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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 Rhy by 9-fold. Spectroscopic
and Kkinetic evidence suggests that the spillover of *H is suppressed by their facile reaction with
C2Ha, most of the spilled *H are non-reactive spectators, and > 99% turnovers occur on a small
subset (< 20%) of exposed “active Rh;”. Steady-state kinetics indicate competitive adsorption
between H and C>Hs4, H> 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 H. was further
tracked with spectroscopic and microscopic techniques at elevated temperatures. At 200 °C, more
Rh1 are exposed, but these Rh; are at least 5-fold less active than the “active Rh1”. At 300 °C, Rh
clusters derived from Rh1 become the main active sites, shifting Eaapp to 62 kd/mol, characteristic
of Rh nanoparticles. At>400 °C, larger and more active Rh particles in the SMSI state are created.
This work revealed the unexpected regulation effects of *H spillover on M; active sites under
ambient conditions, differentiated the minority active M sites, and demonstrated how the stability

of M1 under reducing atmospheres affected hydrogenation catalysis.
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Introduction

“Single-atom catalyst (SAC)” has become a popular topic in catalysis research, since the
coinage of the term.1® 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,*® and the
fundamental incentive to construct well-defined, uniform supported metal active sites, for precise
mechanistic understanding.”® 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 (M) are bound to surface O atoms. Under reducing conditions, the M—O bonds may
break, mobilizing M1.1%%° As a result, SACs that are stable during high-temperature hydrogenation
reactions are rare,*%2 and the actual active sites and/or reaction mechanisms on SACs under these
conditions are elusive.'%** Related understanding is further hindered by the inhomogeneity in M;
sites. Since most supports offer various binding motifs, M sites on SACs are often not “well-
defined” or “uniform”, despite the identical nuclearity.® ° 1122 As the chemical environment of My
sites is solely defined by the support, their electronic/structural properties, and hence catalytic
behaviors, are highly sensitive to their interactions with the support.*? 2 Therefore, to accurately
understand hydrogenation catalysis on M 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/TiOz-anatase SAC after Ho-
treatments at various temperatures, with spectroscopy and microscopy. In parallel, ethylene
(H2C=CHy) 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,242¢

which allow accurate kinetic measurements under ambient conditions, in attempts to avoid altering



the active site structure. Also, existing studies on this reaction over extended metal surfaces
provided mechanistic references.?* 2> 2733 We will first demonstrate the unexpected *H spillover
effect at room temperature that enhances the intrinsic activity of Rh;. Then, we will show that a
small subset of Rh; are the highly active sites. Finally, we will discuss how the structural changes
of Rh1/TiO2 under H> at different temperatures affect the kinetics. This work reveals the effects of
support modification on M 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 Rhi in ethylene

hydrogenation through modification of the TiO2 support

We synthesized a series of Rhi/TiO, (anatase) SACs with the strong electrostatic
adsorption method at < 0.1 wt% Rh loadings.'® 34 The as-synthesized catalysts were calcined at
400 °C in air, and denoted as “Ox Rh1/TiO2”. The atomic dispersion of Rh on 0.1 wt% Ox Rh1/TiO>
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™ (black in Figure 1b), assigned to the vsym(C=0) and
vasym(C=0) vibration modes, respectively, of di-carbonyls on isolated, cationic Rh,*® % i.e.,
Rh1™(CO)2. The shoulder at ~2060 cm* from monocarbonyls on Rhagg (Rhags—C0)®® 7 is absent,
supporting the atomic dispersion of Rh. Rh; site are inhomogeneous, as suggested by the relatively
large FWHM of the Rhi™*(CO), bands (~20 cm™).”® 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)



between 1 and 4 A is best fit with a bonding Rh—O scattering path (R ~2.00 A), a non-bonding
Rh—Ti scattering path (R ~3.01 A), and a non-bonding Rh—O scattering path (R ~3.85 A). The

absence of Rh—Rh scattering further validates the atomic dispersion of Rh.
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Figure 1. Characterization of 0.1 wt% Rh1/TiO>. a. A representative STEM image, with red arrows
highlighting Rhy species. Another image is shown in Figure Sla. 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
Rh,O3 standard as references), respectively. Black and red curves represent spectra from as-
synthesized (Ox) sample, and the sample after Hz treatment at 30 °C (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 TiO.%8



In the EXAFS, the average coordination number of Rh with the bonding O, i.e., N(Rh—0),
is 6.3 £ 0.5, suggesting that the coordination sphere of most Rh; is saturated with 6 O atoms. In
the X-ray absorption near-edge structure (XANES) region, 0.1 wt% Ox Rh1/TiO (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/TiO> has identical Rh; structures with the 0.1 wt% sample, as suggested by the identical XAS

characteristics (Figure Slc-d).

When tested for ethylene hydrogenation at 30 °C and 1 atm, the per-Rh reaction rate on Ox
Rh1/TiO> (if not specified, all reactions were performed on the 0.025 wt% sample) increases slowly
with time-on-stream (TOS), from ~0.1 s to the steady-state value of ~0.9 s 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 °C (“He30”, blue) does not increase the rate on Rh1/TiOz,
while Ha treatment at 30 °C (“H30”, red and second segment of blue, same Pn2 with the reaction
mixture) leads to a high initial rate (~1.3 s) that decreases with TOS and approaches the steady-
state rate of Ox Rh1/TiO2. Therefore, the unexpected operando activation of Rhi/TiO2 under

ambient conditions is caused by Ha 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/TiO. after various
treatments, plotted against time-on-stream (TOS). a. Comparing Ox Rh1/TiO2 without treatment
(black), with room-temperature H> (red, 228 Torr, 30 °C, 15 h, H30) and He (blue, 30 °C, 15 h,
He30) treatments. b. Comparing effects of various treatments (pink: air, 30 °C, 15 h; black: air,
400 °C, 2 h; yellow: He, 400 °C, 2 h) on a Hz-activated Rh1/TiO>. Reaction conditions: 30 °C, 20
— 30 mg catalyst, 228 Torr Ho, 25 Torr C2H4, balanced with He to 60 SCCM vented to 1 atm,
X(C2Ha) < 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) H»
slowly induces Rh1 aggregation; 2) H2 removes some O from Rhy, opening coordination vacancies
on (“exposing”) initially saturated Rhi to participate in catalysis; 3) split *H spill onto TiO»,
hydroxylating and reducing the support, thus indirectly regulating the intrinsic activity of Rhi. The
EXAFS of H30 Rh1/TiOz 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—0) = 6.4 + 0.5. Thus, it does
not support Rhy aggregation or O-removal from Rh1, both of which are unlikely at 30 °C based on
previous studies.>**! On the other hand, room-temperature CO adsorption on H30 Rh1/TiO yields
no Rhagg—CO shoulder between the Rh;™(CO), bands at 2089 and 2027 cm™ (red in Figure 1b),
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also inconsistent with Rh aggregation. The intensity of the Rh1™"(CO). bands does not increase
after H30 (Figure 1b and S1b), providing no evidence for O-removal to expose more Rhy, in
concert with the EXAFS data. We note that the decreased intensity ratio between the vasym(C=0)
and vsym(C=0) bands after H30 reflects a smaller angle between the two adsorbed CO molecules,
which can be explained by spilled *H around Rh;™*(CO). crowding the space;*> ** the lower
intensity of the bands reflets the reduced dipole moment changes.*> ** 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 Rhy, but is reversed by dehydroxylation at 400 °C under either air or He
(“A400” and “He400”, black and yellow), or reaction with C2Ha4 (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/TiO> 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 Rhy sites through *H spillover.

The spillover of *H onto TiO2 and its impacts on Rh; were spectroscopically validated. In
Figure 1b, both Rhy™(CO). IR bands shift towards lower wavenumbers after H30 treatment,
indicating stronger electron back-donation from Rhy 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 Rh;. Both observations suggest increased electron density on Rh; after
H30. Meanwhile, Figure 3a shows that during the H30 treatment, v(O—H) IR bands from —OH on
TiO, surfaces (3677, 3656, and 3639 cm™) and H,O (broad band centered around 3100 cm™)
gradually appear,**® along with the §(H-O—H) band from adsorbed H>O (1620 cm™).4" At the

same time, the IR background between 1600 and 2300 cm™ shifts upward. The background shift



reflects electrons injected into the “shallow trap” states in the conduction band edge (CBE) of the
n-type semiconductor TiO,'> “¢-°0 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 TiOz-supported metal catalysts,*®*° including Rh,% 2 to H,, and caused by electron
injection from *H to TiO. 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 TiO», with the former existing as surface “OH/*H20, 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 TiO, surfaces.>® If they do, it would consume surface —OH/H,0
while not affecting electrons in the CBE. Furthermore, Figure 3b shows that when adsorbing CO
at 100 K, compared to Ox Rh1/TiO; (bottom), on H30 Rh1/TiO; (top), the v(C=0) band at ~2155
cm?, the negative v(O—H) bands between 3600 and 3700 cm™, and the positive v(O—H) bands
between 3400 and 3600 cm™ are significantly more intense. These bands arise from the H-bonding
between adsorbed CO on TiO2 surface and —OH,** 46:54 55 and their amplified intensity further
supports higher —OH density. Besides, bands at 2208, 2182, and 2168 cm, from »(C=0) of CO
adsorbed on «, S, and y types of Ti** sites, ** %6 are diminished after H30, as explained by some

Ti** sites being blocked by newly formed *H-O.
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Figure 3. IR studies on 0.1 wt% Ma1/TiO>. a. The evolution of spectra on Rhy/TiO under Hz 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 Hz + C2H4, and Hz + CO, respectively. e-f. similar data with panels
c and a, respectively, on Pti/TiO>. 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 Hz (Figure 3a), but, the rate increase requires ~15 h under a condition with
228 Torr Hz (Figure 2a). Since on H30 Rh1/TiOz, the reaction rate is first-order with respect to Hz
(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 Hz in < 1 h (red), and 38 Torr
H2 without C2H4 activates Ox Rh1/TiOz> to a similar level in 1 h with 228 Torr Hz + 25 Torr C2Hg4
in ~2.5 h (green compared to black). Meanwhile, co-feeding CHs 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 C>Hs competes with *H
spillover, hindering the operando activation. The fact that the activation of Rh; is hindered by

C2Hg4 further rejects O-removal from Rhy as its origin since C2H4 should not inhibit O-removal.
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Figure 4. Per-Rh ethylene hydrogenation rate on 0.025 wt% Rh1/TiO> plotted against TOS. a.
comparing different Hy treatments with the reaction. b. The continuation of the red curve in panel
a. Between the two segments, H> was turned off. Reaction conditions are identical with Figure 2.
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Table 1. Summary of kinetic results of ethylene hydrogenation on Rh/TiO».

IzgtiailieRsh Treatment 2 (IgétrlaFlzrr]atSelk; Ste(gcﬁ_—;tﬁ 1tes_r1:;1te (E J""/’?T‘;%CI) Hzorder©  CyHa4 order ©
H30 1.3+0.1¢ 09x+0.1 48+2 129+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

Rhy H300 0.7£0.2 04x0.1 63+3 1.04£0.02 -0.39+0.01
H400 1.7+£0.2 1.1+£0.3 58+x2 1.12x0.02 -0.40+0.03

H500 06x0.1 0.8x£0.1 62+1 1.12+0.02 -0.37+0.02

Rhnp H200 3.7 0.9 62+3 089+£005 —0.32%+0.02
Pty N/A 0.23 0.18 61+3 086+x0.01 —0.21+0.05

2 H, treatment was performed with 38 Torr Hy in He for 1 h except for H30 (228 Torr H, for 1 h). Ox Rhi1/TiO; reaches
the same steady state with H30 Rh1/TiO2, and hence is not shown separately.

® The rate vs. TOS curves are shown as Figure S9a.

¢ Fitting plots are shown as Figure S4. Reaction conditions are identical with Figure 2, except for the one parameter
(T, 28 — 35 °C, Pu2, 57 — 456 Torr, or Pcara, 13 — 50 Torr) to vary for each measurement.
4 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 Rhy activation, Table 1 shows that on H30/Ox Rh1/TiO»,

steady-state reaction orders with respect to H> and C2Ha are ~1 and negative (~—0.5), respectively,

similar with values on TiO2-supported Rh nanoparticles (“Rhnp/TiO2”, d ~ 1.3 nm, Drn = 0.92, see

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

temperature and Pcons ranges.?* 26 27, 303256 gych kinetic characteristics reflect competitive

adsorption between H and C2Ha, in which the strong adsorption of C,Hs4 makes *H the limiting

reactant, and thus H» dissociation the RDS. Hence, on Rhi/TiO», H» dissociation and CyHas

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

This could be caused by intrinsically faster H> activation on Rhy, or weaker C>Hs adsorption
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opening more Rhy for H dissociation. *H spillover possibly leads to these causes by: 1) increasing
electron density on Rhi, thus the electron back-donation to the anti-bonding orbital of Hy;>° 2)
increasing electron density on Rhi, thus weakening the adsorption of CoH.?% 3! 3) creating

—OH/*H20 around Rh; that sterically hinder the adsorption of C2Ha, but not the much smaller Ha.

At the steady state, we turned off Ho, allowing spilled *H to react with CoHa. Figure 4b
shows that when H is re-introduced, the rate re-starts at ~60% of the steady-state value (~0.6 s2),
rather than the initial rate (~0.1 st), and the re-establishment of the steady-state rate takes < 1 h,
rather than ~15 h for its initial establishment, i.e., reacting with C>H4 only partially reverses the
kinetic effect of *H spillover. Meanwhile, in IR, introducing C2Ha to H30 Rh1/TiO2 consumes <
10% of the —OH/*H20 formed under Hx (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 Rhy. This can be rationalized as that
only *H close to Rhy 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 °C.

Figure 5a shows that at 50 °C (red), the operando activation occurs significantly faster than
at 30 °C (black), as higher temperature facilitates the activated *H spillover.®%62 After the rate
plateaus at 50 °C, cooling down to 40 or 30 °C (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 °C, and hence Rh; reach higher intrinsic activity that lasts at lower
temperatures. Conversely, after the rate plateaus at 30 °C, heating up to 40 or 50 °C initially results
in lower rate than the plateaued rate directly reached at respective temperatures. This is explained
by slower *H spillover occurs at 30 °C, and hence the intrinsic activity of Rh1 is lower when the

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

reached at that temperature.
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Figure 5. More kinetic experiments on the operando activation during ethylene hydrogenation. a.
Results at various temperatures (black: 30 °C; blue: 40 °C; red: 50 °C). 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: Rhy; red: Pda;*? blue: Pt1, N(Pt—0) = 6; green: Pt;, N(Pt-0) =
41! purple: Ruz). All samples have the M1 coverage 60 or 120 nm. c. Per-g-catalyst rate on
Rh/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 TiO> were also tested under identical conditions.
Figure 5b shows that none of Pdi,'? two types of Pt;,!! or Ru: exhibit the operando activation
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behavior. Kinetic and IR experiments on Pt1/TiO> were conducted and compared with Rh; as an
example. The steady-state reaction orders with respect to H2 and C2Hs on Pty are also ~1 and
negative, respectively (Table 1), suggesting competitive adsorption between H and CzH4, and that
H> dissociation limits the rate, similar to Rhi. Nonetheless, the Ea app is significantly higher on Pt;
(61 + 3 kdJ/mol compared to 48 + 2 kJ/mol, Table 1). When exposing Pt1/TiO2 to Hz + C2H4 in the
IR chamber, all spectroscopic changes associated with *H spillover are minimal (Figure 3e). These
changes can be observed under Hz only (Figure 3f), but at a significantly slower rate than on
Rh1/TiO2 under similar Pu2 (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 CoHa.
Thus, under reaction conditions, *H spillover is minimal, and the rate on Pty is not affected by it.
On the other hand, Rhi/TiO; 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 Rhz do not interfere with each other. This implies that the range of *H
spillover at room temperature is short compared to the inter-Rh;z distance in this coverage range (<

60 Rh nm2 TiO2), which explains the absence of surface reduction or —OH in XPS (Figure S7).

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

We reduced Rh1/TiO2 with Hz at 200 °C (“H200 Rh1/TiO7”, 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 Rh;™"(CO)2 bands centered around
2094 and 2030 cm%, along with a broad, low-intensity Rhage—CO shoulder in between (~2069 cm-
1) that indicates minor sintering of Rh1. The Rhi™(CO). bands are significantly more intense on

H200 than on Ox Rhy/TiO2 (black, measured on the same sample), suggesting that after H200,
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much more Rhy are exposed, i.e., have coordination vacancies. Both conclusions are corroborated
by XAS, as the best EXAFS fitting model of H200 Rhi/TiO. (blue in Figure 6a) shows
significantly lower N(Rh—0) 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 Rhy™*(CO), bands on H200 and Ox
Rh1/TiO2, and that all Rh: are exposed on H200 Rh1/TiOz, using the intensity of the Rh;™*(CO).

bands in Figure S8, we estimate that only 12 + 8% of Rh; on Ox/H30 Rh1/TiO: are exposed.
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Figure 6. XAS of Rhy/TiO> after H> reduction at 200 (blue), 300 (green), 400 (purple), and 500
(yellow) °C (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 °C after each reduction. In between reduction steps, the sample was re-oxidized by air at 400 °C.
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Table 2. Fitting parameters from the best EXAFS models of Rh1/TiO; after Ho-treatments.

Catalyst Status Ox H30 H200 H300 H400 H500
k-range (A1) 3t011.8
R-range (A) 1t03.7 1t03
R-factor 0.0115 0.0106 0.006 0.0137 0.003 0.0153
So? 0.76
AE, (8V) 2(1) 2(1) 4(1) 2(2) 4 (4) 16 (2)
N 6.1 (5) 6.2 (4) 46 (4) 48 (6) 3(1), 2(1) 0.8 (4)
(bﬁﬁ;ﬁg) R(A) 2005(9)  2.006 (5) 2,000 (8) 203(1)  201(3),2.17 (4) 1.99 (3)
2 0002(1) 0002 (1) 0.003 (1) 4(2) 0.002 0.002
_ N 21(6) 3.9 (5)
(b%ﬁ;&) R (A) N/A N/A N/A N/A 258 (2) 255 (2)
o2 0.008 0.008
N 12 (8) 3() 402) 9(3)
(til:];ﬁ]g) R (A) N/A N/A 268 (2) 271 (2) 276 (3) 2,60 (2)
o2 0.005 (4) 0.007 (3) 0.013 (5) 0.015 (3)
_ N 3() 3() 18 (4) 28(9)
(norﬁél;rging) A) 3012 3.02 (2) 3.02 (2) 3.08 (3) N/A N/A
0.005(5)  0.007 (5) 0.005 0.008
N 13 (8) 15 (7) 70 7 ()
(nonl_‘;gn%ing) RA) 38503 383 (2) 382 (2) 382 (3) N/A N/A
2 0007(7)  0.008(6) 0.002 (3) 0.002 (5)

So? 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/TiO; (0.7 s2) is slightly
lower than that on Ox/H30 Rh1/TiO2 (0.9 s), despite that significantly more Rh; are exposed on
the former. Such observation indicates that those Rh: that become newly exposed after H200 (blue
Rh in Scheme 1) has much lower intrinsic activity, even after their exposure, than the < 20% Rh;
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/TiO> (blue) reaches the steady-state rate much more quickly
than Ox Rh1/TiO; (red) because *H spillover has been completed on the former. Meanwhile, co-
feeding CO with H. 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/TiO,, the
majority of CoH4 turnovers and *H spillover are catalyzed by the < 20% exposed “active Rhy”.
The TOF on the “active Rhy” is > 4.5 s (assuming 20% of total Rhy), at least 4-fold higher than
that on Rhnp (1.0 s2). In contrast, the TOF on the other > 80% Rh; is < 0.9 s (assuming 80% of
total Rhy, 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 Rh; sites by

*H spillover can be more crucial to the activity of Rhi/TiO- than the increased site exposure.
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Figure 7. Per-Rh ethylene hydrogenation rate on 0.025 wt% Rh1/TiO; 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/TiOz, and black curves show
results without CO as a reference. Reaction conditions are identical with Figure 2.

3. Evolution of Rhy/TiO2 under Hz and its consequences in C=C hydrogenation catalysis

Rh1/TiO2 was further reduced with Hz at 300, 400, and 500 °C to complete the study.
Compared to H200 Rhy/TiO,, the EXAFS of H300 Rh1/TiO- (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 Rh®. Hence, H300 further breaks Rh;—O bonds,
destabilizes Rhy, 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/Rhs,%3° respectively, but
since some Rhy remain (Figure S8 and S10), the average size of Rhagg is larger than Rho/Rhs. As
Rhy aggregate, the Eaapp 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

Rhne (Table 1). Although Eaapp is a global parameter influenced by various elementary steps and
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coverage effects,® 7 different values on Rh: and Rhagg are expected due to mechanistic difference
implied by active site structures: without Rh—Rh sites, Rhy cannot dissociate Hx through the
homolytic mechanism, or adsorb C>Hs through the di-o bonds, both of which are the main
contributors to the reaction pathway on Rhagg.3" 3> As Rh; sinters, the reaction orders remain
similar, suggesting that the reaction on Rhagg also involves the competitive adsorption between H
and CzH4, and H: dissociation as the RDS. The steady-state per-total-Rh rate decreases from 0.9 £
0.1s?,1t00.7 £ 0.1 st after H200, to 0.4 + 0.1 s after H300, likely due to the loss of the “active

Rh;” 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 Rhi. R(Rh—Rh) slightly
increases from H200 to H400 (2.68 + 0.02, 2.71 + 0.02, and 2.76 + 0.03 A), as commonly observed
when sub-nanometer metal clusters grow.®® © Meanwhile, a bonding Rh—Ti scattering path (R =
2.58 + 0.02 A) appears, along with a new Rh—O scattering path longer than normal Rh—O bonds
(R =2.17 £ 0.04 A). The direct Rh—Ti bonds and new Rh—O interface are consistent with strong
metal-support interaction (SMSI), i.e., TiO partially covering Rh clusters.?% 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/TiO.. Kinetically, Table 1 shows that compared to H300 Rh1/TiO, the
steady-state per-total-Rh rate increases to 1.1 + 0.1 s 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 Hz that is not feasible on isolated Rh sites.

Further increasing the Hz-reduction temperature to 500 °C 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.%*%° 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 RhTiy alloy, which can also explain the
abnormally short R(Rh—Rh) of 2.60 + 0.02 A (Table S1, compared to 2.6922 + 0.0006 A in Rh
foil), and the significantly different electronic structure (yellow in Figure 6b) of Rh from Rh foil.
The residual Rhy (Figure S10) could also be trapped in oxygen vacancies, forming Rh1Tiy “local
alloy”. On H500 Rh1/TiO>, the rate enhancement by oxidation is more significant than on H400
Rh1/TiO. (Figure S9b), implying more significant SMSI, which explains the lower steady-state
per-total-Rh rate at 0.8 + 0.1 s (Table 1). Overall, as Hp-reduction temperature increases, Rh:
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 H> dissociation,

and the characteristic Eaapp 0f ~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 Rhi. The literature value for M-to-TiO2 *H spillover
barrier ranges between 38 and 134 kJ/mol.%%-62 We showed that on Rh1/TiOy, it is slower than the
reaction between *H and C;Hj4, 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/*H20) + 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 H20, 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/*H>O regulate the reactivity of Rhi, 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/*H>0.

*H spillover onto reducible oxides is not unique to SACs. Nonetheless, it only alters the
intrinsic activity of Rhz, not Rhne, because on Rhnp, 1) only a small fraction of Rh are at the metal-
support interface (MSI); 2) most H> 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 Rhy, Hz is dissociated heterolytically on Rh—0, or through the oxidative addition on Rh1,” both
of which are sensitive to the properties of the MSI. Thus, Rh; reveals MSI-related phenomenon
not observable with Rhnp, emphasizing the value of SAC in mechanistic studies, and the power of
support modification in regulating M active sites. In addition, Rh; also experiences significantly
less deactivation during ethylene hydrogenation than Rhne (Table 1). The deactivation was
attributed to the carbonaceous species derived from C2Ha blocking active sites, 0 2% 26:30. 76 whijch
is supported by that oxidizing Rh1/TiO at 100 °C recovers the initial activity (Figure S3d). These
species adsorb strongly on multi-Rh ensembles, such as three-fold hollow sites,?® % 7® and hence

the site isolation on Rh1/TiO> alleviates their formation.®1

The other interesting result is that < 20% “active Rh1” on Rhi/TiO; 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).™ bands from “active Rh1” (2090 and 2027 cm™, Figure 1b) are
of slightly lower wavenumbers than those from other Rh; (~2094 and 2030 cm™, 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 CzHa. The

proximity of each type of Rh1 with —OH/*H>0 could also affect their activity, but is difficult to
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reveal experimentally. The results emphasize the inhomogeneity of M; 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/Hz chemisorption. On Ox/H30 Rhi/TiO., > 80% Rh; 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/TiOy), provides a reasonable method for estimation.

On oxide supports, the exposed, reactive My are often adatoms. Non-exposed, non-reactive
M are sometimes in the substitution sites of support metal cations, e.g., Ti** in TiO2.1* 7" 78 For
Ox/H30 Rh1/TiOz, the EXAFS shows non-bonding N(Rh—Ti) = 3, lower than the value in the Ti**
substitution sites, 4. Thus, the > 80% non-exposed Rhi might be in the first surface layer of TiOg,
with an adsorbed O on top to saturate the coordination sphere. Both in-bulk and in-surface M tend
to be thermodynamically more stable than on-surface My, 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 M

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 Kkinetic 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
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M1—(CO)x.3" %2 7984 |_ow 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.858% 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/*H20 on TiO; surfaces and inject electrons into its CBE, which enhance
the intrinsic activity of Rhy by 9 fold through indirect regulation. On Rh1/TiO2, *H and C2Ha4 adsorb
competitively, H 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 C2Ha,
while the rest are spectators. Without reduction at elevated temperature, < 20% Rh; are exposed
(coordinatively unsaturated), but catalyze > 99% turnovers, with the steady-state TOF of > 4.5 s},
and the Eaapp of ~48 kJ/mol. The rest of Rh1 show significantly lower TOF (< 0.9 s!) even after
they become exposed by high-temperature reduction. Hz-reduction at > 300 °C sinters Rhg, shifting
the active site to Rhagg With the characteristic Ea app 0f ~62 kd/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 Hz, and resulted structure-function relationship in hydrogenation catalysis.
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