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Abstract: The stability and activity of supported single-atom catalysts (SACs) represent critical yet opposing factors limiting 
our ability to explore and exploit their unique properties. This study demonstrates the operation of a switchable catalyst that 
is activated in the presence of surface intermediates and reverts to a stable but inactive form when the reaction is completed. 
We employ atomically defined Rh/Fe3O4(001) catalysts to demonstrate how structurally stable Rh, bound in surface octahe-
dral Fe sites, gets destabilized to form highly active Rh adatoms and small clusters. Conversion of formic acid, leading initially 
to surface formate and hydroxyl species, is employed as a model reaction to probe the dynamics of such processes. We find 
that surface hydroxyl recombination to water through the Mars-van Krevelen mechanism reduces Rh coordination, triggering 
its conversion to active Rh adatoms. Since such lattice oxygen exchange is observed in many acid-base and redox chemistries, 
the process can be broadly applicable to controlling the activation of the range of SACs. 

1. INTRODUCTION 

Understanding the dynamic changes occurring at catalytic ac-
tive sites under reaction conditions is a significant challenge 
that hampers the design of future catalysts. The ultimate ob-
jective of creating highly active sites is tempered by their sta-
bility.1-4 The key solution to this problem lies in our ability to 
dynamically activate and partially destabilize the catalytic site 
structure by introducing reactants, intermediates, and co-ad-
sorbates.5-7 In this context, supported single-atom catalysts 
(SACs) have emerged as a frontier in fundamental catalytic re-
search. Despite their general instability, SACs possess inher-
ent potential for novel reaction pathways and exhibit high se-
lectivity compared to their nanoparticulate counterparts.8-16 
These distinctive catalytic properties arise from their ionic 
nature, predominantly homotopic environment, and underco-
ordinated character.2, 17-20 Furthermore, when studied in liq-
uid environments, SACs are a unique parallel to homogeneous 
catalysts.16, 21-22 However, identifying their binding configura-
tion and environment during the reaction process poses im-
mense challenges, and as such, the active sites remain poorly 
characterized and likely different from their resting state.1, 23-

24 

In this regard, model systems that can be characterized at the 
atomic level can yield important details about such dynamic 
processes under reaction conditions. In recent years, single 

metal atoms supported on Fe3O4(001) emerged as an ideal 
platform where single metal atoms are relatively strongly 
bound as adatoms to two lattice oxygens.25-26 The vacuum sta-
bility of many single metal atoms has been well- characterized 
yielding a wealth of information about their behavior. In sev-
eral cases (Pd, Pt, Ag), the destabilization of single atoms by 
strongly bound adsorbates such as CO and methanol has been 
shown,6, 27-28 while stabilization of Rh and Ir single atoms by 
CO has also been demonstrated.29-30 Further, Rh adatoms 
(Rhad) and Rh nanoparticles (Rhmet) bare active toward CO ox-
idation and CO2 reduction reactions.30-31 Rh supported on 
Fe3O4(001) studied here was selected due to its ability to form 
stable mixed oxide surfaces from the Rh adatoms.10, 30-31 It has 
been demonstrated that single Rhad’s will, upon annealing be-
tween 500 and 700 K, substitute into the surface Fe octahe-
dral sites, forming Rh octahedral (Rhoct) sites and yielding 
thermally stable mixed Rhoct/Fe3O4(001) surfaces.30-31  

This binding configuration has also been shown to be the most 
stable on high surface area catalysts.32-33 High-temperature 
annealing (900 K) leads to Rh segregation and the formation 
of large nanoparticles.31 Similarly, annealing Rh/α-
Fe2O3(11̅02) systems results in the incorporation of Rh into 
the oxide lattice, whereas mild oxidizing conditions can even 
promote the dissolution of larger Rh clusters into the sur-
face,34 while Rhad sites on the α-Fe2O3(11 ̅02) surface are both 

https://doi.org/10.26434/chemrxiv-2024-dpck2-v2 ORCID: https://orcid.org/0000-0002-5999-7867 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-dpck2-v2
https://orcid.org/0000-0002-5999-7867
https://creativecommons.org/licenses/by-nc-nd/4.0/


 

 
Figure. 1. STM and XPS characterization of Rhad and Rhoct sites. (A) Schematic models showing side and top view of reconstructed 
Fe3O4(001) unit cell with Rhad (top) and Rhoct (bottom) atoms indicated in cyan. Feoct is shown in blue, Fetet grey, Rhad cyan, and O 
red. The yellow square shows the unit cell (u.c.) of the surface reconstruction and the black circle denotes the bulk-like open (BLO) 
site. (B) STM images (Vs = 1.4-1.7 V, I = 0.2 nA) acquired after the deposition of 0.2 Rh/u.c. at 293 K (top) and after post-annealing at 
700 K (bottom). Several Rhad, Rhoct, and Rhmet species are highlighted by yellow-orange, green, and red circles, respectively. (C) Rh 
3d XPS spectra of Rh adatoms after the deposition of 0.17 Rh/u.c. at 250 K (Rhad, top panel) bound on Fe3O4(001) and post-annealing 
at 700 K producing Rh that is octahedrally-coordinated (Rhoct, bottom panel) in the Fe3O4(001). The acquired spectra (dark gray) 
are fitted (black dots) using Rhoct (green), Rhad (yellow-orange), and Rhmet (red) components. The background from bare Fe3O4(001) 
is shown in light gray. The fitting methods and parameters are outlined in Ref. 31. 

 stabilized and dispersed in low-pressure water environ-
ments.34 

We selected formic acid as a probe molecule to test the stabil-
ity, dynamic interconversion, and activity of distinct Rh sites 
on Fe3O4(001). The probing of catalyst sites with formate can 
yield important information regarding the acid-base proper-
ties and redox activity of the surface sites. For instance, in CO2 
reduction, formate is often proposed as an intermediate spe-
cies toward the formation of methane, methanol, and CO.8, 35-

37 In many oxygenate reactions, where carboxylate intermedi-
ates are common, the reaction pathways to different products 
depend on the surface acid-base or redox properties.38-45 The 
reaction of formic acid on metal oxides generally occurs via 
dehydrogenation (CO2, H2CO, and H2 products) or dehydra-
tion reaction (CO and H2O) with more reducible oxide sur-
faces/catalysts shifting the selectivity toward dehydrogena-
tion, illustrating the surface sites are more redox active. For-
mic acid deprotonates readily on Fe3O4(001) at 300 K, leaving 
behind an acidic hydrogen bound in the form of a surface hy-
droxyl species and a bidentate formate species bound to two 
neighboring Fe octahedral sites.46 These can yield H2 and/or 
H2O, with H2O formation providing a mechanistic path to in-
corporate surface oxygen in the reaction products via the 
Mars-van Krevelen mechanism.43, 45 As we show here, this 
process is critical for the dynamic creation of the catalytically 
active Rh sites. 

This study demonstrates how thermally stable octahedral Rh 
atoms incorporated in the Fe3O4(001) surface are dynami-
cally released and activated toward formic acid conversion. 

We show that during the reaction, octahedral Rh sites are con-
verted to Rh adatoms and small clusters that act as active sites 
for formate reduction to CO2. While formic acid on Fe3O4(001) 
dehydrates and yields primarily CO, extremely small cover-
ages of Rh adatoms separated by tens of nanometers (~0.01 
Rh/u.c., unit cell) shift the surface kinetics towards the CO2 se-
lective dehydrogenation pathway. Additional hydrogenation 
studies of Rhoct-Fe3O4(001) surfaces reveal that water for-
mation from surface hydroxyl species via Mars-van Krevelen 
mechanism47 is responsible for the destabilization of Rhoct, 
likely due to reduced surface oxygen coordination. The con-
clusions from the experimental studies are further corrobo-
rated by Density Functiona Theory calculations. 

2. RESULTS 

2.1 Preparation and characterization of model 
Rh/Fe3O4(001) catalysts. Previous studies have established 
two distinct forms of single-atom Rh catalysts on Fe3O4(001): 
Rh adatoms (Rhad), which bond to two undercoordinated ox-
ygen atoms on the surface, and in-surface octahedral Rh at-
oms (Rhoct) that have replaced one of the octahedral Fe 
(Feoct).30-31 Figure 1 provides spectroscopic and imaging sig-
natures, along with a schematic representation of these single 
atom sites. 

In Figure 1A, the top schematic view illustrates the geometric 
configuration of the Rhad (cyan) bound to the reconstructed 
Fe3O4(001). Each Rhad is bonded to two surface oxygen atoms 
(red) spanning adjacent Feoct rows (blue), centered above the 
bulk-like open (BLO, black circle) site—i.e., a site without  

https://doi.org/10.26434/chemrxiv-2024-dpck2-v2 ORCID: https://orcid.org/0000-0002-5999-7867 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-dpck2-v2
https://orcid.org/0000-0002-5999-7867
https://creativecommons.org/licenses/by-nc-nd/4.0/


 

 
Figure. 2. TPRS of products (H2O - top, 13CO - middle, 13CO2 - bottom) observed from the saturation dose of H13COOH on 
Rh/Fe3O4(001) model catalysts. (A) Rh/Fe3O4(001) catalysts dominated by Rhad and Rhmet active sites prepared by Rh deposition 
(0-0.05 Rh/u.c.) at 250 K. (B) Rh/Fe3O4(001) catalysts dominated by Rhoct sites prepared by Rh deposition at 250 K and annealing 
to 700 K (0.17-0.40 Rh/u.c.) or deposition at 700 K (1.0 Rh/u.c.). (C and D) 13CO2 turnover frequencies in CO2⸳Rh-1u.c.-1s-1 along the 
TPRS ramp from (A) and (B), respectively. 

tetrahedral Fe (Fetet, gray) underneath. The bottom schematic 
view shows the structure of the Rhoct (cyan) formed by dis-
placing one of the Feoct atoms from Rhad upon annealing at 
500-700 K. 

The scanning tunneling microscopy (STM) images in Figure 
1B depict the appearance of Rhad and Rhoct. The top image pre-
dominantly shows bright Rhad species (several highlighted by 
yellow-orange circles) situated between the bright Feoct rows. 
Additionally, the image reveals a few aggregates of several at-
oms in size (one highlighted by the red circle, Rhmet). The bot-
tom image displays Rhoct sites prepared by annealing the as-
prepared Rhad surface (top) at 700 K. 

Figure 1C displays the Rh 3d X-ray photoelectron spectros-
copy (XPS) spectra obtained after preparing 0.17/u.c. Rhad- 
and Rhoct-dominated surfaces. Decomposition of distinct Rh 
signatures30-31 shows that, as an ensemble average, the depo-
sition of Rh at 250 K (top) results in a surface dominated by 
isolated Rhad’s, and a small proportion of Rhoct. To avoid the 
formation of small Rh clusters (Rhmet) (one seen for 0.17 
Rh/u.c. in Figure 1B top), using low Rh coverages (<0.1 
Rh/u.c.) is essential. Annealing Rhad covered-surfaces (<0.5 
Rh/u.c.) at 700 K leads to completely incorporating all Rh spe-
cies into the oxide surface layer as Rhoct, i.e., the absence of the 
observed Rhad or Rhmet species, Figure 1C bottom. 

The existence of these two distinct single Rh atom configura-
tions offers a unique opportunity to compare and contrast 

their catalytic chemistry. For this purpose, formic acid is se-
lected as the prototypical molecule, enabling the exploration 
of acid-base and redox chemistry reaction pathways leading 
to the formation of CO and CO2, respectively.38-45 Furthermore, 
the initial deprotonation of formic acid yields formate and 
surface hydroxyls, which play crucial roles as surface species 
during CO2 dehydrogenation reactions.38-45 

2.2 Coverage-dependent product formation on Rh ada-
tom and octahedral sites. Figure 2 illustrates the tempera-
ture-programed reaction spectroscopy (TPRS) spectra of the 
products observed during the reaction of isotopic formic acid 
(H13COOH) adsorbed over Rhad/Fe3O4(001) (Figure 2A) and 
Rhoct/Fe3O4(001) (Figure 2B) model catalysts. Representative 
XPS spectra obtained from the model 0.05 Rhad/u.c. before 
formic acid TPRS and after conversion to Rhoct at 700 K are 
given in Figure S1. Additionally, XPS from Rhoct/Fe3O4(001) 
with 0.17 and 1.0 Rh/u.c. are shown in Figure 3. Despite the 
substantial difference in the Rh content, with 
Rhoct/Fe3O4(001) having approximately twenty times more 
Rh compared to Rhad/Fe3O4(001), there are striking similari-
ties in the behavior of these two systems as the Rh coverage 
increases (from dark to light blue).  

We now focus on a more detailed description of the evolution 
of the product distribution. The TPRS spectra for formic acid 
conversion on Fe3O4(001) are displayed in black for refer-
ence. Within the temperature range of 450-600 K, water is the 
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sole hydrogen-containing product observed. Additionally, CO 
and CO2 are the only carbon-containing products, with CO be-
ing the predominant species (~75%). 

Upon the addition of a small amount of Rhad (0.01-0.05 
Rh/u.c.) at 250 K, the distribution of carbon-containing prod-
ucts shifts from being CO-dominated (Figure 2A, middle) to 
CO2-dominated (Figure 2A, bottom). Further, water, which 
desorbs as a broad peak from ~420 to 600 K on the 
Fe3O4(001), develops a sharper desorption feature (Figure 
2A, top) indicating HCOOH conversion over a narrower tem-
perature range. The peak position for H2O, CO, and CO2 shifts 
to lower temperatures, with CO2 shifting from approximately 
570 K for bare Fe3O4 (black traces) to 520 K for 0.05 Rhad/u.c. 
This shift indicates that the Rhad sites become the preferential 
sites for formate conversion, with the preferential reaction 
pathway shifting from dehydration to dehydrogenation. It 
also demonstrates the enhanced redox activity of the Rh ada-
tom site versus the bare oxide. The small shoulder in the CO2 
product is likely due to the reaction of formic acid on sparse 
Rh clusters, as evidenced by TPRS on a much higher coverage 
of Rh (1.0/u.c.) deposited at 250 K (Figure S2). In our previous 
work, we determined that these higher coverages are domi-
nated by Rh clusters.31 Thus, we can conclude the CO2 desorp-
tion >480 K is due to Rh adatoms and not clusters. Some small 
clusters likely form through the course of the TPRS despite 
not being present initially in XPS, Figure S1, and are a result 
of either adsorbate-induced or thermal destabilization of the 
adatoms as observed previously.6,12, 30-31 Assuming isolated 
Rhad, the average spacing between the Rhad along the rows is 
approximately 8.4 nm for 0.01 Rh/u.c. and 4 nm for 0.05 
Rh/u.c. If all the reaction products form on Rhad active sites, 
we can deduce that at the lowest Rhad concentration of 0.01 
Rh/u.c., each site turns over an average of approximately 200 
formate species during the TPRS ramp. The formation of wa-
ter follows a similar trend. Also, the water peak shifts to lower 
temperatures, indicating that its formation is not the rate-lim-
iting step and readily occurs after C-H bond cleavage. 

The formic acid conversion to CO2 on Rh/Fe3O4(001) catalysts 
where all the Rh was converted to Rhoct by annealing to 700 K 
is significantly less efficient  than that of Rhad (see Figure S3). 
As the amount of Rhoct increases by approximately an order of 
magnitude (0.17-1.00 Rh/u.c., Figure 2B), analogous evolu-
tion to that on Rhad is observed in TPRS (H2O (top), CO (mid-
dle), and CO2 (bottom)). The CO2 dehydrogenation reaction 
pathway dominates, and the desorption temperature shifts 
from 570 to 520 K, similar to the Rhad/Fe3O4 system. Based on 
the relative yields of CO and CO2, we conclude that the activity 
of the Rhoct/Fe3O4 systems parallels that of the Rhad/Fe3O4 sys-
tems, but the concentration of Rhoct has to be increased ~20 
times that of Rhad 

This assessment is quantitatively evaluated by comparing the 
CO2 turnover frequencies (Figure 2C and 2D) obtained by nor-
malizing CO2 desorption rates by the amount of deposited Rh 
from Figures 2A and 2B. For both Rhad and Rhoct systems, the 
leading edges of CO2 TPRS spectra collapse on a common line 
independent of the Rh coverage. In the case of Rhad, this 

overlap demonstrates that the number of active Rh sites in-
creases linearly with Rh coverage (in the low Rh coverage 
limit explored here) and that Rhad remains active during the 
conversion of formate species to CO2. This overlap further 
shows that bidentate formate is sufficiently mobile46 to reach 
even the sparsely populated Rhad sites (~10 nm apart). For 
the lowest Rhad coverage of 0.01 Rh/u.c., a slight deviation to-
wards lower turnover frequencies is observed, likely indicat-
ing an onset of the limitations in the formate mobility. The in-
tegral of CO2 produced per Rhad site (turnover number) de-
creases as the Rhad coverage increases (Figure 2C), demon-
strating that the downshift in peak desorption temperatures 
results from an increase in active site population rather than 
an increase in the inherent activity of the Rh active sites. 

Despite pre-annealing to 700 K, the Rhoct/Fe3O4 system 
demonstrates analogous behavior (Figure 2D), suggesting 
that in the presence of formate and hydroxyl species, the Rhoct 
may be converted to Rhad. This proposition is plausible as our 
previous work demonstrated that Rhad is active toward CO ox-
idation and CO2 reduction while Rhoct is not, and this has been 
reproduced in Figure S4.31  

2.3 Characterization of Rh active sites during the reac-
tion. To test this hypothesis, we analyze the evolution of the 
Rh 3d XPS spectra along the TPRS ramp on initially pure 
Rhoct/Fe3O4(001) surfaces covered by formate and hydroxyl 
species. In Figure 3A, we follow the changes in the abundance 
of different binding motifs of Rh after adsorbing 2.0 
HCOOH/u.c. at 80 K on the surface with 1.0 Rhoct/u.c. follow-
ing annealing at various temperatures to mimic the condi-
tions of our TPRS experiments. The highest possible Rhoct cov-
erage of 1.0 Rhoct/u.c. is selected to maximize the signal-to-
noise in the Rh 3d XPS spectra.  The Rhoct/Fe3O4(001) surface 
was prepared by depositing Rh at 700 K, and the resulting Rh 
3d XPS spectrum is shown at the top of Figure 3A. Subsequent 
adsorption of formic acid is carried out at 250 K and results in 
the formation of formate and lattice-oxygen-containing hy-
droxyls, as demonstrated for HCOOH on bare Fe3O4(001).46 

Annealing of this HCOOH-saturated Rhoct/Fe3O4(001) surface 
to 500 K yields a middle-top spectrum in Figure 3A that is vir-
tually identical to the initial spectrum (Figure 3A, top). Inter-
estingly, upon annealing to 550 K (middle-bottom, Figure 3A), 
approximately 13% of the Rhoct converts to Rhad (4.3%) and 
Rhmet (8.7%). Most of the HCOOH is converted to reaction 
products at this annealing temperature, as shown in Figure 
2B. Additionally, in the Fe 2p XPS spectra (Figure S5A), an in-
crease in the Fe2+ shoulder (~709 eV) indicates a reduction of 
the surface due to hydroxyls and water formation48 that oc-
curs during the conversion of Rhoct to Rhmet. Upon further an-
nealing to 700 K, most (98%) of the Rhad and Rhmet species 
convert back to Rhoct and the Rh 3d spectrum (bottom, Figure 
3A) reverts to that of the initial surface (top, Figure 3A). Only 
a negligible amount (~2%, within the error bar of the fit) of 
the Rhmet intensity remains, suggesting that the process is re-
versible.  

In our previous study, we demonstrated that small Rh clusters 
(<1.3 nm) can be redispersed and converted to Rhoct whereas  
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Figure. 3. The evolution of 3d Rh XPS of the initial Rhoct/Fe3O4(001) in the presence of formic acid. (A) The initial spectrum from1.0 
Rhoct/u.c. (top spectrum) followed by dosing HCOOH at 80 K and flashing to 500 K (middle-top), 550 K (middle-bottom), and 700 K 
(bottom). (B) Repeat H13COOH TPRS performed on 0.17 Rhoct/u.c. (C) Rh 3d XPS after subsequent exposures of the 0.17 Rhoct/u.c. to 
H13COOH and after flash to 700 K. The initial spectrum from 0.17 Rh/u.c. (black-top), after 1st exposure (blue-middle), and after 2nd 
exposure (red-bottom). Rhoct/Fe3O4(001) was prepared by depositing Rh at 700 K (1.0 Rh/u.c.) or deposition at 250 K and annealing 
to 700 K (0.17 Rh/u.c.). 

nanoparticles (>2 nm) cannot.31 Thus, to eliminate the for-
mation of minority Rhmet species (Figure 3A), we evaluate the 
reversible activation of the Rhoct at lower Rh loading of 0.17 
Rhoct/u.c. where the average separation between Rhoct is in-
creased by approximately a factor of two. The XPS from 0.17 
Rhoct/u.c. before and after two cycles of formic acid exposure, 
Figure 3B, indicates no measurable change in Rh speciation. 
The corresponding repeated TPRS experiment carried out on 
this 0.17 Rhoct/u.c. surface (Figure 3C) further demonstrates 
the recovery of the original Rhoct surface and, therefore, tran-
sient activation to Rhad in the presence of HCOOH. The slight 
CO2 yield increase (~25%) suggests possible additional Rhoct 
is activated in the 2nd TPRS versus the 1st TPRS.  

2.4 The role of hydroxyl species in Rhoct activation. To fur-
ther decouple the role of formate and hydroxyl species, we ad-
sorbed atomic deuterium on the Rhoct/Fe3O4(001) surface, 
forming surface hydroxyl species without formate. The 
amount of adsorbed D atoms was calibrated by attenuating 
(√2 x √2) LEED spots. As shown previously, hydroxylation 
leads to the lifting of the (√2 x √2) reconstruction,48 and, as 
such, serves as a good measure of D coverage. Figure 4A dis-
plays the evolution of Rh 3d XPS spectra from a pure 0.3 
Rhoct/u.c. surface (top spectrum) where (√2 x √2) was atten-
uated to 50%, corresponding to a D coverage of ~1/u.c.48 Ex-
posure to D at 400 K has a negligible effect on the spectrum 
(middle-top, Figure 4A) even though the Fe 2p shows surface 
reduction (Figure S5B) due to hydroxyl formation, indicating 
hydroxyls alone do not destabilize Rhoct. When the surface is 
exposed to an additional identical dose of D at 500 K, approx-
imately 24% of the Rhoct converts to Rhad (7%) and Rhmet 

(17%) (middle-bottom, Figure 4A). Subsequently, flashing the 
sample to 700 K leads to the conversion of Rhad and Rhmet spe-
cies back to Rhoct (bottom, Figure 4A). Similar to the formic 
acid adsorption experiment, only a small amount of Rh re-
mains in the form of Rhmet (~3%) after the flash. In both cases, 
the conversion of Rhoct to Rhad and Rhmet is initiated between 
500 and 550 K, suggesting the reaction of hydroxyl species 
and not formate destabilizes Rhoct. The experiment with 
atomic hydrogen (Figure 4A) demonstrates that surface hy-
droxyls are responsible for converting Rhoct to Rhad and Rhmet 
rather than the formate species. 

Further evidence for the effect of surface hydroxyls on the 
surface morphology comes from STM imaging of the 
Rh/Fe3O4(001) surfaces (pre-annealed to 700 K) that have 
both Rhoct and Rhmet sites (Figure 4B). Here, H2 dissociation on 
Rh clusters (rather than direct exposure to hydrogen atoms) 
leads to surface hydroxylation12, 47 of the initial Rhoct + 
Rhmet/Fe3O4(001) surface (top, Figure 4B). The surface hy-
droxylation significantly increases Rh cluster coverage at 500 
K (middle, Figure 4B). This indicates that under hydrogena-
tion conditions where H2 dissociation is facilitated by Rhmet, 
the Rhoct also becomes destabilized and released from the 
Fe3O4(001) lattice. The proof of surface hydroxylation comes 
from the images obtained at 700 K, where surface hydroxyls 
recombine and yield water via Mars-van Krevelen mecha-
nism.47 The resulting etch pits demonstrate lattice oxygen re-
moval from the surface. 

As shown in the top panels of Figure 2, water forms from sur-
face hydroxyls at 500-550 K. This temperature range overlaps 
exactly with the Rhoct release temperature. As such, these  
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Figure. 4. The evolution of 3d Rh XPS of the initial Rhoct/Fe3O4(001) in the presence of hydroxyls or hydrogen. Rhoct/Fe3O4(001) was 
prepared by depositing Rh at 700 K. (A) The initial spectrum from 0.3 Rh/u.c. (top spectrum) followed by deposition of atomic 
deuterium at 400 K (middle-top), followed by additional deposition of atomic deuterium at 500 K (middle-bottom), and UHV flash 
to 700 K (bottom). All XPS spectra were acquired at 300 K. (B) STM images (298 K, 1.6 V, 0.2 nA) of the initial 700 K annealed surface 
dominated by Rhoct with few Rhmet clusters (top). The same surface was exposed to 2400 Langmuirs of H2 at 500 K (middle) and 
subsequently at 700 K (bottom). The schematics illustrate the observed changes in the distribution of the Rh species after each step. 

experiments combined provide strong evidence that Rhoct re-
lease is induced by the lattice oxygen removal. The reduction 
of Rhoct coordination due to surface oxygen removal provides 
a feasible pathway for its release and Rhad formation. Such dy-
namically formed Rhad species are highly active for the for-
mate conversion to CO2 as demonstrated in Figure 2A. As 
shown previously, Rhad can readily cluster at elevated temper-
atures (>400 K) and form Rhmet clusters, as observed by XPS 
in Figure 4A.30-31 Though capturing the initial formation of 
Rhad in XPS is difficult, prior studies with Pd adatoms sup-
ported on Fe3O4(001) demonstrate that the Pd will readily 
mobilize on the surface in a hydroxyl-rich environment.12 Ul-
timately, the surface Rhad and Rhmet species readily convert 
back to Rhoct once the surface intermediates are desorbed and 
the sample temperature reaches 700 K, as demonstrated in 
Figure 4A. This behavior aligns with our previous study that 
showed that small Rhmetal clusters < 1.3 nm in diameter are 
unstable at 700 K and break apart completely, substituting 
into the Fe3O4(001) surface.31 

2.5 Elucidating destabilization of Rhoct with theory. To fur-
ther explore the effect of surface hydroxylation and coordina-
tion environment reduction on the relative stability of Rhoct, 
density functional theory (DFT) calculations were performed 
on a slab model of the reconstructed Fe3O4(001) (see SI for 
computational details and Figure S6).  

We first examined the influence of hydroxyl position on the 
Fe3O4 structural rearrangement and the Rh adsorption en-
ergy, Eads. Based on the DFT calculations, a mechanism is pro-
posed for converting Rhad to Rhoct, depicted in Figures 5 & S7.  
Figure 5A parallels the experimentally observed binding of Rh 

to the BLO position to form Rhad. The bidentate Rhad has an 
adsorption energy, Eads, of -3.82 eV, Bader charge, BC, of +0.40, 
and an average Rh-O bond length, <RRh-O>, of 1.98 Å.  These 
results agree with those of Hulva et al., who obtained Eads=-
4.50 eV and BC=+0.68 for Rhad.7 Hydroxylation (2 OH per unit 
cell, see Figure 5 caption) increases Eads by 0.70 eV, slightly 
increases <RRh-O>, and decreases the Rh charge (see Table 1). 

The formation of Rhoct is likely initiated by diffusion of an ad-
jacent Feoct into a subsurface cation vacancy (SCV) (Figure 
5B), creating an octahedral Fe vacancy, 𝐹𝐹𝐹𝐹𝑜𝑜𝑜𝑜𝑜𝑜𝑣𝑣𝑣𝑣𝑜𝑜, which can be 
filled by the Rhad to produce Rhoct (Figure 5D). In this five-fold 
coordinated environment, Rhoct is significantly more positive 
(BC = +1.25) and  <RRh-O>  increases (Table 1). The Rhoct- small 
O bond lengths are comparable to Feoct with <RFe-O> = 2.00 Å; 
as such, incorporation of Rhoct necessitates only a limited 
change to the Fe3O4 lattice. The average change in Fe position 
in the two topmost bilayers upon Rhoct incorporation, relative 
to reconstructed Fe3O4, is only 0.05 Å (0.04 Å for O). This 
change is largely due to the filling of the SCV; replacing Feoct 
with Rhoct without filling the SCV (representing the displaced 
Fe occupying a bulk defect) results in a change of ~0.02 Å for 
Fe and O.  

From Figure 5C, the Rhad to Rhoct conversion results in a 0.32 
eV slab stabilization. Counter to Rhad, hydroxylation results in 
a decrease of <RRh-O> (Table 1). The comparatively large 
change is primarily due to the contraction of the axial Rh-O 
bond (2.24 → 1.98 Å); Rh charge changes negligibly. Hydrox-
ylation consistently stabilizes the slab in all steps from Rhad to 
Rhoct by ~0.7 eV,  favoring Rhoct. Furthermore, this result is 
consistent irrespective of which SCV the displaced Feoct 
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occupies, including its displacement to the bulk (see Figures 
S8 & S9 and Tables S1 & S2).  

In Figure 5, two hydroxyl groups are present on the O bound 
to the Fetet, referred to as OHtet, adjacent to the BLO (the 

 
Figure 5. Proposed mechanism for the conversion of Rhad to 
Rhoct and the effect of surface hydroxylation. (A,B,D) Structures 
along Rhad → Rhoct pathway with hydroxyls. (C) Reaction ener-
getics from DFT calculations. (E) Structures depicting the local 
lifting of the Fe3O4 reconstruction. There are 8 hydroxyl on the 
surface  (2 per unit cell)- 6 OHBLO & 2 OHtet (denoted with blue 
borders) or 8 OHBLO (denoted with red borders). Atom color-
ing- dark blue: Feoct, blue-grey: Fetet, purple: Feint, red: oxy-
gen, light blue: hydrogen, green: Rh. The Feint atom is colored 
purple to more easily track the filling of a SCV. See Figure S7 for 
all structures. 

remaining six hydroxyl groups occupy the other 3 BLOs of the 
cell, OHBLO); this was chosen as OHtet has a similar binding 
strength to OHBLO (see Figure S10 and Table S3) and for ease 
of comparison with Rhad which occupies the BLO site. How-
ever, after Rhoct formation, moving the two OHtet to OHBLO re-
sults in an additional 0.39 eV slab stabilization (Figure 5C).  
This negligibly affects Rhoct charge and <RRh-O> (see Table 1), 
but does reduce Eads from -7.58 eV (OHtet) to -6.18 eV (OHBLO) 
due to hydroxyls stabilizing the Rh vacancy formed in the Eads 
calculation (see the SI for details). Moreover, these OHBLO fa-
cilitate the nearby Feint’s filling of the SCV adjacent to the dis-
placed Feoct, resulting in a local lifting of the reconstruction 
(Figure 5E) and a 1.61 eV slab stabilization (relative to Rhoct, 
Figure 5D). We denote this RhoctLL . The Feint vacancy creates a 
new bulk-like open site, distinguished as BLO’; moving H’s 
from a distant BLO to here results in a further 0.20 eV slab 
stabilization and a RhoctLL  bound to two OH’s (Figures 6A).  The 
local reconstruction lifting significantly stabilizes the RhoctLL  
slab relative to Rhad (2.29 eV).  

Table 1. DFT calculated Rh adsorption energy, Eads, Ba-
der charge, BC, and average Rh-O bond length, <RRh-O>, 
on Fe3O4(001) surfaces.  

Structure Eads (eV) Rh BC <RRh-O> (AÅ ) 

Rhad -3.82 +0.40 1.98 
Rhad OHteta -4.52 +0.32 1.99 
Rhoct -7.80 +1.25 2.07 
Rhoct OHteta -7.58 +1.27 2.04 
Rhoct OHBLO -6.18 +1.25 2.04 
RhoctLL  -7.93 +1.14 2.08 

RhoctLL  OHteta -7.58 +1.33 2.02 

RhoctLL  OHBLO -6.70 +1.03 2.11 

RhoctLL  OHBLO+BLO’ -5.71 +1.24 2.03 

RhoctLL  OHBLO+BLO’ –H2O -5.43 +0.86 2.08 

RhoctLL  OHBLO+BLO’ –2H2O -4.94 +0.55 2.08 

aOHtet structures refer to the hydroxyl configuration of Figures 
5A, 5B, & 5D, OHBLO for Figure 5E, and OHBLO+BLO’ for Figure 6B. 

This result suggests that hydroxylation and the resulting re-
arrangement preferentially stabilize the Rhoct. As such, it is 
clear that hydroxylation alone is insufficient to explain the ex-
perimentally observed destabilization of Rhoct and conversion 
to Rhad. This points to some other process at play during Rhoct 
destabilization.  

Hydroxyl recombination to H2O through the Mars-van 
Krevelen mechanism is evidenced by the etch pits of Figure 4. 
From Figure 2, the loss of H2O at 500 K coincides with the re-
lease of Rhoct, suggesting H2O formation and loss of lattice O 
destabilize Rhoct. To investigate this, we performed DFT calcu-
lations examining the effect of H2O loss and oxygen vacancy 
formation on Rh. The structure of Figure 6A, where the recon-
struction is lifted near RhoctLL  and the Rh is adjacent to two hy-
droxyls, is very favorable (-6.71 eV relative to bare Fe3O4). 
One of these hydroxyls may recombine with the H of an 
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adjacent OHBLO to produce H2O and an oxygen vacancy, Ovac 
(Figure 6B-C). The formation of the first Ovac decreases both 
Rh charge and Eads (Table 1). The second Ovac formation (Fig-
ure 6C-D) produces a tridentate Rh, decreasing the charge and 
binding to BC = +0.55 and Eads = -4.94 eV. Comparing this to 
the Rhad and Rhad-OHtet surface, we see that water loss causes 
the Rhoct to become more adatom-like in character and gives 
similar adsorption energy, supporting the experimental con-
clusions that oxygen lattice removal via hydroxyl recombina-
tion activates Rhoct.  

 
Figure 6.  Recombination of hydroxyls at the BLO positions to 
produce H2O and oxygen lattice vacancies, Ovac, destabilizes 
Rhoct. Dark blue atoms Feoct, blue/grey: Fetet, purple: Feint, red: 
oxygen, light blue: hydrogen, green: Rh. The Feint atom is col-
ored purple to more easily track its filling of a SCV. 

3. DISCUSSION  

The addition of Rh results in a dramatic shift toward CO2 pro-
duction during the decomposition of formic acid vs the clean 
Fe3O4(001) surface. Of these two prepared active sites (ada-
toms and octahedral), adatoms are the most selective in pro-
ducing CO2, with each site having a turnover number as high 
as 200 formates per Rh single atom. Rh octahedral sites ap-
pear to be equally active, desorbing at similar temperatures 
as the adatom, but require ~17-20 times the Rh coverage as 
the adatoms to achieve similar desorption products and tem-
peratures hinting at a similar active site. XPS spectra reveal 
that Rh octahedral converts to Rh adatoms and nanoparticles 
at reaction temperatures (450-600 K). This may be due to sur-
face hydroxyls forming from the initial deprotonation of for-
mic acid or the reaction of adjacent hydroxyls forming water 
and an oxygen vacancy. Similar experiments involving the 
dosing of atomic hydrogen, and hydrogen splitting and spillo-
ver from nanoparticles forming surface hydroxyls demon-
strate a similar conversion of Rh octahedral to nanoparticles. 
This conversion is reversible as long as the newly formed Rh 
nanoparticles are less than 1.3 nm in size, allowing for the re-
generation of the Rh octahedral sites after annealing to 700 K. 

This reversibility is determined by the initial Rhoct coverage, 
which limits the extent of nanoparticle formation. The conver-
sion of Rhoct to Rhmet around formate and hydroxyl reaction 
temperatures (450-600 K) suggests Rhoct are destabilized by 
the reaction of adjacent hydroxyls, which form water and ox-
ygen vacancies. The undercoordinated Rhoct, lacking neigh-
boring O-atom(s), is destabilized and converts to a Rh adatom. 
Rh adatoms are mobile at these reaction temperatures and 
may sinter into small Rh nanoparticles. This suggests that the 
Rh adatom and small nanoparticles are the sites responsible 
for the lower temperature CO2 activity in the mixed Rh-oxide 
systems. By identifying the active sites of a model single-atom 
catalyst, these results have significant implications for under-
standing the nature of single-atom active sites under reaction 
conditions. 

4. CONCLUSIONS 

This study demonstrates how one can activate stable but rel-
atively inactive catalytic sites by adsorbed reactants and in-
termediates to transiently form metastable but highly active 
structural motifs. In comparative studies, we show that the 
catalytic activity of prepared metastable Rh adatoms with 
separations of tens of nanometers (0.01 Rhad/u.c.) facilitates 
efficient conversion of the surface formate species to CO2 be-
tween 480 - 580 K. The annealing (500-700 K) of such meta-
stable catalysts leads to mixed surfaces where Rh is bound in 
the octahedral Fe sites. The resulting stable Rhoct/Fe3O4(001) 
catalyst structure (also observed on high surface area cata-
lysts) with the same Rh loading is relatively inactive in this 
redox reaction. At Rhoct loadings of about twenty times higher 
(~0.2 Rhoct/u.c.), the reaction products and their formation 
energetics resemble those of Rhad/Fe3O4(001). Detailed anal-
ysis proves that surface hydroxyls (prepared from HCOOH, H2, 
or H adsorption) are critical for activating stable Rhoct to Rhad 
sites. The activation is induced via the water formation reac-
tion step that proceeds via the Mars-van Krevelen mecha-
nism. Surface oxygen removal in this reaction step likely re-
duces Rhoct coordination, destabilization, and transient for-
mation of a small fraction of Rhad (~5 %). DFT calculations 
show that hydroxylation plays a crucial role in stabilizing 
Rhoct, but the additional process involving OH recombination 
to H2O and the formation of O lattice vacancies enables the 
conversion of the Rhoct to Rhad.  As the surface reaction inter-
mediates are depleted and the sample is heated to 700 K, the 
transiently formed Rhad sites are converted back to the stable 
but inactive Rhoct sites. This study demonstrates the operation 
of a switchable catalyst that is activated in the presence of sur-
face intermediates and reverts back to a stable but inactive 
form when the reaction is completed. Dynamic changes in the 
structure of the active sites observed here further demon-
strate how the minority, transiently formed active site can 
dominate the reactivity and lead to challenges in identifying 
the active sites on more complex high-surface-area materials. 
Since the lattice oxygen participation via the Mars-van 
Krevelen mechanism is common in many acid-base and redox 
catalytic reactions, this single-atom catalyst activation can 
broadly apply to many systems. 
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