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Abstract 

The complicated dynamics of active sites on single-atom catalysts (SACs) under reducing 

conditions limits their applications in hydrogenation reactions, and mechanistic understanding. 

Herein, we report that on Rh1/TiO2, *H spillover during room-temperature ethylene hydrogenation 

hydroxylates and reduces TiO2, enhancing the intrinsic activity of Rh1 by 9-fold. Spectroscopic 

and kinetic evidence suggests that the spillover of *H is suppressed by their facile reaction with 

C2H4, most of the spilled *H are non-reactive spectators, and > 99% turnovers occur on a small 

subset (< 20%) of exposed “active Rh1”. Steady-state kinetics indicate competitive adsorption 

between H and C2H4, H2 dissociation is the rate-determining step (RDS), and the apparent 

activation barrier (Ea,app) of the reaction is ~48 kJ/mol. The evolution of Rh1 under H2 was further 

tracked with spectroscopic and microscopic techniques at elevated temperatures. At 200 ℃, more 

Rh1 are exposed, but these Rh1 are at least 5-fold less active than the “active Rh1”. At 300 ℃, Rh 

clusters derived from Rh1 become the main active sites, shifting Ea,app to 62 kJ/mol, characteristic 

of Rh nanoparticles. At ≥ 400 ℃, larger and more active Rh particles in the SMSI state are created. 

This work revealed the unexpected regulation effects of *H spillover on M1 active sites under 

ambient conditions, differentiated the minority active M1 sites, and demonstrated how the stability 

of M1 under reducing atmospheres affected hydrogenation catalysis. 

 

Keywords: single-atom catalyst; hydrogenation; hydrogen spillover; rhodium; titania  

 

  



3 
 

Introduction 

“Single-atom catalyst (SAC)” has become a popular topic in catalysis research, since the 

coinage of the term.1-3 The interest in SACs is driven by both the practical pursuit of the high 

activity and selectivity of homogeneous catalysts on the desired heterogeneous form,4-6 and the 

fundamental incentive to construct well-defined, uniform supported metal active sites, for precise 

mechanistic understanding.7-9 Despite the continuous progress in SAC research, neither goal has 

been completely fulfilled. One challenge arises from the fact that on oxide supports, most single 

metal atoms (M1) are bound to surface O atoms. Under reducing conditions, the M−O bonds may 

break, mobilizing M1.
10-15 As a result, SACs that are stable during high-temperature hydrogenation 

reactions are rare,16-21 and the actual active sites and/or reaction mechanisms on SACs under these 

conditions are elusive.10-14 Related understanding is further hindered by the inhomogeneity in M1 

sites. Since most supports offer various binding motifs, M1 sites on SACs are often not “well-

defined” or “uniform”, despite the identical nuclearity.8, 9, 11, 22 As the chemical environment of M1 

sites is solely defined by the support, their electronic/structural properties, and hence catalytic 

behaviors, are highly sensitive to their interactions with the support.12, 23 Therefore, to accurately 

understand hydrogenation catalysis on M1 sites and design more stable SACs for hydrogenation 

reactions, the structure of active sites on SACs, their dynamics, and the kinetic consequences of 

these behaviors, need to be thoroughly studied under reducing atmospheres. 

In this work, we systematically studied the structure of a Rh1/TiO2-anatase SAC after H2-

treatments at various temperatures, with spectroscopy and microscopy. In parallel, ethylene 

(H2C=CH2) hydrogenation was deployed as a model reaction, to correlate the active site structure 

with hydrogenation kinetics. This reaction was chosen because of its simplicity and fast rate,24-26 

which allow accurate kinetic measurements under ambient conditions, in attempts to avoid altering 
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the active site structure. Also, existing studies on this reaction over extended metal surfaces 

provided mechanistic references.24, 25, 27-33 We will first demonstrate the unexpected *H spillover 

effect at room temperature that enhances the intrinsic activity of Rh1. Then, we will show that a 

small subset of Rh1 are the highly active sites. Finally, we will discuss how the structural changes 

of Rh1/TiO2 under H2 at different temperatures affect the kinetics. This work reveals the effects of 

support modification on M1 active sites even under ambient conditions, while providing rare 

understanding on how the inhomogeneity and stability of SACs impact hydrogenation catalysis. 

 

Results 

1. Room-temperature *H spillover enhances the intrinsic activity of Rh1 in ethylene 

hydrogenation through modification of the TiO2 support 

We synthesized a series of Rh1/TiO2 (anatase) SACs with the strong electrostatic 

adsorption method at ≤ 0.1 wt% Rh loadings.15, 34, 35 The as-synthesized catalysts were calcined at 

400 ℃ in air, and denoted as “Ox Rh1/TiO2”. The atomic dispersion of Rh on 0.1 wt% Ox Rh1/TiO2 

was confirmed by multiple techniques. Scanning transmission electronic microscopy (STEM, 

Figure 1a) shows no Rh aggregates (Rhagg). Room-temperature CO adsorption on the sample leads 

to a pair of IR bands at 2106 and 2032 cm-1 (black in Figure 1b), assigned to the νsym(C=O) and 

νasym(C=O) vibration modes, respectively, of di-carbonyls on isolated, cationic Rh,36, 37 i.e., 

Rh1
m+(CO)2. The shoulder at ~2060 cm-1 from monocarbonyls on Rhagg (Rhagg−CO)36, 37 is absent, 

supporting the atomic dispersion of Rh. Rh1 site are inhomogeneous, as suggested by the relatively 

large FWHM of the Rh1
m+(CO)2 bands (~20 cm-1).7-9 In X-ray absorption spectroscopy (XAS), the 

extended X-ray absorption fine structure (EXAFS) of 0.1 wt% Ox Rh1/TiO2 (black in Figure 1c) 
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between 1 and 4 Å is best fit with a bonding Rh−O scattering path (R ~2.00 Å), a non-bonding 

Rh−Ti scattering path (R ~3.01 Å), and a non-bonding Rh−O scattering path (R ~3.85 Å). The 

absence of Rh−Rh scattering further validates the atomic dispersion of Rh.  

 

Figure 1. Characterization of 0.1 wt% Rh1/TiO2. a. A representative STEM image, with red arrows 

highlighting Rh1 species. Another image is shown in Figure S1a. b. Differential IR spectra before 

and after ~0.9 Torr CO exposure and evacuation at room temperature. Spectra under CO gas are 

shown in Figure S1b. c-d. The EXAFS in R-space magnitude, with fittings shown as dashed curves 

(see Table S1 for fitting parameters, Figure S2b for the R-space imaginary part, and Figure S2d 

for the k-space data), and the XANES region (brown and cyan curves showing data on Rh foil and 

Rh2O3 standard as references), respectively. Black and red curves represent spectra from as-

synthesized (Ox) sample, and the sample after H2 treatment at 30 ℃ (H30, ~228 Torr, 3 h), 

respectively. The ≤ 0.1 wt% Rh loading is below the detection limit of X-ray photoemission 

spectroscopy (XPS) for Rh on TiO2.
38  
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In the EXAFS, the average coordination number of Rh with the bonding O, i.e., N(Rh−O), 

is 6.3 ± 0.5, suggesting that the coordination sphere of most Rh1 is saturated with 6 O atoms. In 

the X-ray absorption near-edge structure (XANES) region, 0.1 wt% Ox Rh1/TiO2 (black in Figure 

1d) exhibits similar white-line intensity and edge onset energy with Rh2O3 (cyan), indicating the 

average oxidation state of +3, which is expected after high-temperature calcination. 0.025 wt% 

Rh/TiO2 has identical Rh1 structures with the 0.1 wt% sample, as suggested by the identical XAS 

characteristics (Figure S1c-d).  

When tested for ethylene hydrogenation at 30 ℃ and 1 atm, the per-Rh reaction rate on Ox 

Rh1/TiO2 (if not specified, all reactions were performed on the 0.025 wt% sample) increases slowly 

with time-on-stream (TOS), from ~0.1 s-1 to the steady-state value of ~0.9 s-1 after ~15 h (black in 

Figure 2a). The 9-fold rate increase was surprising, since we specifically conducted the reaction 

under ambient conditions to avoid structural changes of the SAC. Subsequent control experiments 

in Figure 2a show that He treatment at 30 ℃ (“He30”, blue) does not increase the rate on Rh1/TiO2, 

while H2 treatment at 30 ℃ (“H30”, red and second segment of blue, same PH2 with the reaction 

mixture) leads to a high initial rate (~1.3 s-1) that decreases with TOS and approaches the steady-

state rate of Ox Rh1/TiO2. Therefore, the unexpected operando activation of Rh1/TiO2 under 

ambient conditions is caused by H2 in the reaction stream, rather than the moisture in He. 
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Figure 2. Ethylene hydrogenation rate, on the per-Rh basis, on 0.025 wt% Rh1/TiO2 after various 

treatments, plotted against time-on-stream (TOS). a. Comparing Ox Rh1/TiO2 without treatment 

(black), with room-temperature H2 (red, 228 Torr, 30 ℃, 15 h, H30) and He (blue, 30 ℃, 15 h, 

He30) treatments. b. Comparing effects of various treatments (pink: air, 30 ℃, 15 h; black: air, 

400  ℃, 2 h; yellow: He, 400  ℃, 2 h) on a H2-activated Rh1/TiO2. Reaction conditions: 30 ℃, 20 

– 30 mg catalyst, 228 Torr H2, 25 Torr C2H4, balanced with He to 60 SCCM vented to 1 atm, 

X(C2H4) < 5%.  

 

Considering the long time scale, the operando activation cannot be explained by simple 

events, such as *H adsorption on Rh1. We considered three possible events for its origin: 1) H2 

slowly induces Rh1 aggregation; 2) H2 removes some O from Rh1, opening coordination vacancies 

on (“exposing”) initially saturated Rh1 to participate in catalysis; 3) split *H spill onto TiO2, 

hydroxylating and reducing the support, thus indirectly regulating the intrinsic activity of Rh1. The 

EXAFS of H30 Rh1/TiO2 is identical with that of Ox Rh1/TiO2 (red compared to black, Figure 1c), 

with the best fitting model not including Rh−Rh scattering, and N(Rh−O) = 6.4 ± 0.5. Thus, it does 

not support Rh1 aggregation or O-removal from Rh1, both of which are unlikely at 30 ℃ based on 

previous studies.39-41 On the other hand, room-temperature CO adsorption on H30 Rh1/TiO2 yields 

no Rhagg−CO shoulder between the Rh1
m+(CO)2 bands at 2089 and 2027 cm-1 (red in Figure 1b), 
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also inconsistent with Rh aggregation. The intensity of the Rh1
m+(CO)2 bands does not increase 

after H30 (Figure 1b and S1b), providing no evidence for O-removal to expose more Rh1, in 

concert with the EXAFS data. We note that the decreased intensity ratio between the νasym(C=O) 

and νsym(C=O) bands after H30 reflects a smaller angle between the two adsorbed CO molecules, 

which can be explained by spilled *H around Rh1
m+(CO)2 crowding the space;42, 43 the lower 

intensity of the bands reflets the reduced dipole moment changes.42, 43 Kinetically, Figure 2b shows 

that the H30 effect is not reversed by room-temperature air treatment (“ART”, pink) that would 

re-adsorb removed O on Rh1, but is reversed by dehydroxylation at 400 ℃ under either air or He 

(“A400” and “He400”, black and yellow), or reaction with C2H4 (shown later). Such observations 

are consistent with *H spillover, rather than O-removal from Rh, causing the H30 effect. On a 

similar note, incrementally removing −OH from hydroxylated Rh1/TiO2 leads to a gradual rate 

decrease (Figure S3a), further emphasizing the rate-enhancing effect of surface −OH groups. 

Overall, the evidence supports that the operando activation is induced by the indirect regulation 

of Rh1 sites through *H spillover. 

The spillover of *H onto TiO2 and its impacts on Rh1 were spectroscopically validated. In 

Figure 1b, both Rh1
m+(CO)2 IR bands shift towards lower wavenumbers after H30 treatment, 

indicating stronger electron back-donation from Rh1 to *CO. In Figure 1d, the white-line intensity 

in XANES slightly decreases after H30 (red compared to black), indicating minor decrease in the 

average oxidation state of Rh1. Both observations suggest increased electron density on Rh1
 after 

H30. Meanwhile, Figure 3a shows that during the H30 treatment, ν(O−H) IR bands from −OH on 

TiO2 surfaces (3677, 3656, and 3639 cm-1) and H2O (broad band centered around 3100 cm-1) 

gradually appear,44-46 along with the δ(H−O−H) band from adsorbed H2O (1620 cm-1).47 At the 

same time, the IR background between 1600 and 2300 cm-1 shifts upward. The background shift 
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reflects electrons injected into the “shallow trap” states in the conduction band edge (CBE) of the 

n-type semiconductor TiO2,
12, 48-50 which can be excited by IR photons in this energy range to a 

continuum of possible final states in the conduction band. This was commonly observed when 

exposing TiO2-supported metal catalysts,48-50 including Rh,51, 52 to H2, and caused by electron 

injection from *H to TiO2 when spilled from metal sites to TiO2 to form −OH. Thus, these 

observations offer direct spectroscopic evidence for room-temperature *H spillover creating H+ + 

e− pairs on TiO2, with the former existing as surface −OH/*H2O, while the latter trapped in the 

CBE. We note that the formation of oxygen vacancies is unlikely because of the low temperature 

and their instability on anatase TiO2 surfaces.53 If they do, it would consume surface −OH/H2O 

while not affecting electrons in the CBE. Furthermore, Figure 3b shows that when adsorbing CO 

at 100 K, compared to Ox Rh1/TiO2 (bottom), on H30 Rh1/TiO2 (top), the ν(C=O) band at ~2155 

cm-1, the negative ν(O−H) bands between 3600 and 3700 cm-1, and the positive ν(O−H) bands 

between 3400 and 3600 cm-1 are significantly more intense. These bands arise from the H-bonding 

between adsorbed CO on TiO2 surface and −OH,44, 46, 54, 55 and their amplified intensity further 

supports higher −OH density. Besides, bands at 2208, 2182, and 2168 cm-1, from ν(C=O) of CO 

adsorbed on α, β, and γ types of Ti4+ sites, 44, 46 are diminished after H30, as explained by some 

Ti4+ sites being blocked by newly formed *H2O.  
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Figure 3. IR studies on 0.1 wt% M1/TiO2. a. The evolution of spectra on Rh1/TiO2 under H2 in 3 

h. IR background was taken at t = 0, and subtracted from each spectrum. b. Differential IR spectra 

before and after ~7.5 Torr CO exposure and evacuation at 100 K (bottom: Ox; top: H30). c-d. 

Similar data with panel a, under H2 + C2H4, and H2 + CO, respectively. e-f. similar data with panels 

c and a, respectively, on Pt1/TiO2. Gas pressures were noted in each graph.  
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An apparent discrepancy is that, IR changes caused by *H spillover are mostly completed 

in 3 h under ~23.5 Torr H2 (Figure 3a), but, the rate increase requires ~15 h under a condition with 

228 Torr H2 (Figure 2a). Since on H30 Rh1/TiO2, the reaction rate is first-order with respect to H2 

(Table 1), i.e., H2 dissociation is irreversible, we postulated that the operando activation is slow 

because dissociated *H quickly react with C2H4 before spillover (Scheme 1). In fact, Figure 4a 

shows that without C2H4, Ox Rh1/TiO2 is fully activated by 228 Torr H2 in < 1 h (red), and 38 Torr 

H2 without C2H4 activates Ox Rh1/TiO2 to a similar level in 1 h with 228 Torr H2 + 25 Torr C2H4 

in ~2.5 h (green compared to black). Meanwhile, co-feeding C2H4 in the IR experiment 

significantly slows down all changes caused by *H spillover (Figure 3c compared to 3a). Hence, 

both kinetic and IR data support that the facile reaction between *H and C2H4 competes with *H 

spillover, hindering the operando activation. The fact that the activation of Rh1 is hindered by 

C2H4 further rejects O-removal from Rh1 as its origin since C2H4 should not inhibit O-removal.  

           

Figure 4. Per-Rh ethylene hydrogenation rate on 0.025 wt% Rh1/TiO2 plotted against TOS. a. 

comparing different H2 treatments with the reaction. b. The continuation of the red curve in panel 

a. Between the two segments, H2 was turned off. Reaction conditions are identical with Figure 2.  
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Scheme  1. Schematic drawing of events occurring on Rh1/TiO2 during ethylene hydrogenation. 

H atoms are differentiated by color, based on whether they participate in the reaction at 30 ℃ (red, 

“active *H”) or not (blue, the “spectator *H”). Rh atoms are differentiated by color, based on 

whether they are exposed and highly active in the reaction in the Ox/H30 state (red, “active Rh1”) 

or not (blue, requiring H200 treatment to expose, and exhibiting lower intrinsic activity than the 

“active Rh1” after exposure).  
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Table 1. Summary of kinetic results of ethylene hydrogenation on Rh/TiO2. 

Initial Rh 

species 
Treatment a 

Initial rate b 

(per-Rh, s-1) 

Steady-state rate 

 (per-Rh, s-1) 

Ea,app 
c 

(kJ/mol) 
H2 order c C2H4 order c 

Rh1 

H30 1.3 ± 0.1 d 0.9 ± 0.1 48 ± 2 1.29 ± 0.03 −0.49 ± 0.02 

H200 1.1 ± 0.2 0.7 ± 0.1 52 ± 1 1.16 ± 0.02 −0.44 ± 0.03 

H300 0.7 ± 0.2 0.4 ± 0.1 63 ± 3 1.04 ± 0.02 −0.39 ± 0.01 

H400 1.7 ± 0.2 1.1 ± 0.3 58 ± 2 1.12 ± 0.02 −0.40 ± 0.03 

H500 0.6 ± 0.1 0.8 ± 0.1 62 ± 1 1.12 ± 0.02 −0.37 ± 0.02 

RhNP H200 3.7 0.9 62 ± 3 0.89 ± 0.05 −0.32 ± 0.02 

Pt1 N/A 0.23 0.18 61 ± 3 0.86 ± 0.01 −0.21 ± 0.05 

a H2 treatment was performed with 38 Torr H2 in He for 1 h except for H30 (228 Torr H2 for 1 h). Ox Rh1/TiO2 reaches 

the same steady state with H30 Rh1/TiO2, and hence is not shown separately. 
b The rate vs. TOS curves are shown as Figure S9a. 
c Fitting plots are shown as Figure S4. Reaction conditions are identical with Figure 2, except for the one parameter 

(T, 28 – 35 ℃, PH2, 57 – 456 Torr, or PC2H4, 13 – 50 Torr) to vary for each measurement.   
d The standard deviation represents either that from the linear fitting, or that among at least three repetitions of the 

experiments, whichever is greater.  

 

As for the mechanistic origin of the Rh1 activation, Table 1 shows that on H30/Ox Rh1/TiO2, 

steady-state reaction orders with respect to H2 and C2H4 are ~1 and negative (~−0.5), respectively, 

similar with values on TiO2-supported Rh nanoparticles (“RhNP/TiO2”, d ~ 1.3 nm, DRh ≈ 0.92, see 

Figure S5 for STEM images), and literature reports on extended noble metal surfaces in the 

temperature and PC2H4 ranges.24, 26, 27, 30-32, 56 Such kinetic characteristics reflect competitive 

adsorption between H and C2H4, in which the strong adsorption of C2H4 makes *H the limiting 

reactant, and thus H2 dissociation the RDS. Hence, on Rh1/TiO2, H2 dissociation and C2H4 

adsorption both occur on Rh1, and the higher rate after H30 reflects more facile H2 dissociation. 

This could be caused by intrinsically faster H2 activation on Rh1, or weaker C2H4 adsorption 
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opening more Rh1 for H2 dissociation. *H spillover possibly leads to these causes by: 1) increasing 

electron density on Rh1, thus the electron back-donation to the anti-bonding orbital of H2;
57-59 2) 

increasing electron density on Rh1, thus weakening the adsorption of C2H4;
26, 31 3) creating 

−OH/*H2O around Rh1 that sterically hinder the adsorption of C2H4, but not the much smaller H2.  

At the steady state, we turned off H2, allowing spilled *H to react with C2H4. Figure 4b 

shows that when H2 is re-introduced, the rate re-starts at ~60% of the steady-state value (~0.6 s-1), 

rather than the initial rate (~0.1 s-1), and the re-establishment of the steady-state rate takes < 1 h, 

rather than ~15 h for its initial establishment, i.e., reacting with C2H4 only partially reverses the 

kinetic effect of *H spillover. Meanwhile, in IR, introducing C2H4 to H30 Rh1/TiO2 consumes < 

10% of the −OH/*H2O formed under H2 (Figure S6a). Both kinetic and IR results indicate that 

only a small fraction of spilled *H (red H in Scheme 1) react with C2H4, while others are spectators 

for ethylene hydrogenation, but could participate in regulating Rh1. This can be rationalized as that 

only *H close to Rh1 or certain Lewis-acid sites on TiO2 can migrate to the active sites and react 

with C2H4, while most *H are trapped (blue H in Scheme 1) on the inactive sites on TiO2 at 30 ℃. 

Figure 5a shows that at 50 ℃ (red), the operando activation occurs significantly faster than 

at 30 ℃ (black), as higher temperature facilitates the activated *H spillover.60-62 After the rate 

plateaus at 50 ℃, cooling down to 40 or 30 ℃ (the second and third segments, respectively) results 

in higher rate than the plateaued rate directly reached at respective temperatures. This is explained 

by enhanced *H spillover at 50 ℃, and hence Rh1 reach higher intrinsic activity that lasts at lower 

temperatures. Conversely, after the rate plateaus at 30 ℃, heating up to 40 or 50 ℃ initially results 

in lower rate than the plateaued rate directly reached at respective temperatures. This is explained 

by slower *H spillover occurs at 30 ℃, and hence the intrinsic activity of Rh1 is lower when the 

temperature first reaches 40 or 50 ℃. As *H spillover further progresses at the higher temperature, 
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the intrinsic activity of Rh1, and thus the rate, would further increase, until the level directly 

reached at that temperature.  

 

            

Figure 5. More kinetic experiments on the operando activation during ethylene hydrogenation. a. 

Results at various temperatures (black: 30 ℃; blue: 40 ℃; red: 50 ℃). For the second and third 

segments of black and red, the temperature was changed to the as-noted values. b. Results on 

different types of M1/TiO2 (black: Rh1; red: Pd1;
12 blue: Pt1, N(Pt−O) ≈ 6;11 green: Pt1, N(Pt−O) ≈ 

4;11 purple: Ru1). All samples have the M1 coverage 60 or 120 nm-2. c. Per-g-catalyst rate on 

Rh1/TiO2 of various Rh wt%, plotted against Rh wt%. Reaction conditions are identical with 

Figure 2, except for that the catalyst mass was varied to keep mass of Ru equal. 

 

Other single noble metal atoms (M1) on TiO2 were also tested under identical conditions. 

Figure 5b shows that none of Pd1,
12 two types of Pt1,

11 or Ru1 exhibit the operando activation 
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behavior. Kinetic and IR experiments on Pt1/TiO2 were conducted and compared with Rh1 as an 

example. The steady-state reaction orders with respect to H2 and C2H4 on Pt1 are also ~1 and 

negative, respectively (Table 1), suggesting competitive adsorption between H and C2H4, and that 

H2 dissociation limits the rate, similar to Rh1. Nonetheless, the Ea,app is significantly higher on Pt1 

(61 ± 3 kJ/mol compared to 48 ± 2 kJ/mol, Table 1). When exposing Pt1/TiO2 to H2 + C2H4 in the 

IR chamber, all spectroscopic changes associated with *H spillover are minimal (Figure 3e). These 

changes can be observed under H2 only (Figure 3f), but at a significantly slower rate than on 

Rh1/TiO2 under similar PH2 (Figure 3a). The kinetic and IR results suggest that *H spillover on 

Pt1/TiO2 is slower than that on Rh1/TiO2, and too slow to compete with the reaction with C2H4. 

Thus, under reaction conditions, *H spillover is minimal, and the rate on Pt1 is not affected by it. 

On the other hand, Rh1/TiO2 of all Rh loadings at ≤ 0.1 wt% exhibit the operando activation 

behavior (Figure S3b), with the steady-state per-g-catalyst rate linearly dependent on Rh wt% 

(Figure 5c), suggesting that Rh1 do not interfere with each other. This implies that the range of *H 

spillover at room temperature is short compared to the inter-Rh1 distance in this coverage range (< 

60 Rh nm-2 TiO2), which explains the absence of surface reduction or −OH in XPS (Figure S7). 

 

2. Minority “active Rh1” catalyze majority of C=C hydrogenation turnovers and *H spillover  

We reduced Rh1/TiO2 with H2 at 200 ℃ (“H200 Rh1/TiO2”, similar notations below for 

different reduction temperatures) to evaluate its structural evolution and catalytic consequences. 

CO adsorption on H200 Rh1/TiO2 (blue in Figure S8) leads to Rh1
m+(CO)2 bands centered around 

2094 and 2030 cm-1, along with a broad, low-intensity Rhagg−CO shoulder in between (~2069 cm-

1) that indicates minor sintering of Rh1. The Rh1
m+(CO)2 bands are significantly more intense on 

H200 than on Ox Rh1/TiO2 (black, measured on the same sample), suggesting that after H200, 
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much more Rh1 are exposed, i.e., have coordination vacancies. Both conclusions are corroborated 

by XAS, as the best EXAFS fitting model of H200 Rh1/TiO2 (blue in Figure 6a) shows 

significantly lower N(Rh−O) than 6 (4.6 ± 0.4), and minor contribution from a bonding Rh−Rh 

scattering path (N = 1.2 ± 0.8, Table 2). Meanwhile, in XANES, both the white-line intensity and 

the edge onset energy decrease after H200 (blue compared to black in Figure 6b), indicating lower 

average oxidation state of Rh, agreeing with reduced Rh−O coordination and minor sintering. 

Assuming similar IR molar extinction coefficients of the Rh1
m+(CO)2 bands on H200 and Ox 

Rh1/TiO2, and that all Rh1 are exposed on H200 Rh1/TiO2, using the intensity of the Rh1
m+(CO)2 

bands in Figure S8, we estimate that only 12 ± 8% of Rh1 on Ox/H30 Rh1/TiO2 are exposed.  

 

Figure 6. XAS of Rh1/TiO2 after H2 reduction at 200 (blue), 300 (green), 400 (purple), and 500 

(yellow) ℃ (38 Torr, 1 h). a. The EXAFS in R-space magnitude, with fittings shown as dashed 

curves (see Table 2 for fitting parameters). b. The XANES region (brown and cyan curves showing 

data on Rh foil and Rh2O3 as references). The data were collected on one sample in sequence at 

30 ℃ after each reduction. In between reduction steps, the sample was re-oxidized by air at 400 ℃.  



18 
 

Table 2. Fitting parameters from the best EXAFS models of Rh1/TiO2 after H2-treatments. 

Catalyst Status Ox H30 H200 H300 H400 H500 

k-range (Å-1) 3 to 11.8 

R-range (Å) 1 to 3.7 1  to 3 

R-factor 0.0115 0.0106 0.006 0.0137 0.003 0.0153 

So
2 0.76 

∆Eo (eV) 2 (1) 2 (1) 4 (1) 2 (2) 4 (4) −16 (2) 

Rh−O 

(bonding) 

N 6.1 (5) 6.2 (4) 4.6 (4) 4.8 (6) 3 (1), 2(1) 0.8 (4) 

R (Å) 2.005 (9) 2.006 (5) 2.000 (8) 2.03 (1) 2.01 (3), 2.17 (4) 1.99 (3) 

σ2 0.002 (1) 0.002 (1) 0.003 (1) 4 (2) 0.002 0.002 

Rh−Ti 

(bonding) 

N 

N/A N/A N/A N/A 

2.1 (6) 3.9 (5) 

R (Å) 2.58 (2) 2.55 (2) 

σ2 0.008 0.008 

Rh−Rh 

(bonding) 

N 

N/A N/A 

1.2 (8) 3 (1) 4 (2) 9 (3) 

R (Å) 2.68 (2) 2.71 (2) 2.76 (3) 2.60 (2) 

σ2 0.005 (4) 0.007 (3) 0.013 (5) 0.015 (3) 

Rh−Ti 

(non-bonding) 

N 3 (1) 3 (1) 1.8 (4) 2.8 (9) 

N/A N/A R (Å) 3.01 (2) 3.02 (2) 3.02 (2) 3.08 (3) 

σ2 0.005 (5) 0.007 (5) 0.005 0.008 

Rh−O 

(non-bonding) 

N 13 (8) 15 (7) 7 (2) 7 (4) 

N/A N/A R (Å) 3.85 (3) 3.83 (2) 3.82 (2) 3.82 (3) 

σ2 0.007 (7) 0.008 (6) 0.002 (3) 0.002 (5) 

So
2 was determined by fitting Rh foil data (Table S1). 

Numbers in brackets represent the standard deviation of the last digit from the fitting. Parameters without standard deviations were fixed to the reported value, 

which was determined based on other samples, previous experience, and fitting qualities. 
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Table 1 shows that the steady-state per-total-Rh rate on H200 Rh1/TiO2 (0.7 s-1) is slightly 

lower than that on Ox/H30 Rh1/TiO2 (0.9 s-1), despite that significantly more Rh1 are exposed on 

the former. Such observation indicates that those Rh1 that become newly exposed after H200 (blue 

Rh in Scheme 1) has much lower intrinsic activity, even after their exposure, than the < 20% Rh1 

initially exposed on Ox/H30 Rh1/TiO2 (red Rh in Scheme 1, “active Rh1”). To verify “active Rh1” 

as the active sites, we selectively poisoned them on Ox/H30 Rh1/TiO2 with CO, which suppresses > 

99% turnovers (Figure 7a). With CO gas purged out after poisoning, both samples exhibit 

negligible rate initially, which gradually increases with TOS as *CO desorbs from the “active Rh1” 

(Figure 7b). *CO-covered H30 Rh1/TiO2 (blue) reaches the steady-state rate much more quickly 

than Ox Rh1/TiO2 (red) because *H spillover has been completed on the former. Meanwhile, co-

feeding CO with H2 also significantly suppresses changes in the IR spectra associated with *H 

spillover (Figure 3d). With CO gas evacuated after poisoning, *H spillover occurs slowly (Figure 

S6b). The kinetic and IR data again perfectly align, confirming that on Ox/H30 Rh1/TiO2, the 

majority of C2H4 turnovers and *H spillover are catalyzed by the < 20% exposed “active Rh1”. 

The TOF on the “active Rh1” is > 4.5 s-1 (assuming 20% of total Rh1), at least 4-fold higher than 

that on RhNP (1.0 s-1). In contrast, the TOF on the other > 80% Rh1 is < 0.9 s-1 (assuming 80% of 

total Rh1, and that all turnovers on H200 Rh1/TiO2 occur on them). The at least 5-fold TOF 

difference further emphasizes that the modified environment of the small fraction of Rh1 sites by 

*H spillover can be more crucial to the activity of Rh1/TiO2 than the increased site exposure.  
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Figure 7. Per-Rh ethylene hydrogenation rate on 0.025 wt% Rh1/TiO2 as a function of TOS in 

CO-poisoning experiments. a. With 0.5% CO gas co-fed. b. With CO gas purged out with He after 

poisoning. The red and blue curves show results on Ox and H30 Rh1/TiO2, and black curves show 

results without CO as a reference. Reaction conditions are identical with Figure 2.  

 

3. Evolution of Rh1/TiO2 under H2 and its consequences in C=C hydrogenation catalysis 

Rh1/TiO2 was further reduced with H2 at 300, 400, and 500 ℃ to complete the study. 

Compared to H200 Rh1/TiO2, the EXAFS of H300 Rh1/TiO2 (green in Figure 6a) shows a higher 

N(Rh−Rh) of 3 ± 1 (Table 2). In the XANES, the average oxidation state of Rh decreases, (green 

in Figure 6b) but is still obviously higher than Rh0. Hence, H300 further breaks Rh1−O bonds, 

destabilizes Rh1, and sinters them into small Rhagg, likely through Ostwald ripening. N(Rh−O) 

values on H200/H300 Rh1/TiO2 correspond with the nuclearity of Rh2/Rh5,
63-65 respectively, but 

since some Rh1 remain (Figure S8 and S10), the average size of Rhagg is larger than Rh2/Rh5. As 

Rh1 aggregate, the Ea,app of ethylene hydrogenation increases from 48 ± 2 kJ/mol on Ox/H30 

Rh1/TiO2, to 52 ± 1 kJ/mol after H200, further to 63 ± 3 kJ/mol after H300, a similar value with 

RhNP
 (Table 1). Although Ea,app is a global parameter influenced by various elementary steps and 
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coverage effects,66, 67 different values on Rh1 and Rhagg are expected due to mechanistic difference 

implied by active site structures: without Rh−Rh sites, Rh1 cannot dissociate H2 through the 

homolytic mechanism, or adsorb C2H4 through the di-σ bonds, both of which are the main 

contributors to the reaction pathway on Rhagg.
31, 32 As Rh1 sinters, the reaction orders remain 

similar, suggesting that the reaction on Rhagg also involves the competitive adsorption between H 

and C2H4, and H2 dissociation as the RDS. The steady-state per-total-Rh rate decreases from 0.9 ± 

0.1 s-1, to 0.7 ± 0.1 s-1 after H200, to 0.4 ± 0.1 s-1 after H300, likely due to the loss of the “active 

Rh1” sites.  

After H400, XAS shows that N(Rh−Rh) increases to 4 ± 2, and on average, Rh is further 

reduced (purple in Figure 6), indicating the continuous growth of Rhagg reducing the number of or 

the charge on cationic sites, i.e., peripheral sites and remaining cationic Rh1. R(Rh−Rh) slightly 

increases from H200 to H400 (2.68 ± 0.02, 2.71 ± 0.02, and 2.76 ± 0.03 Å), as commonly observed 

when sub-nanometer metal clusters grow.68, 69 Meanwhile, a bonding Rh−Ti scattering path (R = 

2.58 ± 0.02 Å) appears, along with a new Rh−O scattering path longer than normal Rh−O bonds 

(R = 2.17 ± 0.04 Å). The direct Rh−Ti bonds and new Rh−O interface are consistent with strong 

metal-support interaction (SMSI), i.e., TiO2 partially covering Rh clusters.20, 70-74 This is supported 

by Figure S9b, showing that room-temperature oxidation enhances the rate on H400, but not H300, 

H200, or Ox/H30 Rh1/TiO2. Kinetically, Table 1 shows that compared to H300 Rh1/TiO2, the 

steady-state per-total-Rh rate increases to 1.1 ± 0.1 s-1 after H400, despite the further sintering and 

SMSI. This indicates that as Rhagg grow larger, more well-defined Rh−Rh sites are formed, 

facilitating the homolytic dissociation of H2 that is not feasible on isolated Rh sites.  

Further increasing the H2-reduction temperature to 500 ℃ leads to diminished Rh−O 

scattering in the EXAFS (N = 0.8 ± 0.4, yellow in Figure 6a), while both N(Rh−Ti) and N(Rh−Rh) 
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increase to 3.9 ± 0.5 and 9 ± 3, respectively. STEM shows Rhagg of d = 2.3 ± 0.7 nm (Figure S10), 

close to the EXAFS estimation of d ≈ 2.4 nm.63-65 Since the N(Rh−Ti) value is too high to be 

explained simply by SMSI, and the Rh−Ti scattering is not completely eliminated by oxidation 

(Table S1, Figure S2b), we suspect the formation of RhxTiy alloy, which can also explain the 

abnormally short R(Rh−Rh) of 2.60 ± 0.02 Å (Table S1, compared to 2.6922 ± 0.0006 Å in Rh 

foil), and the significantly different electronic structure (yellow in Figure 6b) of Rh from Rh foil. 

The residual Rh1 (Figure S10) could also be trapped in oxygen vacancies, forming Rh1Tiy “local 

alloy”. On H500 Rh1/TiO2, the rate enhancement by oxidation is more significant than on H400 

Rh1/TiO2 (Figure S9b), implying more significant SMSI, which explains the lower steady-state 

per-total-Rh rate at 0.8 ± 0.1 s-1 (Table 1). Overall, as H2-reduction temperature increases, Rh1 

gradually sinters into Rhagg of increasing size that become increasingly metallic, and SMSI sets in. 

In ethylene hydrogenation, all Rhagg show competitive adsorption and irreversible H2 dissociation, 

and the characteristic Ea,app of ~62 kJ/mol, with larger particles being more effective.  

 

Discussions  

We demonstrated that even at room temperature, operando support modification by *H 

spillover drastically alters the reactivity of Rh1. The literature value for M-to-TiO2 *H spillover 

barrier ranges between 38 and 134 kJ/mol.60-62 We showed that on Rh1/TiO2, it is slower than the 

reaction between *H and C2H4, but is facile enough to occur at room temperature, and faster than 

that on Pt1/TiO2. We also showed that *H spillover creates H+ (−OH/*H2O) + e- (trapped in CBE) 

pairs. Both the steric effects from the former and the electronic effects from the latter could 

enhance the rate. In Figure S3a, the hydroxylation and dehydroxylation occur with H2O, which are 

charge-neutral and do not inject electrons into TiO2. The positive rate dependence on −OH density 
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persists, indicating that −OH/*H2O regulate the reactivity of Rh1, independent of the paired 

electrons. High density of pre-existing −OH also alters the shape of the rate vs. TOF curve (A275 

sample), implying that it interferes with *H spillover and/or the formation of new −OH/*H2O. 

*H spillover onto reducible oxides is not unique to SACs. Nonetheless, it only alters the 

intrinsic activity of Rh1, not RhNP, because on RhNP, 1) only a small fraction of Rh are at the metal-

support interface (MSI); 2) most H2 are homolytically dissociated on Rh−Rh sites away from the 

MSI. Hence, support modification has, on average, weaker effects on the active sites. In contrast, 

on Rh1, H2 is dissociated heterolytically on Rh−O, or through the oxidative addition on Rh1,
75 both 

of which are sensitive to the properties of the MSI. Thus, Rh1 reveals MSI-related phenomenon 

not observable with RhNP, emphasizing the value of SAC in mechanistic studies, and the power of 

support modification in regulating M1 active sites. In addition, Rh1 also experiences significantly 

less deactivation during ethylene hydrogenation than RhNP (Table 1). The deactivation was 

attributed to the carbonaceous species derived from C2H4 blocking active sites,10, 25, 26, 30, 76 which 

is supported by that oxidizing Rh1/TiO2 at 100 ℃ recovers the initial activity (Figure S3d). These 

species adsorb strongly on multi-Rh ensembles, such as three-fold hollow sites,26, 30, 76 and hence 

the site isolation on Rh1/TiO2 alleviates their formation.8-10  

The other interesting result is that < 20% “active Rh1” on Rh1/TiO2 catalyze > 99% 

turnovers. XAS is an ensemble-average technique that does not differentiate the “active Rh1” from 

the other Rh1. In IR, the Rh1(CO)2
m+ bands from “active Rh1” (2090 and 2027 cm-1, Figure 1b) are 

of slightly lower wavenumbers than those from other Rh1 (~2094 and 2030 cm-1, Figure S8), a 

possible sign for minor difference in their electronic structures. The higher rate on the “active Rh1” 

could be explained by higher electron density favoring the adsorption of *H over C2H4. The 

proximity of each type of Rh1 with −OH/*H2O could also affect their activity, but is difficult to 
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reveal experimentally. The results emphasize the inhomogeneity of M1 sites complicates active 

site identification on SACs. They also question whether SACs truly achieve “100% metal 

dispersion” as advertised. Metal “dispersion” is defined as the fraction of “surface” or “exposed” 

atoms, often measured by CO/H2 chemisorption. On Ox/H30 Rh1/TiO2, > 80% Rh1 are 

coordinatively saturated, and hence do not adsorb CO or catalyze the reaction. Thus, it is debatable 

whether they count as “surface” atoms and towards “dispersion”. We suggest that the “true metal 

dispersion” on SACs should be measured when possible. The approach in this work, calibrating 

the IR intensity from an adsorbed probe molecule (CO) to a sample with ~100% “true dispersion” 

(H200 Rh1/TiO2), provides a reasonable method for estimation.  

On oxide supports, the exposed, reactive M1 are often adatoms. Non-exposed, non-reactive 

M1 are sometimes in the substitution sites of support metal cations, e.g., Ti4+ in TiO2.
11, 77, 78 For 

Ox/H30 Rh1/TiO2, the EXAFS shows non-bonding N(Rh−Ti) ≈ 3, lower than the value in the Ti4+ 

substitution sites, 4. Thus, the > 80% non-exposed Rh1 might be in the first surface layer of TiO2, 

with an adsorbed O on top to saturate the coordination sphere. Both in-bulk and in-surface M1 tend 

to be thermodynamically more stable than on-surface M1, since they are bound to more O atoms. 

As a result, adatoms might migrate to the non-exposed sites during the calcination with enough 

energy. To avoid the loss of active sites due to it, strong surface anchoring sites for on-surface M1 

adatoms are required, or the calcination temperature needs to be controlled to kinetically trap them.  

Finally, we demonstrated that even reactions under ambient conditions might not be 

innocent kinetic probes in SAC studies. In general, structural interruption of SACs by the 

investigation techniques should be carefully monitored. Common IR probes CO and NO form 

highly mobile M1−(CO)x/M1−(NO)x species, which could induce (reverse) Ostwald ripening at 

room temperature, the direction of which depends on the thermodynamic stability of MNP and 



25 
 

M1−(CO)x.
37, 52, 79-84 Low temperature and pressure could alleviate this concern. Among common 

characterization techniques, both STEM and XAS use high-energy particles, which have also been 

shown to alter the structure of SACs.85-89 Hence, while SACs offer new opportunities for catalyst 

development and mechanistic studies, their limited stability suggests that spectroscopic and kinetic 

data need to be interpreted with the possible structural interference from the measurements in mind.  

 

Conclusions  

This manuscript focuses on room-temperature ethylene hydrogenation on a Rh1/TiO2 SAC. 

*H spillover creates −OH/*H2O on TiO2 surfaces and inject electrons into its CBE, which enhance 

the intrinsic activity of Rh1 by 9 fold through indirect regulation. On Rh1/TiO2, *H and C2H4 adsorb 

competitively, H2 dissociation limits the rate, and the reaction between *H and C2H4 slows down 

*H spillover. In contrast, on Pt1/TiO2, *H spillover is too slow to compete with the reaction, leading 

to the absence of such regulation effects on Pt1. Only a small fraction of spilled *H react with C2H4, 

while the rest are spectators. Without reduction at elevated temperature, < 20% Rh1 are exposed 

(coordinatively unsaturated), but catalyze > 99% turnovers, with the steady-state TOF of > 4.5 s-1, 

and the Ea,app of ~48 kJ/mol. The rest of Rh1 show significantly lower TOF (< 0.9 s-1) even after 

they become exposed by high-temperature reduction. H2-reduction at ≥ 300 ℃ sinters Rh1, shifting 

the active site to Rhagg with the characteristic Ea,app of ~62 kJ/mol. As reduction temperature further 

increases, the size and activity of Rhagg all grow, with SMSI observed. This work demonstrates 

that most turnovers on SACs can be catalyzed by minority single-atom sites, the reactivity of which 

can be drastically altered by the reaction condition through *H spillover even under ambient 

conditions. It also provides systematic understanding on the stability and evolution of single atoms 

under H2, and resulted structure-function relationship in hydrogenation catalysis.  



26 
 

 

Acknowledgement 

This work was supported by the U.S. Department of Energy, Office of Science, Basic Energy 

Sciences, Chemical Sciences, Geosciences, and Biosciences Division, “Impact of catalytically 

active centers and their environment on rates and thermodynamic states along reaction paths”, 

FWP 47319.  PNNL is a multi-program national laboratory operated for DOE by Battelle. We 

acknowledge Dr. Mark E. Bowden, Ms. X. Shari Li, Mr. Mark Engelhard, at PNNL for XRD, BET, 

and XPS measurements, respectively. This research used resources of the Advanced Photon 

Source (APS), an Office of Science User Facility operated for the U.S. Department of Energy 

(DOE) Office of Science by Argonne National Laboratory and was supported by the U.S. DOE 

under Contract No. DE-AC02-06CH11357, and the Canadian Light Source and its funding 

partners. 

 

Supporting Information  

Complete description of experimental methods; supplemental characterization data of 

Rh1/TiO2; EXAFS fitting parameters and additional plots; supplemental ethylene hydrogenation 

kinetic data; fitting plots to acquire apparent activation barrier and reaction order values; 

representative STEM images of RhNP/TiO2 and H500 Rh1/TiO2; supplemental IR data; XPS of 

0.05 wt% Rh1/TiO2; IR spectra of CO irreversible adsorbed on Ox and H200 Rh1/TiO2; methods 

to calculate the fraction of exposed Rh1 from IR data; supplemental ethylene hydrogenation kinetic 

results on Rh1/TiO2 after H2 treatments   



27 
 

References 

(1) Qiao, B.; Wang, A.; Yang, X.; Allard, L. F.; Jiang, Z.; Cui, Y.; Liu, J.; Li, J.; Zhang, T. Single-

atom catalysis of CO oxidation using Pt1/FeOx. Nat. Chem. 2011, 3 (8), 634-641. 

(2) Yang, X.-F.; Wang, A.; Qiao, B.; Li, J.; Liu, J.; Zhang, T. Single-Atom Catalysts: A New 

Frontier in Heterogeneous Catalysis. Acc. Chem. Res. 2013, 46 (8), 1740-1748. 

(3) Lin, J.; Wang, A.; Qiao, B.; Liu, X.; Yang, X.; Wang, X.; Liang, J.; Li, J.; Liu, J.; Zhang, T. 

Remarkable Performance of Ir1/FeOx Single-Atom Catalyst in Water Gas Shift Reaction. J. Am. 

Chem. Soc. 2013, 135 (41), 15314-15317. 

(4) Chen, Y.; Huang, Z.; Ma, Z.; Chen, J.; Tang, X. Fabrication, characterization, and stability of 

supported single-atom catalysts. Catal. Sci. Technol. 2017, 7 (19), 4250-4258. 

(5) Cui, X.; Li, W.; Ryabchuk, P.; Junge, K.; Beller, M. Bridging homogeneous and heterogeneous 

catalysis by heterogeneous single-metal-site catalysts. Nat. Catal. 2018, 1 (6), 385-397. 

(6) Chen, L.; Ali, I. S.; Sterbinsky, G. E.; Gamler, J. T. L.; Skrabalak, S. E.; Tait, S. L. Alkene 

Hydrosilylation on Oxide-Supported Pt-Ligand Single-Site Catalysts. ChemCatChem 2019, 11 

(12), 2843-2854. 

(7) Resasco, J.; DeRita, L.; Dai, S.; Chada, J. P.; Xu, M.; Yan, X.; Finzel, J.; Hanukovich, S.; 

Hoffman, A. S.; Graham, G. W.; et al. Uniformity Is Key in Defining Structure–Function 

Relationships for Atomically Dispersed Metal Catalysts: The Case of Pt/CeO2. J. Am. Chem. Soc. 

2019. 

(8) Hoffman, A. S.; Fang, C.-Y.; Gates, B. C. Homogeneity of Surface Sites in Supported Single-

Site Metal Catalysts: Assessment with Band Widths of Metal Carbonyl Infrared Spectra. J. Phys. 

Chem. Lett. 2016, 7 (19), 3854-3860. 

(9) Hoffman, A. S.; Debefve, L. M.; Zhang, S.; Perez-Aguilar, J. E.; Conley, E. T.; Justl, K. R.; 

Arslan, I.; Dixon, D. A.; Gates, B. C. Beating Heterogeneity of Single-Site Catalysts: MgO-

Supported Iridium Complexes. ACS Catal. 2018, 8 (4), 3489-3498. 

(10) Chen, L.; Ali, I. S.; Sterbinsky, G. E.; Zhou, X.; Wasim, E.; Tait, S. L. Ligand-coordinated Ir 

single-atom catalysts stabilized on oxide supports for ethylene hydrogenation and their evolution 

under a reductive atmosphere. Catal. Sci. Technol. 2021, 11 (6), 2081-2093. 

(11) Chen, L.; Unocic, R. R.; Hoffman, A. S.; Hong, J.; Braga, A. H.; Bao, Z.; Bare, S. R.; Szanyi, 

J. Unlocking the Catalytic Potential of TiO2-Supported Pt Single Atoms for the Reverse Water–

Gas Shift Reaction by Altering Their Chemical Environment. JACS Au 2021, 1 (7), 977-986. 

(12) Chen, L.; Allec, S. I.; Nguyen, M.-T.; Kovarik, L.; Hoffman, A. S.; Hong, J.; Meira, D.; Shi, 

H.; Bare, S. R.; Glezakou, V.-A.; et al. Dynamic Evolution of Palladium Single Atoms on Anatase 

Titania Support Determines the Reverse Water–Gas Shift Activity. J. Am. Chem. Soc. 2023, 145 

(19), 10847-10860. 

(13) DeRita, L.; Resasco, J.; Dai, S.; Boubnov, A.; Thang, H. V.; Hoffman, A. S.; Ro, I.; Graham, 

G. W.; Bare, S. R.; Pacchioni, G.; et al. Structural evolution of atomically dispersed Pt catalysts 

dictates reactivity. Nat. Mater. 2019, 18 (7), 746-751. 

(14) Tang, Y.; Asokan, C.; Xu, M.; Graham, G. W.; Pan, X.; Christopher, P.; Li, J.; Sautet, P. Rh 

single atoms on TiO2 dynamically respond to reaction conditions by adapting their site. Nat. 

Comm. 2019, 10 (1), 4488. 

(15) Asokan, C.; Thang, H. V.; Pacchioni, G.; Christopher, P. Reductant composition influences 

the coordination of atomically dispersed Rh on anatase TiO2. Catal. Sci. Technol. 2020, 10 (6), 

1597-1601. 



28 
 

(16) Kuo, C.-T.; Lu, Y.; Kovarik, L.; Engelhard, M.; Karim, A. M. Structure Sensitivity of 

Acetylene Semi-Hydrogenation on Pt Single Atoms and Subnanometer Clusters. ACS Catal. 2019, 

11030-11041. 

(17) Lou, Y.; Zheng, Y.; Li, X.; Ta, N.; Xu, J.; Nie, Y.; Cho, K.; Liu, J. Pocket-like active site of 

Rh1/MoS2 single-atom catalyst for selective crotonaldehyde hydrogenation. J. Am. Chem. Soc. 

2019. 

(18) Zhang, L.; Zhou, M.; Wang, A.; Zhang, T. Selective Hydrogenation over Supported Metal 

Catalysts: From Nanoparticles to Single Atoms. Chem. Rev. 2020, 120 (2), 683-733. 

(19) Yang, F.; Ding, S.; Song, H.; Yan, N. Single-atom Pd dispersed on nanoscale anatase TiO2 

for the selective hydrogenation of phenylacetylene. Science China Materials 2020, 63 (6), 982-

992. 

(20) Nelson, N. C.; Chen, L.; Meira, D.; Kovarik, L.; Szanyi, J. In Situ Dispersion of Palladium 

on TiO2 During Reverse Water–Gas Shift Reaction: Formation of Atomically Dispersed 

Palladium. Angew. Chem. Int. Ed. 2020, 59 (40), 17657-17663. 

(21) Li, S.; Dong, M.; Yang, J.; Cheng, X.; Shen, X.; Liu, S.; Wang, Z.-Q.; Gong, X.-Q.; Liu, H.; 

Han, B. Selective hydrogenation of 5-(hydroxymethyl)furfural to 5-methylfurfural over single 

atomic metals anchored on Nb2O5. Nat. Comm. 2021, 12 (1), 584. 

(22) Asokan, C.; DeRita, L.; Christopher, P. Using probe molecule FTIR spectroscopy to identify 

and characterize Pt-group metal based single atom catalysts. Chinese Journal of Catalysis 2017, 

38 (9), 1473-1480. 

(23) Han, B.; Guo, Y.; Huang, Y.; Xi, W.; Xu, J.; Luo, J.; Qi, H.; Ren, Y.; Liu, X.; Qiao, B.; Zhang, 

T. Strong Metal–Support Interactions between Pt Single Atoms and TiO2. Angew. Chem. Int. Ed. 

2020, 59 (29), 11824-11829. 

(24) Schlatter, J. C.; Boudart, M. Hydrogenation of ethylene on supported platinum. J. Catal. 1972, 

24 (3), 482-492. 

(25) Briggs, D. D., J. Hydrogenation of ethylene on supported platinum. J. Catal. 1973, 28, 338. 

(26) Cremer, P. S.; Somorjai, G. A. Surface science and catalysis of ethylene hydrogenation. 

Journal of the Chemical Society, Faraday Transactions 1995, 91 (20), 3671-3677. 

(27) Bond, G. C.; Philipson, J. J.; Wells, P. B.; Winterbottom, J. M. Hydrogenation of olefins. Part 

3.—Reaction of ethylene and of propylene with deuterium over alumina-supported palladium and 

rhodium. Transactions of the Faraday Society 1966, 62 (0), 443-454. 

(28) Bianchi, D.; Gardes, G. E. E.; Pajonk, G. M.; Teichner, S. J. Hydrogenation of ethylene on 

alumina after hydrogen spillover. J. Catal. 1975, 38 (1), 135-146. 

(29) Amariglio, A.; Amariglio, H. Induction of catalytic activity of rhodium in ethylene 

hydrogenation by the H2-O2 reaction. J. Catal. 1981, 68 (1), 86-102. 

(30) Zaera, F.; Somorjai, G. A. Hydrogenation of ethylene over platinum (111) single-crystal 

surfaces. J. Am. Chem. Soc. 1984, 106 (8), 2288-2293. 

(31) Cortright, R. D.; Goddard, S. A.; Rekoske, J. E.; Dumesic, J. A. Kinetic study of ethylene 

hydrogenation. J. Catal. 1991, 127 (1), 342-353. 

(32) Rekoske, J. E.; Cortright, R. D.; Goddard, S. A.; Sharma, S. B.; Dumesic, J. A. Microkinetic 

analysis of diverse experimental data for ethylene hydrogenation on platinum. J. Phys. Chem. 1992, 

96 (4), 1880-1888. 

(33) Stacchiola, D.; Azad, S.; Burkholder, L.; Tysoe, W. T. An Investigation of the Reaction 

Pathway for Ethylene Hydrogenation on Pd(111). J. Phys. Chem. B 2001, 105 (45), 11233-11239. 

(34) DeRita, L.; Dai, S.; Lopez-Zepeda, K.; Pham, N.; Graham, G. W.; Pan, X.; Christopher, P. 

Catalyst Architecture for Stable Single Atom Dispersion Enables Site-Specific Spectroscopic and 



29 
 

Reactivity Measurements of CO Adsorbed to Pt Atoms, Oxidized Pt Clusters, and Metallic Pt 

Clusters on TiO2. J. Am. Chem. Soc. 2017, 139 (40), 14150-14165. 

(35) Jiao, L.; Regalbuto, J. R. The synthesis of highly dispersed noble and base metals on silica 

via strong electrostatic adsorption: I. Amorphous silica. J. Catal. 2008, 260 (2), 329-341. 

(36) Zhang, Z. L.; Kladi, A.; Verykios, X. E. Effects of Carrier Doping on Kinetic Parameters of 

CO2 Hydrogenation on Supported Rhodium Catalysts. J. Catal. 1994, 148 (2), 737-747. 

(37) Suzuki, A.; Inada, Y.; Yamaguchi, A.; Chihara, T.; Yuasa, M.; Nomura, M.; Iwasawa, Y. 

Time Scale and Elementary Steps of CO-Induced Disintegration of Surface Rhodium Clusters. 

Angew. Chem. Int. Ed. 2003, 42 (39), 4795-4799. 

(38) Shard, A. G. Detection limits in XPS for more than 6000 binary systems using Al and Mg Kα 

X-rays. Surf. Interface Anal. 2014, 46 (3), 175-185. 

(39) Han, L.; Mao, D.; Yu, J.; Guo, Q.; Lu, G. C2-oxygenates synthesis through CO hydrogenation 

on SiO2-ZrO2 supported Rh-based catalyst: The effect of support. Appl. Catal., A 2013, 454, 81-

87. 

(40) Wang, Y.; Song, Z.; Ma, D.; Luo, H.; Liang, D.; Bao, X. Characterization of Rh-based 

catalysts with EPR, TPR, IR and XPS. J. Mol. Catal. A: Chem. 1999, 149 (1), 51-61. 

(41) van 't Blik, H. F. J.; Prins, R. Characterization of supported cobalt and cobalt-rhodium 

catalysts: I. Temperature-programmed reduction (TPR) and oxidation (TPO) of Co RhAl2O3. 

J. Catal. 1986, 97 (1), 188-199. 

(42) Gélin, P.; Auroux, A.; Taarit, Y. B.; Gravelle, P. C. Infrared and calorimetric studies of the 

adsorption of carbon monoxide on zeolite-supported iridium catalysts. Appl. Catal. 1989, 46 (2), 

227-240. 

(43) Darensbourg, D. J. Infrared intensities of the carbonyl stretching vibrations in 

cyclopentadienyliron dicarbonyl derivatives. Inorg. Chem. 1972, 11 (7), 1606-1609. 

(44) Hadjiivanov, K.; Lamotte, J.; Lavalley, J.-C. FTIR Study of Low-Temperature CO Adsorption 

on Pure and Ammonia-Precovered TiO2 (Anatase). Langmuir 1997, 13 (13), 3374-3381. 

(45) Diebold, U. The surface science of titanium dioxide. Surf. Sci. Rep. 2003, 48 (5), 53-229. 

(46) Hadjiivanov, K. I.; Klissurski, D. G. Surface chemistry of titania (anatase) and titania-

supported catalysts. Chem. Soc. Rev. 1996, 25 (1), 61-69. 

(47) Kevorkyants, R.; Rudakova, A. V.; Chizhov, Y. V.; Bulanin, K. M. The origin of 1560cm−1 

band in experimental IR spectra of water adsorbed on TiO2 surface: Ab initio assessment. Chem. 

Phys. Lett. 2016, 662, 97-101. 

(48) Panayotov, D. A.; Yates, J. T. Spectroscopic Detection of Hydrogen Atom Spillover from Au 

Nanoparticles Supported on TiO2:  Use of Conduction Band Electrons. J. Phys. Chem. C 2007, 

111 (7), 2959-2964. 

(49) Mahdavi-Shakib, A.; Kumar, K. B. S.; Whittaker, T. N.; Xie, T.; Grabow, L. C.; Rioux, R. 

M.; Chandler, B. D. Kinetics of H2 Adsorption at the Metal–Support Interface of Au/TiO2 

Catalysts Probed by Broad Background IR Absorbance. Angew. Chem. Int. Ed. 2021, 60 (14), 

7735-7743. 

(50) Whittaker, T.; Kumar, K. B. S.; Peterson, C.; Pollock, M. N.; Grabow, L. C.; Chandler, B. D. 

H2 Oxidation over Supported Au Nanoparticle Catalysts: Evidence for Heterolytic H2 Activation 

at the Metal–Support Interface. J. Am. Chem. Soc. 2018, 140 (48), 16469-16487. 

(51) Panayotov, D.; Ivanova, E.; Mihaylov, M.; Chakarova, K.; Spassov, T.; Hadjiivanov, K. 

Hydrogen spillover on Rh/TiO2: the FTIR study of donated electrons, co-adsorbed CO and H/D 

exchange. Phys. Chem. Chem. Phys. 2015, 17 (32), 20563-20573. 



30 
 

(52) Yates, J. T., Jr.; Duncan, T. M.; Worley, S. D.; Vaughan, R. W. Infrared spectra of 

chemisorbed CO on Rh. J. Chem. Phys. 2008, 70 (3), 1219-1224. 

(53) Li, Y.; Gao, Y. Interplay between Water and TiO2 Anatase (101) Surface with Subsurface 

Oxygen Vacancy. Phys. Rev. Lett. 2014, 112 (20), 206101. 

(54) Areán, C. O.; Tsyganenko, A. A.; Manoilova, O. V.; Palomino, G. T.; Mentruit, M. P.; 

Garrone, E. Amphipathic hydrogen bonding of CO in protonic zeolites. Chem. Comm. 2001,  (5), 

455-456. 

(55) Chen, L.; Moreira, J. B.; Meyer, L. C.; Szanyi, J. Efficient and selective dual-pathway 

polyolefin hydro-conversion over unexpectedly bifunctional M/TiO2-anatase catalysts. Appl. 

Catal., B 2023, 335, 122897. 

(56) Salciccioli, M.; Chen, Y.; Vlachos, D. G. Microkinetic Modeling and Reduced Rate 

Expressions of Ethylene Hydrogenation and Ethane Hydrogenolysis on Platinum. Ind. Eng. Chem. 

Res. 2011, 50 (1), 28-40. 

(57) Lu, J.; Serna, P.; Gates, B. C. Zeolite- and MgO-Supported Molecular Iridium Complexes: 

Support and Ligand Effects in Catalysis of Ethene Hydrogenation and H–D Exchange in the 

Conversion of H2 + D2. ACS Catal. 2011, 1 (11), 1549-1561. 

(58) Lu, J.; Aydin, C.; Browning, N. D.; Gates, B. C. Oxide- and Zeolite-Supported Isostructural 

Ir(C2H4)2 Complexes: Molecular-Level Observations of Electronic Effects of Supports as 

Ligands. Langmuir 2012, 28 (35), 12806-12815. 

(59) Babucci, M.; Fang, C.-Y.; Hoffman, A. S.; Bare, S. R.; Gates, B. C.; Uzun, A. Tuning the 

Selectivity of Single-Site Supported Metal Catalysts with Ionic Liquids. ACS Catal. 2017, 7 (10), 

6969-6972. 

(60) Hu, J.; Kim, E. M.; Janik, M. J.; Alexopoulos, K. Hydrogen Activation and Spillover on 

Anatase TiO2-Supported Ag Single-Atom Catalysts. J. Phys. Chem. C 2022, 126 (17), 7482-7491. 

(61) Wan, W.; Nie, X.; Janik, M. J.; Song, C.; Guo, X. Adsorption, Dissociation, and Spillover of 

Hydrogen over Au/TiO2 Catalysts: The Effects of Cluster Size and Metal–Support Interaction 

from DFT. J. Phys. Chem. C 2018, 122 (31), 17895-17916. 

(62) Chen, H.-Y. T.; Tosoni, S.; Pacchioni, G. Hydrogen Adsorption, Dissociation, and Spillover 

on Ru10 Clusters Supported on Anatase TiO2 and Tetragonal ZrO2 (101) Surfaces. ACS Catal. 

2015, 5 (9), 5486-5495. 

(63) Jentys, A. Estimation of mean size and shape of small metal particles by EXAFS. Phys. Chem. 

Chem. Phys. 1999, 1 (17), 4059-4063. 

(64) Chen, L.; Kovarik, L.; Meira, D.; Szanyi, J. Differentiating and Understanding the Effects of 

Bulk and Surface Mo Doping on CO2 Hydrogenation over Pd/Anatase-TiO2. ACS Catal. 2022, 

12 (21), 13492-13500. 

(65) Chen, L.; Meyer, L. C.; Kovarik, L.; Meira, D.; Pereira-Hernandez, X. I.; Shi, H.; Khivantsev, 

K.; Gutiérrez, O. Y.; Szanyi, J. Disordered, Sub-Nanometer Ru Structures on CeO2 are Highly 

Efficient and Selective Catalysts in Polymer Upcycling by Hydrogenolysis. ACS Catal. 2022, 12 

(8), 4618-4627. 

(66) He, H.; Canning, G. A.; Nguyen, A.; Dasgupta, A.; Meyer, R. J.; Rioux, R. M.; Janik, M. J. 

Active-site isolation in intermetallics enables precise identification of elementary reaction kinetics 

during olefin hydrogenation. Nat. Catal. 2023, 6 (7), 596-605. 

(67) Stegelmann, C.; Andreasen, A.; Campbell, C. T. Degree of Rate Control: How Much the 

Energies of Intermediates and Transition States Control Rates. J. Am. Chem. Soc. 2009, 131 (23), 

8077-8082. 



31 
 

(68) Szczerba, W.; Riesemeier, H.; Thünemann, A. F. Bond length contraction in gold 

nanoparticles. Analytical and Bioanalytical Chemistry 2010, 398 (5), 1967-1972. 

(69) Breckner, C. J.; Zhu, K.; Wang, M.; Zhang, G.; Li, C. W.; Miller, J. T. Controlled site 

coverage of strong metal–support interaction (SMSI) on Pd NP catalysts. Catal. Sci. Technol. 2023, 

13 (1), 157-169. 

(70) Martens, J. H. A.; Prins, R.; Zandbergen, H.; Koningsberger, D. C. Structure of 

rhodium/titania in the normal and the SMSI state as determined by extended x-ray absorption fine 

structure and high-resolution transmission electron microscopy. J. Phys. Chem. 1988, 92 (7), 1903-

1916. 

(71) Dauscher, A.; Hilaire, L.; Le Normand, F.; Müller, W.; Maire, G.; Vasquez, A. 

Characterization by XPS and XAS of supported Pt/TiO2 CeO2 catalysts. Surf. Interface Anal. 

1990, 16 (1‐12), 341-346. 

(72) Sakellson, S.; McMillan, M.; Haller, G. L. EXAFS evidence for direct metal-metal bonding 

in reduced rhodium/titania catalysts. J. Phys. Chem. 1986, 90 (9), 1733-1736. 

(73) Sankar, G.; Kulkarni, G. U.; Rao, C. N. R. EXAFS of catalytic materials. Progress in Crystal 

Growth and Characterization 1989, 18, 67-92. 

(74) Gogate, M. R.; Davis, R. J. X-ray Absorption Spectroscopy of an Fe-Promoted Rh/TiO2 

Catalyst for Synthesis of Ethanol from Synthesis Gas. ChemCatChem 2009, 1 (2), 295-303. 

(75) Doudin, N.; Yuk, S. F.; Marcinkowski, M. D.; Nguyen, M.-T.; Liu, J.-C.; Wang, Y.; Novotny, 

Z.; Kay, B. D.; Li, J.; Glezakou, V.-A.; et al. Understanding Heterolytic H2 Cleavage and Water-

Assisted Hydrogen Spillover on Fe3O4(001)-Supported Single Palladium Atoms. ACS Catal. 

2019, 9 (9), 7876-7887. 

(76) Koestner, R. J.; Van Hove, M. A.; Somorjai, G. A. Molecular structure of hydrocarbon 

monolayers on metal surfaces. J. Phys. Chem. 1983, 87 (2), 203-213. 

(77) Tan, W.; Xie, S.; Le, D.; Diao, W.; Wang, M.; Low, K.-B.; Austin, D.; Hong, S.; Gao, F.; 

Dong, L.; et al. Fine-tuned local coordination environment of Pt single atoms on ceria controls 

catalytic reactivity. Nat. Comm. 2022, 13 (1), 7070. 

(78) Chen, Y.; Rana, R.; Huang, Z.; Vila, F. D.; Sours, T.; Perez-Aguilar, J. E.; Zhao, X.; Hong, 

J.; Hoffman, A. S.; Li, X.; et al. Atomically Dispersed Platinum in Surface and Subsurface Sites 

on MgO Have Contrasting Catalytic Properties for CO Oxidation. J. Phys. Chem. Lett. 2022, 13 

(17), 3896-3903. 

(79) Goldsmith, B. R.; Sanderson, E. D.; Ouyang, R.; Li, W.-X. CO- and NO-Induced 

Disintegration and Redispersion of Three-Way Catalysts Rhodium, Palladium, and Platinum: An 

ab Initio Thermodynamics Study. J. Phys. Chem. C 2014, 118 (18), 9588-9597. 

(80) Parkinson, G. S.; Novotny, Z.; Argentero, G.; Schmid, M.; Pavelec, J.; Kosak, R.; Blaha, P.; 

Diebold, U. Carbon monoxide-induced adatom sintering in a Pd–Fe3O4 model catalyst. Nat. 

Mater. 2013, 12 (8), 724-728. 

(81) Ouyang, R.; Liu, J.-X.; Li, W.-X. Atomistic Theory of Ostwald Ripening and Disintegration 

of Supported Metal Particles under Reaction Conditions. J. Am. Chem. Soc. 2013, 135 (5), 1760-

1771. 

(82) Van't Blik, H. F. J.; Van Zon, J. B. A. D.; Huizinga, T.; Vis, J. C.; Koningsberger, D. C.; Prins, 

R. Structure of rhodium in an ultradispersed rhodium/alumina catalyst as studied by EXAFS and 

other techniques. J. Am. Chem. Soc. 1985, 107 (11), 3139-3147. 

(83) Koningsberger, D. C.; Van Zon, J. B. A. D.; Van't Blik, H. F. J.; Visser, G. J.; Prins, R.; 

Mansour, A. N.; Sayers, D. E.; Short, D. R.; Katzer, J. R. An extended x-ray absorption fine 



32 
 

structure study of rhodium-oxygen bonds in a highly dispersed rhodium/aluminum oxide catalyst. 

J. Phys. Chem. 1985, 89 (19), 4075-4081. 

(84) Chaâbane, N.; Lazzari, R.; Jupille, J.; Renaud, G.; Avellar Soares, E. CO-Induced Scavenging 

of Supported Pt Nanoclusters: A GISAXS Study. J. Phys. Chem. C 2012, 116 (44), 23362-23370. 

(85) Albrahim, M.; Thompson, C.; Leshchev, D.; Shrotri, A.; Unocic, R. R.; Hong, J.; Hoffman, 

A. S.; Meloni, M. J.; Runnebaum, R. C.; Bare, S. R.; et al. Reduction and Agglomeration of 

Supported Metal Clusters Induced by High-Flux X-ray Absorption Spectroscopy Measurements. 

J. Phys. Chem. C 2021, 125 (20), 11048-11057. 

(86) Newton, M. A.; Knorpp, A. J.; Meyet, J.; Stoian, D.; Nachtegaal, M.; Clark, A. H.; Safonova, 

O. V.; Emerich, H.; van Beek, W.; Sushkevich, V. L.; van Bokhoven, J. A. Unwanted effects of 

X-rays in surface grafted copper(ii) organometallics and copper exchanged zeolites, how they 

manifest, and what can be done about them. Phys. Chem. Chem. Phys. 2020, 22 (13), 6826-6837. 

(87) Li, Y.; Duan, X.; Qian, Y.; Yang, L.; Liao, H. Nanocrystalline Silver Particles: Synthesis, 

Agglomeration, and Sputtering Induced by Electron Beam. J. Colloid Interface Sci. 1999, 209 (2), 

347-349. 

(88) Petford-Long, A. K.; Smith, D. J.; Wallenberg, L. R.; Bovin, J. O. On the growth of small 

crystals of Cd, Zn, Pt and Rh during electron microscope observations. J. Cryst. Growth 1987, 80 

(2), 218-224. 

(89) Ohkubo, Y.; Nakagawa, T.; Seino, S.; Kugai, J.; Yamamoto, T. A.; Nitani, H.; Niwa, Y. X-

ray-induced reduction of Au ions in an aqueous solution in the presence of support materials and 

in situ time-resolved XANES measurements. J. Synchrotron Rad. 2014, 21 (5), 1148-1152. 

  



33 
 

TOC: 

 

 

 

TiO2

Rh

Rh

Rh

Rh

Rh

Rh

Rh

e-

e-

e-

e-

e-

e-

e-

e-

e-


