher coverages of
hydroxyl groups promote the adsorption of CO2 while suppressing
the adsorption of CO (Figure S17B). Thus, the combination of both
isolated Rh sites and the extent of hydroxylation influence the bind-
ing and reaction of COx.

Having established that single Rh atoms enhance the strength of
interactions with COz, infrared (IR) spectroscopy was used to char-
acterize the surface species. Upon contacting Rh/Fe304-0.05 with
CO2
(Figures SA and 5B) at room temperature, bands assigned to hy-
droxy carbonate (1610, 1420, 1220 cm'), bidentate carbonate
(1560, 1250 cm™") and ionic carbonate (1150 cm™") appeared, with
the band intensities increasing with higher CO> pressure (see Fig-
ure S18 for details of band assignments).*’->* This confirmed that
the carbonates are substantially better stabilized in the presence of
single Rh atoms on Fe3Os. A band at 1350 cm™ decreased upon
CO:z adsorption on Rh/Fe304-0.05 (Figure SA); therefore, a nega-
tive signal is observed in the difference spectra (Figure SB). We
attribute such a band to the perturbation of hydroxyl groups asso-
ciated with the adsorption of CO2 and the concomitant formation
of bicarbonates.*®* In contrast, after exposure of Rh/Si02-0.5 to
CO:z carbonate or bicarbonate species were not observed. Instead,
linearly adsorbed CO was clearly visible, indicating a direct disso-
ciation of CO2 on metallic Rh (Figure 5C).>!->

Catalytic reduction of CO2

The logarithmic dependence of the rates of reduction of CO2 on
the inverse temperature, selectivity, and related performance are
depicted in Figures 6 and S19-S23. The apparent activation en-
ergy for CO2 reduction on Rh/SiO> was 79-90 kJ mol!' and de-
creased to 60 kJ mol! on Rh/Fe30s-0.5 and 55 kJ mol! for
Rh/Fe304-0.05 (Figure 6). CO and CH4 were the only products un-
der the reaction conditions used. Overall, the selectivity to CO in-
creased with decreasing Rh particle size (Figure S21).
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Figure 5. IR spectra of Rh/Fe304-0.05 exposed to CO2 (A: original spectra; B: difference spectra) and difference IR spectra of Rh/SiOz-
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Figure 6. Catalytic performance of Rh catalysts in COz reduction:
Arrhenius plots for CO2 conversion with rates normalized to the Rh
content. Reaction conditions: 523-623 K, 101 kPa, CO2/Hz/He =
7/28/105 mL/min (gas hourly space velocity of 7 x 103 mL g h'!).
Comparisons of rate normalized in other ways can be found in Fig-
ures S19 and S20.

For instance, the CO selectivity was approximately 30% on
Rh/S102-0.5 and increased to approximately 70 % on Rh/Fe304-0.5
and Rh/Si02-0.05. On Rh/Fe304-0.05, the CO selectivity was
greater than 90%.

A two orders of magnitude higher CO2 reduction rate (per Rh
content) on Rh/Fe304-0.05 than on Rh/Fe304-0.5 highlights the im-
portance of atomically dispersed Rh (Figure S19). On the other
hand, Rh/Fe304-0.5 showed one to two orders of magnitude higher
rates than Rh/Si02-0.5, pointing to the importance of Fe3Oa4 for the
specificity of interaction of molecular species with the catalyst. Per
exposed Rh, Rh/Fe304-0.05 leads to a rate as high as 5.3 s! at 623
K (i.e., two orders of magnitude higher than that of Rh/Si02-0.5)
(Figure 6).

The rates normalized per exposed Rh, however, probably are not
suitable for discussing the intrinsic activities of the catalysts be-
cause of the varying oxidation state of Rh (single metal atoms and
metallic Rh nanoparticles). Thus, we compared the reaction rates
normalized by the uptakes of COz of the corresponding materials
considering that such measurements serve as a titration of adsorp-
tion sites that can produce CO.* The comparison in Figure S20
shows that the normalized rates of CO production on Rh/Fe3O4-
0.05 and Rh/Fe304-0.5 are the same in most of the studied

temperature ranges and higher than the rates observed on the SiO-
supported catalysts. These observations allow us to propose that the
highly active and selective sites in both the single Rh atoms and
interfaces between Rh nanoparticles and FesO4 are similar. In view
of the different activities observed over SiOz-supported Rh and
pure Fe3O4, we identify those possible sites as Rh-O-Fe bonds.

For Rh/Fe304-0.05 the reaction orders in CO2 and Hz were both
0.35, pointing to a relatively high CO2 coverage and the lowest H2
coverage among the studied catalysts. In contrast, the reaction order
in H> was near zero, while the order in CO2 order was 0.7 on
Rh/Si02-0.5 (Figure S21 and Table S10). This suggests a higher
Haz coverage and a lower CO2 coverage on Rh nanoparticles. The
H:z order was 0.15 and the CO2 order was 0.5 on Rh/Fe304-0.5, in-
dicating that sites at the Rh-O-Fe perimeter contribute to changes
in the coverage of adsorbed species (i.e., the abundance of H de-
creases, while that of COz increases). The combination of higher
rates with higher COz surface coverage varying in parallel suggest
that a higher number of possible transition states contributes to the
higher rate as does the lower apparent activation energy (55 kJ mol
! for single Rh sites compared to 90 kJ mol! on nanoparticles).

It has been concluded that the direct and reverse water-gas shift
reactions on Fe3O4 occur through a redox or “regenerative” mech-
anism in which COz as a reactant oxidizes a site on the surface. This
site is reduced by H> removing oxygen in the form of water.33-%
However, the large differences in activation energies that we ob-
served on Fe304 and on Rh/Fe304-0.05 (129 kJ mol! and 55 kJ mol
!, respectively) indicate that the incorporation of single Rh cations
into the lattice shifts the reaction mechanism. The fractional reac-
tion orders in CO2 and H: (both around 0.35) observed on
Rh/Fe304-0.05 further hint at an associative mechanism in which
activated H interacts with adsorbed CO2 to form an activated com-
plex that ultimately decomposes to CO and H2O. This surface com-
plex usually is identified as a formate.’>>7 However, several dis-
senting studies have concluded that on some catalysts, formates are
spectators, based on the mismatch between the kinetics of surface
formates and the kinetics of products in the gas phase.’® In these
cases, instead of formates, carboxylates have been postulated as the
associated complex that yields CO and hydroxyl groups (which de-
sorb later as H20).5-6° We resorted to DFT to explore the surface
states over the optimized Rh-doped Fe;Os surface comparing the
energy level of adsorbed carboxylate (HOOC*) and a formate
(HCOO*). We found a much lower stability for the latter (Figure
S23) as some of us found in a previous work.®! The formation of
the possible formate intermediate is thermodynamically unfavora-
ble compared even to the desorption of COsz.
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Thus, we propose the mechanism shown in Figure 7 and shown
in detail in Figure S24. State 1 is a site containing a single hydrox-
ylated Rh atom, where CO2 adsorbs. This yields a stable carbonate
(or hydroxycarbonate) species depicted in State 2 (also shown in
Figure 4B). This surface species re-arranges to State 3 which con-
verts into the carboxylate intermediate upon reaction with surface
OH groups and is shown in State 5 in Figure 7 (State 4 and State
6 are omitted for clarity but can be seen in Figure S24 in the sup-
porting information). The decomposition of the carboxylate into
CO (located on the top of the Rh atom) and water (located on the
top of an octahedral Fe atom) (State 7) is hypothesized to include
the rate determining step. This agrees with the positive standard
Gibbs free change calculated by DFT and with the negligible ki-
netic isotope effect measured by switching from Ha to D2 (Figure
S22) (i.e., the rate-determining step does not involve hydrogen ad-
dition). The next steps in the catalytic cycle involve the desorption
of CO and the elimination of H20, which results in the formation
of the stable Rh/Fe304 surface (State 9 in Figure 7). Subsequently,
Hz adsorbs on top of the atom, thereby regenerating the surface OH
groups via dissociation steps and H diffusion. All intermediate
steps (e.g., State 4 and State 6 and State 8) are shown in Figure
S24B.

In State 5 (Figure 7), the bond between the site containing Rh
and the carboxylate, HOOC-Rh, is enabled by the electron-rich
state of Rh produced by the adsorption of Hz. Bader charge analysis
confirms the formal oxidation state of single Rh atom to be ~2 at
0.75 monolayer H coverage after calibrating Bader charges against
known standards (Table S11). We conclude, thus, that the presence
of more reduced Rh cations in the active site and the shift of the
mechanism from a redox-type reaction on Fe3O4 (which requires
switching between Fe** and Fe*") to a low-temperature associative
mechanism is responsible for the very low activation barrier on the
single-atom catalyst. We note in passing that upon heterolytic H2
dissociation, an intermediate surface H with a hydride nature on the

Rh site will likely transfer as a proton to yield a hydroxyl group
reducing the metal center in the process.®

In State 7 (Figure 7), the weak binding strength of the single
atom for CO enables facile CO desorption and concomitantly high
CO selectivity. On Rh nanoparticles, the stronger interaction of CO
formed leads to a larger surface concentration and increases the
possibility of C-O bond cleavage followed by complete hydrogena-
tion to CHa. The interaction of H2 with the metal sites, on the other
hand, is not a key feature for the observed rates, as Hz activation
and addition is not the part of the rate-determining step.

Characterization of spent catalysts

We did not find agglomerated Rh atoms, by HAADF-STEM in
the Rh/Fe304-0.05 catalyst exposed to the reaction mixture (CO2
and H») at 523 K. In agreement, the XANES and EXAFS results
indicate that Rh remains isolated and Rh-Rh bonds are not observed
(Figure S25). The white line of the XANES of the spent catalyst is
less intense than that of the fresh Rh/Fe304-0.05 and a shoulder ap-
pears at 1.9 A in the EXAFS. We attribute these variations to mo-
lecular species binding to the Rh sites, because changes in the Rh-
Rh and Rh-O CNs were not found. This conclusion is line with the
Bader charge analysis and calculations in Figure S17.

The HAADF-STEM characterization of the spent Rh/Fe304-0.5
and the corresponding statistical analysis did not show any appre-
ciable change in the particle size distribution nor the presence of
single atoms (Figure S26). The XANES spectra (Figure S27) did
not show any appreciable difference compared to the fresh catalyst
(i.e., both are close to the spectrum of the Rh foil).

Comparison of Rh/Fe3Os, Pt/Fe304, and Ru/Fe;04 single-atom
catalysts

To explore whether the described behavior of Rh is a singularity,
we also prepared Fe;Os-supported Pt and Ru catalysts with similar
low loadings (i.e., Pt/Fe304-0.05 and Ru/Fe304-0.05). To assure
atomic dispersion, these catalysts were characterized by EXAFS
(see the results for Ru/Fe304-0.05 in Figure S28 and Pt/Fe304-0.05



in Figure S29). These two materials showed also remarkably high
CO: uptakes (Figure S16) and negligible CO and H> uptakes dur-
ing chemisorption experiments. The similarities among all the
tested single atoms catalysts indicate that the strong adsorption of
CO:z on single metal sites stabilized by FesO4 is a general and in-
dispensable property. The catalytic consequences of the similarities
were expectedly the high selectivity in the conversion of CO2 to
CO with high rates per exposed metal of 0.5 s'-0.9 s and 5.3-9 §°
! (at 523 K and 623 K, respectively) and with activation energies
similar to that observed on Rh/Fe304-0.05, i.e., 55-65 kJ mol! (en-
tries 13-20 in Table S12). The differences among the catalytic per-
formances of the investigated single-atom catalysts are minor, con-
sidering that Rh, Pt, and Ru have markedly different catalytic prop-
erties otherwise.®3-%* Interestingly, the activity trend observed for
the series of single-atom catalysts investigated in this work
(Ru/Fe304-0.05 < Rh/Fe304-0.05 < Pt/Fe304-0.05) coincides with
the reactivity towards the decomposition of C1 oxygenated com-
pounds on extended surfaces of the corresponding supported tran-
sition metals.® This supports our hypothesis that decomposition of
surface carboxylates is the rate determining step and that this is
common for all catalysts we investigated. We speculate that the rel-
atively minor activity differences we observed are related to the
semiconductor nature of the support, which “buffers” the electronic
differences of the cationic Rh, Pt, and Ru. Thus, electronic interac-
tions between the single atom and the hosting oxide surface are
more important than the nature of the single atom to determine the
catalytic pathways and rates of COz reduction.

Conclusions

The environment created by supporting single atoms of Pt-
groups metals on FesO4 controls their interactions with CO2 and
CO. Specifically, strong interactions of CO2 with single atoms are
the key to a high concentration of transitions states and high rates
of COz reduction to CO. Shown in detail for Rh, the strong interac-
tions are provided by the substitution of Fe*", at octahedral sites, by
Rh%". These newly created single Rh atom sites, or more precisely
Rh-O-Fe sites, stabilize surface carbonates upon CO:2 adsorption
and offer a low energy pathway for the non-assisted decomposition
of a carboxylate intermediate to CO and H20. The weak interaction
of CO with the Rh-O-Fe site suppresses the hydrogenation of CO
to methane under the explored reaction conditions. In stark con-
trast, weak interactions of Rh particles with CO2 while strongly ad-
sorbing CO, yield relatively low CO2 conversion rates with high
selectivity to CHa.

The similar kinetic performance of Fe3O4-supported Rh particles
and single Rh atoms for the production of CO allows us to hypoth-
esize that the interfacial Rh-O-Fe bonds of Fe3O4-supported Rh na-
noparticles have the same catalytic chemistry of single Rh sites.
Moreover, the chemistry discovered for Rh-O-Fe is not a singular-
ity of Rh but extends to Ru-O-Fe and Pt-O-Fe sites that show the
same correlation between the strong interaction with CO2 and the
high activity for the reverse water-gas shift reaction. Thus, the ef-
fect that the environment (Fe3O4 in our study) induces on the elec-
tronic properties of Pt-group metal atoms is more important than
the identity of such single atoms. However, single atom sites better
utilize the doping transition metal and suppress methane produc-
tion, which preferentially occurs at metal particles.
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