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Abstract 

Research interest in single-atom catalysts (SACs) has been continuously rising. However, 

the lack of understanding of the dynamic behaviors of SACs during applications hinder catalyst 

development and mechanistic understanding. Herein, we report on the evolution of active sites 

over Pd/TiO2-anatase SAC (Pd1/TiO2) in the reverse water-gas shift (rWGS) reaction. Combining 

kinetics, in-situ characterization, and theory, we show that at T ≥ 350 °C, the reduction of TiO2 by 

H2 alters the coordination environment of Pd, creating Pd sites with partially cleaved Pd−O 

interfacial bonds and a unique electronic structure that exhibit high intrinsic rWGS activity through 

the carboxyl pathway. The activation by H2 is accompanied by the partial sintering of single Pd 

atoms (Pd1) into disordered, flat, ~1 nm diameter clusters (Pdn). The highly active Pd sites in the 

new coordination environment under H2 are eliminated by oxidation, which, when performed at 

high temperature, also re-disperses Pdn and facilitates the reduction of TiO2. In contrast, Pd1 sinters 

into crystalline, ~5 nm particles (PdNP) during CO treatment, deactivating Pd1/TiO2. During the 

rWGS reaction, the two Pd evolution pathways co-exist. The activation by H2 dominates, leading 

to the increasing rate with time-on-stream, and steady-state Pd active sites similar with the ones 

formed under H2. This work demonstrates how the coordination environment and nuclearity of 

metal sites on a SAC evolve during catalysis and pre-treatments, and how their activity is 

modulated by these behaviors. These insights on SAC dynamics and structure-function 

relationship are valuable to mechanistic understanding and catalyst design. 
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Introduction 

The past decade has witnessed the explosion of research on atomically dispersed metal 

catalysts, or “single-atom catalysts (SACs)”. The interest is driven by the desire to reach the high 

metal utilization efficiency and site uniformity of homogeneous catalysts on the durable, process-

friendly heterogeneous platforms.1-3 The extensive efforts delivered significant progress in the 

areas of synthesis,4-8 characterization,9-11 applications,12-19 and mechanistic insights.20-22 Despite 

the advances, an enduring issue haunting related research is the complicated dynamics of SACs. 

Because single metal atoms are only bound to binding motifs offered by the support, compared to 

metal nanoparticles, they are often less stable, and their properties are more sensitive to changes 

in the support and the metal-support interface (MSI).23-26 As a result, the structural and electronic 

properties of SACs often respond to the reaction and/or pre-treatment conditions drastically, which 

can profoundly affect catalysis.21, 24, 27-29 Understanding these behaviors is necessary for 

developing stable SACs for applications under harsh conditions, as well as accurately identifying 

active sites, reaction mechanisms, and structure-function relationship.  

Despite their importance, the dynamics of SACs and their catalytic consequences are often 

neglected or difficult to reveal. The characterization of SACs is challenging, and it needs to be 

conducted in-situ to accurately correlate it with kinetic data.9-11 Besides, the “site uniformity” on 

SACs is more of a wish than reality,30-32 due to the presence of various binding sites on supports, 

the high mobility of single metal atoms, and changes in the support structure during catalysis.33-35 

Different types of sites and their roles in catalysis are hard to deconvolute as most spectroscopic 

techniques yield ensemble-average information. Thus, reliable experimental insights about 

catalyst dynamics, actual active sites, and structure-function relationships on SACs are rare,17, 21, 

23, 24, 27-29, 36-38 impeding the understanding of reaction chemistry and rational catalyst design. 
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In this work, we investigated the dynamic structural evolution of a Pd/TiO2-anatase SAC 

and its impacts on the reverse water-gas shift (rWGS) reaction, i.e., CO2 hydrogenation to CO. 

The rWGS has sparked significant interests for both practical and fundamental reasons,39-43 and 

mechanistic studies predicted SACs to be ideal for this reaction.39, 44 Combining detailed kinetics, 

comprehensive in-situ characterization, and theoretical modelling, we revealed the formation of 

Pd sites with high intrinsic activity during the reaction. This is achieved through the reduction of 

TiO2 by H2, leading to Pd sites with unique electronic structure and partially cleaved MSI, which 

are particularly effective in the carboxyl pathway of the rWGS. Oxidation eliminates these highly 

active Pd sites by reversing these coordination environment changes. In contrast, reducing the SAC 

with CO leads to the severe sintering of single Pd atoms (Pd1), and thus the loss of rWGS active 

sites and, consequently, activity. The comprehensive insights offered by this work on single-atom 

catalysis are rare in the literature, and instructive for the rational design of SACs.  

 

  



5 

 

Results 

1. Changes in the rWGS rate on Pd1/TiO2: activation by H2 and deactivation by CO  

Pd/TiO2-antase SACs (herein referred to as “Pd1/TiO2
”; “TiO2” and “TiO2-A” both refer to anatase 

TiO2) were synthesized by strong electrostatic adsorption.7 The atomic dispersion of Pd on 0.0125 

wt% (loading verified by ICP) Pd1/TiO2 was confirmed by the results of high-angle annular dark-

field scanning transmission electron microscopy (HAADF-STEM), X-ray absorption spectroscopy 

(XAS), and CO adsorption IR (CO-IR) measurements, which will be shown later. XAS also shows 

the atomic dispersion of Pd at ≤ 0.05 wt% loading (Figure S2). In CO2 hydrogenation at 400 °C 

under ambient pressure, all Pd1/TiO2 with different Pd loadings exhibit > 99% selectivity towards 

CO (reverse water-gas shift, rWGS, < 10% CO2 conversion), as expected on highly dispersed noble 

metal catalysts.40, 45-47 Interestingly, we observed a slow (in ~25 h), gradual, two-fold increase in 

the rWGS rate per Pd with time-on-stream (TOS) on ≤ 0.025 wt% Pd1/TiO2 (purple, red, and green 

in Figure 1a). Since anatase is stable at 400 °C,48 the rate increase is not caused by support phase 

change. Since the Pd is atomically dispersed on fresh Pd1/TiO2, the rate increase cannot be due to 

higher Pd dispersion, i.e., more peripheral Pd sites that contribute to the majority of the rWGS 

activity,39, 44 either. Therefore, it reflects higher intrinsic activity of Pd. In contrast, less dispersed 

Pd/TiO2, synthesized by incipient wetness impregnation (0.025 or 0.8 wt% Pd), or 0.05 wt% 

Pd1/TiO2 do not show the phenomenon (brown, black, and blue symbols, respectively, in Figure 

1a; dilution with pristine TiO2 has no effect, Figure S3), indicating that the increase in intrinsic 

activity can only be   observed when Pd is highly, if not atomically dispersed, and at very low 

surface coverage (1 Pd1 per ~120 nm2 TiO2 surface at 0.025 wt% loading).  
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Figure 1. Variations in the rWGS rate per Pd with TOS at 400 °C: a) Pd/TiO2 of various Pd 

loadings by wt%: 0.006 (purple), 0.0125 (red), 0.025 (green), 0.05 (blue), 0.025 synthesized by 

IWI (brown), and 0.8 (IWI, black); b) 0.0125 wt% Pd1/TiO2 at various temperatures: 450 (green), 

425 (purple), 400 (red), 375 (blue), 350 (brown), and 200 °C (black, rate multiplied by 5); c) 

(normalized to the final rate) various noble metals supported on anatase TiO2: Pd (red), Rh (green), 

Pt (blue), and Ru (black); d) (normalized to the final rate) Pd supported on various oxides: anatase 

(red), anatase with > 90% (101) surfaces (purple), CeO2 (black), SiO2 (blue), and rutile (green). 

All catalysts in panels c) and d) share noble metal coverage and synthesis method with 0.0125 wt% 

Pd1/TiO2, and near-atomic dispersion is expected (atomic dispersion of Pt/TiO2 reported).37 

Absolute rates are reported in Table S1. Typical reaction conditions: 50 mg catalyst, T = 400 °C, 

H2 : CO : He = 4 : 1 : 5, total flow = 10 SCCM, 1 atm. The rate on pristine TiO2 was subtracted. 
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To understand the intrinsic activity increase, we tested the rWGS on 0.0125 wt% Pd1/TiO2 

(used in all experiments below) at various temperatures. Figure 1b shows that the rate increases 

with TOS at T ≥ 350 °C, but at 350 (brown) and 375 °C (blue), it drops first before it increases. In 

contrast, at 200 °C (black), the rate decreases monotonically with TOS, presumably due to 

sintering. Thus, the activation of Pd1/TiO2 requires high temperature, consistent with its high 

apparent activation barrier of ~120 kJ/mol (Figure S4, obtained by modelling data in Figure 1b). 

We also tested Pd/CeO2, Pd/SiO2, Pd/TiO2-rutile (“TiO2-R”), Pt/TiO2 (atomically dispersed37), 

Rh/TiO2, and Ru/TiO2, with the same synthesis procedure and noble metal coverage consistent 

with 0.0125 wt% Pd1/TiO2. Figures 1c-d show that none of other highly dispersed M/M’xOy 

catalysts show increasing rate with TOS, i.e., the intrinsic activity increase is unique to Pd1/TiO2-

A, implying that it involves specific metal-support interaction. Particularly, the absence of the 

phenomenon on CeO2 and TiO2-R, on which surface oxygen vacancies (Ov) are more favored than 

on TiO2-A,49-52 suggests that it is not due to surface Ov directly participating in the rWGS. Note 

that we also tested Pd on a faceted TiO2-A with > 90% exposed surfaces as (101) orientation, the 

most stable surface of anatase (see Figure S5 for TEM images).51, 53-55 It exhibits identical rate 

trend (purple in Figure 1d) with Pd1/TiO2 (red), indicating that the (101) surface is an appropriate 

model for TiO2-A for the theoretical modelling study below.  

The rWGS stream exiting the reactor comprises of 40% H2, 10% CO2, ~5000 ppm CO and 

H2O (from ~5% CO2 conversion). As a first step to reveal the physical origin of the intrinsic 

activity increase, the effects of each component of the gas stream were deconvoluted. In the first 

15 h, we replaced the rWGS stream with 40% H2, 5000 ppm CO, or 40% H2 + 5000 ppm CO at 

400 °C (H2 and CO concentrations equal to those in the rWGS stream), and switched to the rWGS 

stream at t = 15 h. Figure 2a shows that the H2 + CO mixture (blue) has identical impact on the 
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activity of Pd1/TiO2 with the rWGS stream (red). In comparison, Pd1/TiO2 becomes more active 

under H2 alone (green), and less active under CO alone (black). The results imply that H2 causes 

the intrinsic activity increase, while CO deactivates the catalyst. During the rWGS, H2 and CO 

function in parallel. Thus, H2 + CO in He exactly replicates the effects of the rWGS stream, and 

we deduce that H2O and CO2 in the reaction stream have no or minimal effects. To verify this 

observation, we varied the CO concentration in the rWGS stream either by adding CO or by 

reducing the amount of catalyst and thus CO2 conversion. Figure 2b shows that the final per-Pd 

rate is negatively correlated with CO concentration, supporting the deactivating effect of CO. In 

addition, we pre-treated Pd1/TiO2 with H2 or CO at 400 °C (referred to as “H400” and “CO400” 

Pd1/TiO2, respectively, with higher concentration and/or time to ensure the complete evolution of 

Pd). Figure 2c shows that the initial rate on H400 Pd1/TiO2 (green) is higher than the final rate on 

the fresh catalyst (red), and the rate drops with TOS when the rWGS stream, and thus CO, is 

introduced. In contrast, CO400 Pd1/TiO2 (black) shows lower initial rate and minimal rate increase 

compared to the fresh catalyst. The results further verify that H2 and CO activates and deactivates 

Pd1/TiO2, respectively. When CO concentration is very low (green in Figure 2b), i.e., the 

deactivation by CO is negligible, the final rate on fresh Pd1/TiO2 is close to the initial rate on H400 

Pd1/TiO2 (green in Figure 2c, both ~1.0 s-1 per Pd), as predicted by our conclusion. We note that 

in Figure 2c, 400 °C He treatment (blue) has no effects on the rWGS rate, eliminating the 

possibility that the activation is caused by the de-hydroxylation of TiO2 surfaces. Since the effects 

of the rWGS stream on the structure and activity of Pd is a combination of the effects of H2 and 

CO, we will mostly focus on the characterization of fresh, H400, and CO400 Pd1/TiO2, to 

understand the physical origins of these observations.  
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Figure 2. Variations in the rWGS rate per Pd with TOS at 400 °C on 0.0125 wt% Pd1/TiO2 

showing the effects of H2 and CO: a)  Pd1/TiO2 in the first 15 h under the rWGS stream (red, 40% 

H2, 10% CO2, ~5% CO2 conversion), 40% H2 (green), 5000 ppm CO (black), and 40% H2 + 5000 

ppm CO (blue) at 400 °C; b) with various CO concentrations in the rWGS stream: 900 (green, 5 

mg catalyst), 2500 (blue, 20 mg catalyst), 5000 (red), and 12000 ppm (CO, 10000 ppm CO added); 

c) after pre-treating Pd1/TiO2 with no treatment (red), 40% H2 at 400 °C for 40 h (green), 5% CO 

at 400 °C for 24 h (black), and He at 400 °C for 24 h (blue). Typical reaction conditions are 

identical with Figure 1. 

 

2. Dynamic coordination environment and metal nuclearity in Pd1/TiO2 under H2 and CO 

The nuclearity of Pd was evaluated by STEM, with results summarized in Figure 3. The 

fresh catalyst has exclusively Pd1 (Figure 3a) with no signs of Pd aggregates. The atomic dispersion 

of Pd is supported by CO-IR, which only shows the 2112 cm-1 band from CO linearly adsorbed on 

cationic Pd (Figure S1, fwhm ≈ 20 cm-1, suggesting non-uniform environments of Pd1),
27, 56-59 with 

no bridging CO on adjacent Pd sites (1800 ~ 2000 cm-1). On the H400 catalyst, both Pd1 (Figure 

3b) and Pd aggregates of d = 1.2 ± 0.3 nm (Figure 3c) were identified, indicating that a fraction of 

Pd1 sinter into small Pd clusters (“Pdn”) under H2. These Pdn do not exhibit well-defined three-
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dimensional structure, and instead, are flattened plates, suggested by their low contrast with TiO2, 

and appear to be disordered. Meanwhile, CO adsorption on H400 Pd1/TiO2 yields a broad IR band 

between 2100 and 2040 cm-1 from linear CO on various surface sites on Pd aggregates (Figure 

S1),56-59 along with the 2114 cm-1 linear CO on Pdm+ peak, supporting the partial sintering of Pd1 

into Pdn. In contrast, on the CO400 catalyst, only large Pd nanoparticles of d = 5.0 ± 0.7 nm (“PdNP”) 

were identified, with no Pd1, suggesting complete, severe Pd1 sintering under CO. These PdNP have 

very bright contrast compared to TiO2, and Pd lattice diffraction can be observed (Figure S6d), 

indicating that unlike Pdn, they are three-dimensional and crystalline.  

 

Figure 3. HAADF-STEM images of 0.0125 wt% Pd1/TiO2:  a) a representative image of the fresh 

sample, with only Pd1 (in red circle) found; b) and c) two types of representative images of the 

H400 sample (transferred immediately into the vacuum after the treatment), one with only Pd1 (in 

green circle), one with Pdn of d = 1.2 ± 0.3 nm (in green dashed circle) found; d) a representative 

image of the CO400 sample, with only PdNP of d = 5.0 ± 0.7 nm (in black dashed circles) found. 

Additional images are included in Figures S6-7 to show the representativeness of the images and 

the lack of electron-beam artifacts. 
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The local coordination environment and oxidation state of Pd sites were examined by in-

situ Pd K-edge XAS, with results summarized in Figure 4 and Table 1. For fresh Pd1/TiO2, the 

best model to fit its EXAFS between 1 and 4 Å includes a Pd−O single scattering path at 2.00 Å, 

a bonding distance, a Pd−Ti single scattering path at 2.95 Å, a non-bonding next-neighbor 

interaction, and a Pd−O single scattering path at 3.87 Å, a next-next-neighbor interaction (red in 

Figure 4a, Table 1). Replacing the Pd−Ti path with a Pd−Pd path led to poor agreement with the 

data between 2 and 3 Å (Figure S8a). Therefore, we deduce that the EXAFS of fresh Pd1/TiO2 has 

negligible contribution from Pd−Pd, further confirming that the Pd is predominantly atomically 

dispersed, and the average coordination number (N) of Pd1 with the nearest O (R ≈ 2.00 Å) is 3.2 

± 0.4 (Table 1). In the XANES region (Figure 4b), the white-line intensity, the energy at which the 

edge starts to rise (edge onset energy), and the edge line shape of fresh Pd1/TiO2 (red) are all 

similar with those of PdO (cyan), indicating that the oxidation state of fresh Pd1 is close to Pd(II).  

                 

Figure 4. Pd K-edge XAS results on 0.0125 wt% Pd1/TiO2: a) EXAFS (R-space magnitude and 

imaginary part, best fitting shown as dashed curves, raw χ data shown in Figure S8c); b) XANES 

(the inset magnifying the edge). Red, green, and black curves represent the fresh, H400 (collected 

in-situ), CO400 (collected ex-situ after air exposure) catalysts respectively. The light green curves 

represent data collected operando at steady state (450 ℃, 5% H2). Brown and cyan curves 

represent Pd foil and PdO standards. The EXAFS fitting parameters are listed in Table 1.  
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Table 1. Fitting parameters from the best EXAFS models of 0.0125 wt% Pd1/TiO2 

Catalyst status Fresh H400 CO400 (ex-situ) Operando 

k range (Å-1) 3 to 9.6 

R range (Å) 1 to 4 

So
2 0.82 0.75 

∆Eo (eV) 1 (1) −7.2 (6) 3 (1) −4 (1) 

Pd−O 

(bonding, 

normal) 

N 3.2 (4) 0.4 1.1 (6) 0.9 (5) 

R (Å) 2.00 (1) 2.13 (4) 1.99 (3) 2.08 (4) 

σ2 0.003 (1) 0.005 0.004 (2) 0.013 

Pd−O 

(bonding, long) 

N 

N/A 

2.7 (3) 

N/A 

2.0  (9) 

R (Å) 2.533 (7) 2.41 (3) 

σ2 0.005 0.013 

Pd−Pd 

(metallic, 

bonding) 

N 

N/A 

6.8 (6) 5 (1) 8 (2) 

R (Å) 2.761 (6) 2.75 (2) 2.72 (2) 

σ2 0.015 (1) 0.009 (3) 0.023 (3) 

Pd−Ti 

(non-bonding) 

N 1.2 (3) 

N/A N/A N/A R (Å) 2.95 (3) 

σ2 0.007 

Pd−Pd 

(oxide) 

N 

N/A N/A 

0.7 (5) 

N/A R (Å) 3.02 (7) 

σ2 0.004 

Pd−Pd 

(oxide) 

N 

N/A N/A 

1.4 (7) 

N/A R (Å) 3.41 (3) 

σ2 0.004 

Pd−O 

(next-next-

neighbor) 

N 7 (2) 

N/A N/A N/A R (Å) 3.87 (3) 

σ2 0.012 

Pd−Pd 

(metallic, 

next-next-

neighbor) 

N 

N/A 

1.6 (4) 

N/A 

1.2 (7) 

R (Å) 3.83 (2) 3.75 (4) 

σ2 0.008 0.012 

Numbers in brackets are fitting standard deviations of the last digit. So
2 was determined by fitting the EXAFS of 

Pd foil. Two paths were used to represent Pd−Pd scattering in the oxide form based on the structure of PdO. 

Operando data were collected at 450 ℃ while others were collected at room temperature at a different beamline, 

leading to different σ2 and So
2 values. H2 treatment was performed at 450 ℃ to expedite the experiment.  
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After activation with H2, a Pd−Pd scattering path appears in the EXAFS (green in Figure 

4a, ~2.4 Å in the k2-weighted plot), consistent with the formation of Pdn. The mean square 

deviation in half-path length of the Pd−Pd path (σ2 = 0.015 ± 0.001) is much higher than normal 

values for crystalline Pd at the same temperature (e.g., 0.005 ± 0.001 for Pd foil, Table S2), 

implying high disorder in the Pd−Pd bonds, echoing with Pdn appearing disordered in STEM. If 

Pdn were of hemi-spherical shape, the N(Pd−Pd1), i.e., the coordination number of directly bonded 

Pd−Pd, value of 6.8 ± 0.6 on H400 Pd1/TiO2 (Table S2) would predict N(Pd−Pd2) ≈ 3.2.60 The 

actual N(Pd−Pd2) = 1.6 ± 0.4 (Table 1) is lower than the predicted value assuming hemi-spherical 

shape, indicating that Pdn are flattened, consistent with the low contrast in STEM (Figure 3c). 

Interestingly, Table 1). Such long M−O bonds on H2-reduced metal-oxide catalysts have been 

previously reported,61-67 and suggest that the Pd/TiO2 interface is partially cleaved by H2-reduction. 

Such cleavage could be a result of the hydroxylation of the interface, as previous works and 

theoretical calculation suggested.39, 62, 68, 69 We note that the EXAFS oscillations resulting from the 

long Pd−O path cannot be from Pd−Ti scattering, as its imaginary part is out of phase with Pd−Ti 

(Figure S8b), and thus cannot be properly fit with a model replacing the long Pd−O path with a 

Pd−Ti path. Meanwhile, in the XANES region (Figure 4b), the white-line intensity of H400 

Pd1/TiO2 (green) is slightly lower than that of Pd foil (brown), and both the edge onset energy and 

the edge line shape are obviously different (inset showing the zoom-in view of the edge), 

suggesting that the electronic structure of Pd sites on H400 Pd1/TiO2 is different from that of 

regular metallic Pd.  

The EXAFS of CO400 Pd1/TiO2 is dominated by Pd−Pd scattering between 2.4 and 3.5 Å 

(black in Figure 4a). Even though, this sample was measured after air exposure, most of the Pd 

appears to be metallic (Pd-Pd scattering path at R = 2.75 ± 0.02 Å, Table 1), and in the XANES 
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region (Figure 4b), both the white-line intensity and the edge line shape resemble those of Pd foil 

(black compared to brown). Besides, σ2(Pd−Pd) values (0.009 ± 0.003 and 0.004 for metallic and 

oxide paths) are normal for crystalline Pd. These characteristics suggest that after the CO treatment, 

most Pd1 agglomerate into crystalline, metallic PdNP stable under room-temperature air, consistent 

with the STEM images showing three-dimensional crystalline PdNP. In summary, the combination 

of STEM, XAS, and CO-IR revealed that under H2, some Pd1 form small, disordered, flattened 

Pdn plates, while under CO, all Pd1 form large, crystalline, three-dimensional PdNP. Also, the H2-

reduction of Pd1/TiO2 creates elongated Pd−O bonds, i.e., partially cleaved MSI, and Pd sites with 

distinct electronic structures from metallic Pd. 

XAS was also collected operando when the reaction starting from fresh Pd1/TiO2 reaches 

the steady state, i.e., rate plateau. The EXAFS (light green in Figure 4a) shows that most Pd−O 

bonds are elongated to R = 2.41 ± 0.03 Å (Table 1), and small, flattened, and disordered Pdn 

(N(Pd−Pd1) = 8 ± 2, corresponding with d ~ 1.5 nm; N(Pd−Pd2) = 1.2 ± 0.7, compared to the 

predicted value from hemisphere shape 4, σ2 = 0.023 ± 0.003) are formed. Meanwhile, the XANES 

(light green in Figure 4b) shows significantly different electronic structure of Pd from metallic, 

with slightly lower white-line intensity. All XAS characteristics at the steady state resemble those 

of H400 Pd1/TiO2, suggesting that active Pd sites formed on Pd1/TiO2 in operando conditions are 

similar with the highly active ones formed under H2, as implied by Figure 2. In the operando-

treated catalyst, the length of the Pd−O bond is slightly shorter and the fraction of them in all Pd−O 

is lower (69% compared to 90%) than those on H400 Pd1/TiO2 due to lower H2 concentration used 

(5% compared to 20%), while the slightly larger Pdn size could reflect the effect of trace (~1000 

ppm) CO. 
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The effects of H2 and CO treatments on the structure of Pd/TiO2 were further examined by 

atomistic simulations. First, we performed ab initio molecular dynamics (AIMD) simulations of a 

Pd13 cluster on anatase TiO2(101) (Pd13/TiO2) in the presence of H atoms and CO molecules, 

separately, to compare the morphology of Pd aggregates formed under H2 and CO. At the start of 

the simulation, 32 H atoms or 16 CO molecules were placed randomly on the TiO2 surface and on 

the Pd13 aggregate. During the simulation, 5 H2 molecules and 4 CO molecules desorbed, 

respectively. Pd13/TiO2 without adsorbates was also simulated for comparison. The final 

equilibrated geometries of all simulated systems are shown in Figure 5a. To quantify the 

dimensionality of the Pd13 cluster over time, we tracked the z coordinate of the Pd atoms relative 

to the cluster’s center of mass via the following equation: 

𝑅𝑧(𝑡) = √
∑ (𝑟𝑧

𝑖(𝑡)−�̅�𝑧(𝑡))2
𝑁𝑃𝑑
𝑖=1

𝑁𝑃𝑑
, 

where 𝑟𝑧
𝑖(𝑡) is the z coordinate of the ith Pd atom at time 𝑡, �̅�𝑧(𝑡) is the center of mass of all Pd 

atoms at time 𝑡, and 𝑁𝑃𝑑 is the number of Pd atoms (13). 𝑅𝑧(𝑡) was plotted for all three systems 

in Figure 5b. We observe that the Pd13 center of mass distribution in the CO-Pd13/TiO2 system is 

consistently higher than that in the Pd13/TiO2 and H-Pd13/TiO2 systems, indicating that in the 

presence of CO, the Pd atoms, on average, are more likely to be found farther away from the TiO2 

surface than they are in the presence of H or for the neat system. We also plotted the density of Pd 

atoms as a function of distance from the TiO2 surface in Figure 5c, where the density was taken 

over the entire AIMD trajectories. In this case, we observe similar atomic density distributions for 

the Pd13/TiO2 and H-Pd13/TiO2 systems with two major peaks, which indicate that the Pd13 cluster 

is mostly organized in two layers. In the case of CO-Pd13/TiO2, however, we observe three peaks 

indicative of an emerging third layer and thus, overall, a more three-dimensional structure of the 
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Pd13 cluster. The AIMD results are consistent with the experimental observations of flattened Pd 

plates on H400 and three-dimensional Pd particles on CO400 Pd1/TiO2. 

 

Figure 5. a) Final geometries of the three simulated systems (color codes: O in red, Ti in grey, Pd 

in lime, C in cyan, H in dark white); b) 𝑅𝑧(𝑡) for Pd13/TiO2, H-Pd13/TiO2, and CO-Pd13/TiO2; c) 

Pd density as a function of distance from the TiO2 surface. 

 

Meanwhile, to examine the changes in the coordination environment of Pd on Pd1/TiO2 

under H2, we performed density functional theory (DFT) calculations on Pd1/TiO2 with and 

without adsorbed H atoms. In agreement with Jin et al.,70 our calculations show that without 

adsorbates, the most stable adsorption site for Pd1 on the anatase TiO2(101) surface is the OO site, 

where the Pd atom bridges two two-fold coordinated oxygen atoms (O2C), as shown in Figure 6a, 

with the average Pd−O bond length rPd−O of 2.1 Å for the nearest O neighbors. The calculated rPd−O 

matches the R(Pd−O1) on fresh Pd1/TiO2 from the EXAFS fitting (Table 1), while the apparent 

difference in the nearest Pd−O coordination number is likely due to O2 adsorption on the sample. 
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Several different adsorption sites for CO and H2 on Pd1/TiO2 were tested and the most stable 

configurations for H2-Pd1/TiO2 and CO-Pd1/TiO2 are shown in Figures 6b and 6c respectively. 

Upon the adsorption of H2, Pd1 moves from the OO site to a neighboring OTi site. The average 

rPd−O were computed, together with the Bader charge on Pd, qPd, for Pd1/TiO2 and all H2-Pd1/TiO2 

and CO-Pd1/TiO2 configurations. Below each structure in Figure 6, we show qPd and rPd−O, for the 

most stable configurations (complete results are shown in Figure S11a). It is clear that H2 

adsorption significantly increases rPd−O from 2.1 Å to 2.5 Å and decreases qPd, i.e., increases the 

electron density on Pd1. Therefore, the results of DFT calculations confirm the conclusions of the 

EXAFS analysis, i.e., H2 treatment changes the coordination environment of Pd in a way that 

elongates the Pd−O interfacial bonds to ~2.5 Å, and modifies the electronic structure of Pd, while 

CO treatment has no such effects. 

 
Figure 6. Top view of the optimized geometries and corresponding Bader charges qPd of Pd1 and 

Pd−O bond length rPd−O of a) Pd1/TiO2(101), b) H2-Pd1/TiO2(101), and c) CO-Pd1/TiO2(101). 

Color codes: O in red, Ti in gray, Pd in lime, C in cyan, and H in dark white. Adsorbate atoms (CO 

and H) are highlighted in blue. 
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3. H2-induced high intrinsic activity of Pd due to changes in coordination environment  

Characterization results above offer a clear, logical explanation to the deactivation by CO: 

the severe sintering of Pd1 decreases the number of active sites. Nonetheless, the origin of the 

activation by H2 remains unsettled, as under H2, both the nuclearity (minor sintering) and 

coordination environment (partial MSI cleavage and electronic structure modification) of Pd 

change. The effects of the two were deconvoluted by analyzing a H400 Pd1/TiO2 sample exposed 

to room-temperature air for two months (“H400_ART”). STEM shows that H400_ART Pd1/TiO2 

has similar nuclearity with H400 Pd1/TiO2, i.e., a mixture of Pd1 (Figure 7a) and small Pd clusters 

(Figure 7b) of d = 1.1 ± 0.2 nm (close to d = 1.2 ± 0.3 nm in Figure 3c). The similar nuclearity on 

the two samples is further supported by the similar N(Pd−Pd1) in the EXAFS: 6.8 ± 0.6 (Table 1) 

compared to 7 ± 1 (Table S2). Meanwhile, the EXAFS also suggests that the direct Pd−O bonds 

on H400_ART Pd1/TiO2 (purple in Figure 7d) are of normal length (R = 1.99 ± 0.01 Å, Table S2), 

instead of the elongated R = 2.533 ± 0.007 Å on H400 Pd1/TiO2. In the XANES region (Figure 

7e), both the white-line intensity and the edge onset energy of H400_ART Pd1/TiO2 (purple) 

resemble those of PdO (cyan), rather than Pd foil (brown), suggesting Pd2+ sites, instead of the 

electron-rich Pd sites on H400 Pd1/TiO2. Therefore, we conclude that the room-temperature 

oxidation reverses the changes in Pd coordination environment under H2 but does not reverse the 

changes in Pd nuclearity.  

In the rWGS (Figure 7f), H400_ART Pd1/TiO2 (purple) exhibits identical behaviors with 

the fresh (red) catalyst, in contrast to the H400 catalyst that shows high, but decreasing rate (green 

in Figure 1c). This directly proves that the H2-induced high intrinsic activity is due to the changes 

in Pd coordination environment, i.e., partial MSI cleavage and the unique electronic structure, 

instead of the formation of Pdn. This conclusion is further supported by the following observations. 
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First, the activation by H2 requires > 15 h at ≥ 350 °C while the sintering occurs at 200 °C in 3 h 

(Figure 1b). In fact, operando XAS during the induction period on fresh Pd1/TiO2 indicates similar 

level of sintering (N(Pd−Pd1) = 8 ± 4, Table S2) compared to the steady state, but incomplete MSI 

cleavage of 41% compared to 69% of elongated Pd−O bonds and electronic state modification 

(XANES in Figure S9b). Second, the final rate on Pd1/TiO2 increases monotonically when Pd1 

coverage decreases (Figure 1a). Third, treating Pd1/TiO2 at steady state with He leads to a decrease 

in rate, which is recovered quickly by re-initiating the rWGS (Figure S12a). Meanwhile, XAS 

suggests that the He treatment does not disintegrate Pdn (Table S2), but increases the white-line 

intensity to a level close to metallic Pd (Figure S12b). The change in Pd electronic state under He 

is reversed by re-initiating the rWGS (Figure S12b), consistent with the observed rate change. It 

is likely caused by the desorption of *H. 
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Figure 7. Characterization and kinetic results on H400 Pd1/TiO2 oxidized at room temperature 

(purple, H400_ART) and 400 °C (orange, H400_A400): a) and b) two types of representative 

images of the H400_ART sample, one with only Pd1, one with Pd clusters of d = 1.2 ± 0.3 nm 

found; c) a representative image of the H400_A400 sample, with only Pd1 found; d) and e) EXAFS 

(R-space magnitude and imaginary part, best fitting shown as dashed curves, raw χ data shown in 

Figure S8c) and XANES (the inset magnifying the edge) of the two samples, respectively. The 

EXAFS fitting parameters are listed in Table S2. Brown and cyan curves in panel e) represent Pd 

foil and PdO standard as references. The oxidation in XAS measurements was performed with 20% 

O2 in He instead of air; f) variations in the rWGS rate per Pd with TOS under identical conditions 

with Figure 1. 

4. High-temperature oxidation re-disperses Pdn, facilitating the rWGS and TiO2 reduction  

We previously reported that small, flat, and disordered Ptn can be re-dispersed into Pt1 by 

oxidation at room temperature,37 but Figure 7 shows that Pdn, despite having similar structure with 

Ptn, are only oxidized but not re-dispersed. Therefore, we attempted to re-disperse Pdn on H400 

Pd1/TiO2 by oxidation at 400 °C in air (“H400_A400”). Figure 7 shows that H400_A400 Pd1/TiO2 

only has Pd1 in STEM (Figure 7c), and its EXAFS (orange in Figure 7d, Table S2) resembles that 
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of fresh Pd1/TiO2: it has no Pd−Pd scattering, is best modelled by two Pd−O (directly bounded and 

next-next-neighbor) and one Pd−Ti paths (Figure S8a), with similar N(Pd−O1) (4.0 ± 0.5 compared 

to 3.2 ± 0.4). In XANES (Figure 7e), the white-line intensity, edge onset energy, and edge line 

shape of H400_A400 Pd1/TiO2 (orange) are all close to that of PdO (cyan) and fresh Pd1/TiO2. 

Therefore, all Pd on H400_A400 Pd1/TiO2 exist as Pd1 in similar coordination environment with 

Pd1 on fresh Pd1/TiO2, i.e., Pdn can be re-dispersed into Pd1 by high-temperature oxidation.  

Surprisingly, H400_A400 Pd1/TiO2 shows higher rWGS rate and faster rate increase with 

TOS (orange in Figure 7f) than fresh Pd1/TiO2 (red), despite having spectroscopically similar Pd1 

sites with the latter. Directly oxidizing fresh Pd1/TiO2 at 400 °C (“A400”) also has the promotion 

effects but treating it with 400 °C He does not (Figure S13), suggesting that the promotion is not 

due to pure thermal effects, such as TiO2 de-hydroxylation. After the activation by H2, the two 

samples also have Pd species of similar nuclearity and coordination environment (suggested by 

the highly similar EXAFS, “H400_A400_H400” and H400 in Figure S8b, Table S2, and Table 1). 

Thus, the superior activity of H400_A400 Pd1/TiO2 cannot be attributed to different Pd nuclearity 

or MSI structure. The difference between the two was revealed by IR: the triplet υ(CH) bands at 

2963, 2928, and 2854 cm-1 on fresh Pd1/TiO2 disappear after 400 °C oxidation (Figure S14a). 

These bands are from mixed carboxylate layers adsorbed on TiO2
71-75 from ppm-level carboxylic 

acids in air,76-78 which is supported by XPS (Figure S14b). We have previously shown that 

adsorbed carboxylate layers are detrimental to the rWGS catalysis,79 and thus their removal 

explains the higher rWGS rate. This is supported by the results in Figure S13b: the promotion 

effect of the A400 treatment on Pd1/TiO2 decays gradually with subsequent room-temperature air 

exposure, during which the carboxylate layers would re-accumulate. We note that the A400 

treatment also promotes the rWGS activity of pristine TiO2, which decays with room-temperature 
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air exposure as well (Figure S15), further supporting that the effects are due to changes on TiO2, 

and not of Pd. 

Meanwhile, the rate increase with TOS is faster and more significant on H400_A400 than 

over fresh Pd1/TiO2. Since the rate increase is due to changes in the Pd coordination environment 

caused by catalyst reduction, the observation infers that H400_A400 Pd1/TiO2 is easier to reduce 

than fresh Pd1/TiO2. For confirmation, we tracked the evolution of IR spectra of the two samples 

under H2 at 400 ℃, in which bulk TiO2 reduction leads to increased absorbance between 2000 and 

1200 cm-1 as electrons are injected into the conduction band edge (CBE) of TiO2.
80-82 Figures 8a 

and 8b show series of IR spectra collected from the fresh and H400_A400 Pd1/TiO2, respectively, 

and the changes in the IR absorbance (∆A) in the CBE region (represented by 1740 cm-1) relative 

to t = 0 h with reduction time are shown in Figure 8c. ∆A increases more than 10 times faster on 

H400_A400 (orange in Figure 8c) than fresh Pd1/TiO2 (red), confirming the much more facile 

TiO2 reduction on the former. This is likely due to the removal of the carboxylate layers reducing 

barriers for Ov/electron migration. The faster, deeper bulk TiO2 reduction (Figure 8c) coincides 

with the faster, more significant intrinsic activity increase of Pd (Figure 7f), and the time scale of 

the two processes aligns well (~22 h for bulk TiO2 reduction, compared to ~25 h for the intrinsic 

activity increase), implying that the changes in Pd coordination environment under H2 are likely 

driven by the bulk reduction of the anatase support.  
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Figure 8. Evolution of IR spectra of 0.0125 wt% Pd1/TiO2 under 1 Torr H2 at 400 °C: a) and b)  

fresh and H400_A400 (actual oxidation performed with 1 Torr O2 in the vacuum chamber) samples 

respectively. Spectra from the bottom (black) to the top (cyan) were collected at t = 0, 0.5, 1, 1.5, 

2, 2.5, 3, 4, 5, 6, 8, 11, 12.5, 14, 20, and 22 h, respectively; c) variations in the relative absorbance 

(∆A) at 1740 cm-1 to t = 0, which reflects the amount of electrons injected into TiO2, with the 

reduction time. The data were fit exponentially and k is the pseudo-first-order rate constant for the 

TiO2 reduction.  

 

5. H2-modified Pd coordination environment mainly promotes the carboxyl rWGS pathway 

We performed kinetic measurements on fresh and H400 Pd1/TiO2 at various temperatures 

to reveal mechanistic origins of the high intrinsic activity of Pd in the coordination environment 

modified by H2. Figure 9a shows that both the rate enhancement (black) and the decrease in the 

apparent activation barrier (Ea,app, red and green for fresh and H400 Pd1/TiO2, respectively) after 

the activation by H2 are more significant at higher temperature (no rate enhancement, similar Ea,app 
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at 200 ℃; 3.6-fold rate increase, ~10 kJ/mol lower Ea,app at 350 ~ 400 ℃). We have previously 

shown that on supported noble metal catalysts, the rWGS proceeds through both the formate 

(*HCOO) pathway on large metal planes and the carboxyl (*COOH) pathway on peripheral MSI 

sites.39, 44, 79, 83-85 Between the two, the carboxyl pathway contributes more at higher temperature,39 

has lower Ea,app (~46 compared to ~64 kJ/mol,79 Table S3) and higher reaction order with respect 

to CO2 (~0.61 compared to ~0.46,79 Table S3). Figure 9b shows that as the reaction temperature 

increases from 200 to 400 ℃, the CO2 order on both fresh and H400 Pd1/TiO2 increases from 

~0.45 to ~0.63, reflecting the mechanism shift from the formate to the carboxyl pathway. Therefore, 

the more significant activation effects by H2 at higher temperature in Figure 9a indicates that the 

modification of Pd coordination environment mainly promotes the carboxyl pathway.  

 

Figure 9. Measurements of the rWGS kinetics on fresh (red) and H400 (green) Pd1/TiO2: a) 

variations in the rate enhancement level (black dots/curve), i.e., the rate ratio between the H400 

and fresh samples, and the apparent activation barrier (Ea,app) with the temperature; b) variations 

in the reaction order with respect to CO2 with the temperature. Data cannot be obtained on fresh 

Pd1/TiO2 at 400 ℃ due to the fast activation. The reactions were performed with a total flow of 40 

SCCM, H2 concentration < 25%, CO2 concentration < 10%, and CO2 conversion < 5%. 
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This conclusion matches the prediction from our previous mechanistic studies, that the 

most active Pd sites for the carboxyl pathway are ones at the MSI with cleaved Pd−O interface 

with higher electron density than Pd(0), created in-situ by H2 reduction.39 The elongated Pd−O 

bonds and unique electronic structure of Pd on H400 Pd1/TiO2 (in particular the lower white-line 

intensity than metallic Pd) and the results obtained operando (Figure 4 and Table 1) align with the 

predicted active site structure, thus rationalizing the high intrinsic activity in the carboxyl pathway. 

The high intrinsic activity of such Pd sites was attributed to their better ability to 1) activate CO2 

and form the carboxyl intermediates, the rate-determining step of the carboxyl pathway39 and 2) 

dissociate H2 as the back donation to the H−H antibonding orbital is stronger with higher electron 

density.17, 86-88  

 

Discussion 

1. Strong effects of the metal-support interaction on highly dispersed metal species 

We have demonstrated that the reduction of TiO2 by H2 partially cleaves its interface with 

supported Pd1/Pdn, modifies their electronic structure, which enhances their intrinsic activity in the 

rWGS. This occurs despite, not because of, the partial sintering of Pd1 to Pdn. The significant IR 

absorbance increase in the CBE region (Figure 8) and the blue color of H400 Pd1/TiO2 suggest 

high reduction level of TiO2. Nonetheless, no Ti3+ or Ov/OH were observed by the XPS (Figures 

S16a-c) in this catalyst, indicating that bulk Ov were formed rather than surface Ov/−OH, in 

agreement with the literature for TiO2-A.50-53 Thus, the reduction of TiO2-A alters the rWGS rate 

by changing the properties of Pd, instead of the reactivity of its surfaces. This is supported by 

Figure S15 showing that reducing TiO2-A alone does not enhance its rWGS activity, and that the 
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formation of surface Ce3+ and Ov/OH on H400 Pd/CeO2 (Figures S16d-f) does not increase the 

rWGS rate. The lack of TiO2 surface reduction on H400 Pd/TiO2-A, along with the lack of Pd−Ti 

scattering in the EXAFS (Figures 4a and S8b), also eliminates the possibility of SMSI causing the 

high activity. Since the coordination environment of single metal atoms is solely defined by the 

support, changes in support properties, even in the bulk, could affect their reactivity significantly. 

In contrast, CO400 Pd1/TiO2 exhibits minimal rate increase with TOS (Figure 2c), indicating that 

bulk TiO2 reduction has minimal effects on PdNP. This is because the coordination environment of 

Pd in PdNP is mostly determined by neighboring Pd, and thus less affected by the support. Also, 

on PdNP, a higher fraction of turnovers proceed through the formate pathway that is not affected 

by the MSI.39 We note that recent studies show that the effects of support reduction depend on its 

size,89 and that bulk ZnO reduction alters the electronic structure and reactivity of supported Au,90-

93 in concert with this work. 

With all metal sites at the MSI, SACs carry unique values in mechanistic studies, by 

enabling the direct observation of phenomena at the MSI that are difficult to probe on regular 

nanoparticle catalysts with ensemble-average characterization techniques. The most active Pd sites 

for the carboxyl rWGS pathway, the electron-rich MSI sites with partially cleaved Pd−O bonds, 

Pd(H)δ——OH, were previously predicted by theory,39 but not observed experimentally on 

nanoparticle catalysts. The XAS of H400 Pd1/TiO2 (Figure 4) provides experimental spectroscopic 

evidence for such sites. Although the minor sintering of Pd1 reduces the fraction of MSI sites, the 

effect is alleviated by the flat shape of Pdn. The MSI cleavage under H2 was previously reported 

on metal-oxide catalysts in a limited number of studies.61-67 Similar with this work, these studies 

also used catalysts with highly dispersed metal species (d ≤ 1 nm). We note that the Pd(H)δ——OH 

active sites on Pd1/TiO2 are only preserved under H2 or during the rWGS, and lost after being 



27 

 

exposed to room-temperature air (Figure 7), or He (Figure S12). This emphasizes the necessity of 

in-situ/operando spectroscopy in accurately understanding active sites on and dynamics of SACs. 

2. Dynamics of Pd1/TiO2-anatase and comparisons with similar systems 

The structural evolution of Pd1 on TiO2-A is summarized in Scheme 1. The sintering of 

Pd1 into ~5 nm crystalline PdNP under 400 °C CO is expected considering the high mobility of 

Pd(CO)x, which aggregates even at room temperature.35 In contrast, under H2, only some Pd1 sinter 

into ~1 nm disordered Pdn. The contrast of Pdn with TiO2 in STEM images ranges from 2D-like to 

similar with regular particles, suggesting various thicknesses. In the EXAFS, completely 2D fcc 

metal clusters have no M−M2 scattering (R = 3.83 Å for Pd).94-96 Thus, the lower N(Pd−Pd2) of 

Pdn than the expectation from hemi-spherical shape reflects the on-average flattened shape. We 

note that the total N(Pd−O) = 3.1 ± 0.3 on H400 Pd1/TiO2 is high for Pd clusters of d ≈ 1.2 nm. 

This is due to both the presence of some Pd1 (Figure 3b), and the fact that flattened plates have 

more Pd in contact with support oxygen than same-sized hemi-spherical particles.94 The flattened, 

disordered, small Mn were reported to form under H2 from other M1 on reducible oxides as well,37, 

96 and proposed to be stabilized by the electron transfer from the reduced support.37, 97-101 This 

hypothesis is supported by the fact that H400_A400_H400 Pd1/TiO2, which has more reduced 

TiO2 (Figure 8c) than H400 Pd1/TiO2, have completely flat Pdn, as suggested by N(Pd−Pd2) = 0 

(Table S2). Thus, when TiO2 is oxidized by air, Pdn become unstable. At room temperature, the 

barrier for the re-dispersion cannot be overcome, but Pdn are oxidized (Figure 7 and Table S2) to 

Pdn
2+Om, while under the same conditions, crystalline, three-dimensional PdNP mostly remain 

metallic (Figure 4 and Table 1). At 400 °C, they are completely re-dispersed into Pd1 (Figure 7). 

During the rWGS, the co-existence of H2 and CO leads to a mixture of Pd1, Pdn and PdNP, 

as shown by STEM images of the post-reaction sample (Figure S17). This is further supported by 
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the observation that all XAS characteristics of Pd1/TiO2 used in the rWGS after room-temperature 

air exposure (“RWGS400_ART”) are between those of H400_ART and CO400_ART Pd1/TiO2 

(Figure S18, Table S2). When the conversion and thus CO concentration is low, its effects on both 

rates (Figure 2b) and Pd structure (Figure 4) become negligible. At low Pd1 coverage (≤ 0.025 

wt%), sintering is minor. Thus, the higher intrinsic activity due to the activation by H2 overcomes 

the decrease in dispersion, and the per-Pd reaction rate increases (Figure 1a). At high Pd1 coverage 

(0.05 wt%), the two effects offset, leading to minimal rate changes with TOS. Since sintering is 

less demanding and faster than the activation by H2, at ≤ 375 °C, the rate drop due to sintering can 

be captured initially (Figure 1b). Accounting for the sintering and assuming MSI active sites,39, 44 

the 3.6-fold rate increase after the activation by H2 corresponds with a ~4.5-fold increase in TOF.  

The activation by H2 of Pd1/TiO2 demands T ≥ 350 ℃ (Figure 1b) and has a high activation 

barrier of ~120 kJ/mol (Figure S4), suggesting that it cannot be explained simply by Pd−H binding. 

This high barrier could be associated with Ov migration into anatase bulk (70 – 80 kJ/mol in the 

literature).51, 52, 102 Besides, as DFT suggests (Figure 6), Pd likely diffuses to other surface sites 

under H2, which may also have high barriers (~100 kJ/mol in the literature for Pt1 diffusion on 

anatase103, 104). The process can be facilitated by higher H2 pressure, as under high-pressure rWGS 

conditions (Figure S19, 21 bar H2), the intrinsic activity increase can be observed at 300 °C, and 

on PdNP. 



29 

 

 

Scheme 1. Summary of the structural evolution of Pd1/TiO2 SAC under various atmospheres 

Finally, we compare the dynamics of Pd1/TiO2 with systems we previously studied.27, 37 

On TiO2-A at 400 °C, Pt1 also form stable, crystalline PtNP under CO, and ~1 nm, disordered, flat 

Ptn under H2. Nonetheless, the Pt−O interface remains intact under H2, and thus the reduction does 

not increase rWGS rate.37 The contrast between Pt and Pd again emphasizes that the rWGS activity 

of highly dispersed Pd/Pt is determined by their coordination environment, rather than nuclearity. 

The flat shape and small size (~1 nm) of Ptn/Pdn predict that ~80% Pt/Pd sites are at MSI, 

explaining the similar rWGS rate between fresh and H400_ART Pd1/TiO2 (Figure 7f). Pt and Pd 

also behave differently in the oxidative re-dispersion, which occurs at room temperature for Pt37 

but requires high temperature for Pd. Furthermore, the re-dispersed Pt1 is in different environment 

from the fresh Pt1,
37 while fresh and re-dispersed Pd1 are spectroscopically similar. On the other 

hand, TiO2-R traps Pd1 in surface Ov when reduced at 400 °C,27 while TiO2-A does not, because 

surface Ov is not thermodynamically favored on anatase.49-52 The comparisons, along with the fact 

that the intrinsic activity increase is unique to Pd/TiO2-A among all metal-support combinations 

(Figures 1c-d), emphasize that the dynamics of SACs are highly dependent on the properties of 
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the metal and the support, thus are difficult to generalize. The physical origin of the different 

behaviors of other metal-support pairs could be a topic of future studies. 

 

Conclusions 

This manuscript discussed the dynamic changes in the coordination environment and 

nuclearity of Pd1 on anatase TiO2 under conditions related to the rWGS, and their catalytic 

consequences. At T ≥ 350 °C, the rWGS rate increases with TOS, which is unique to Pd1 on TiO2-

A. The activation is driven by H2 in the reaction stream, while the CO product deactivates the 

catalyst. In-situ/operando XAS revealed that the bulk reduction of TiO2 by H2 or the reaction 

stream partially cleaves the Pd−O interface and modifies the electronic structure of Pd. The new 

coordination environment of Pd sites facilitates rWGS turnover through the carboxyl pathway, 

which overcomes the minor sintering of some Pd1 into disordered, flattened Pdn of d ≈ 1 nm. Such 

changes in Pd coordination environment is reversed under air, which at 400 °C, also re-disperses 

Pdn into Pd1, and promotes both the rWGS turnover and TiO2 reduction by removing the auto-

adsorbed carboxylate layers on TiO2. On the other hand, the deactivation by CO is due to Pd1 

sintering into crystalline PdNP of d ≈ 5 nm. This work elucidates the complicated dynamics of 

Pd1/TiO2 under pre-treatment and operando conditions, enhancing the fundamental understanding 

of SACs. It reveals the unique metal coordination environment leading to high intrinsic rWGS 

activity, establishing the instructive but often elusive structure-function relationship on SACs.  
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Experimental methods; supplemental characterization data and related analysis (IR, XAS, XPS, 

TEM); supplemental rWGS kinetic data; kinetic modelling of Pd evolution under H2; supplemental 
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rWGS reaction pathways  
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