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Abstract: Reducible supports can affect the performance of metal catalysts by the formation of 
suboxide overlayers upon reduction, which is referred to as strong metal–support interaction 
(SMSI). A combination of operando electron microscopy and vibrational spectroscopy revealed 
that thin TiOx overlayers, formed on Ni/TiO2 catalysts during 400 °Celsius reduction, were 
completely removed under CO2 hydrogenation conditions. On the other hand, after 600 °Celsius 
reduction, exposure to CO2 hydrogenation reaction conditions led to only partial re-exposure of 
Ni, forming interfacial sites in contact with TiOx and favoring carbon-carbon coupling by 
providing a carbon species reservoir. Our findings challenge the conventional understanding of 
SMSI, and call for more detailed operando investigations of nanocatalysts at single-particle level 
to revisit static models of structure-activity relationships. 

One-Sentence Summary: Using multiscale operando techniques, we reveal that strong metal-
support interaction in Ni/TiO2 restructures under CO2 hydrogenation conditions, leading to 
(partial) re-exposure and modification of active sites, and a performance that strongly depends on 
the reduction temperature. 
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Main Text:  

Supported metal catalysts respond to pretreatment and reaction conditions by 

restructuring (1), phase changes (2), and chemical and structural oscillations (3), which can 

lead to catalyst activation, deactivation, or changes in selectivity. A striking example of catalyst 

restructuring is the so-called strong metal–support interaction (SMSI), in which metal 

nanoparticles (NPs) are encapsulated by overlayers of reducible supports, such as TiO2, after 

high-temperature reduction (4) or oxidation (5). SMSI can result in a drastic change in product 

selectivity (6), and has been correlated with high activity of mixed metal oxides in the oxygen 

evolution reaction (OER) (7), and with activation of industrial Cu/ZnOx/Al2O3 catalysts (8). 

Whereas there is substantial evidence for overlayer formation during catalyst 

pretreatments (9–11), including atomic resolution in-situ electron microscopy studies of 

overlayer formation under H2 (10, 12–14),  O2 (5), and CO2 environments (14),  very little is 

known about the structure of the overlayer under reaction conditions. Recently, the complete 

removal of a TiOx (x≤2) overlayer was shown for Pt/TiO2 using in-situ transmission electron 

microscopy (TEM) under O2/H2 mixtures at 600 °C (12). This result raises the question of 

whether overlayers persist during reaction conditions, or if the pretreatments used to induce 

SMSI are only indirectly affecting the catalyst performance, for example, by particle growth 

or phase changes, given that the geometric and electronic structure of pre-reduced catalysts 

can change dramatically under reaction conditions (15, 16). Multiscale operando 

methodologies (from single nanoparticle to ensemble level) are crucial to develop meaningful 

structure–performance relations for supported metal NPs. Recent advances in high-resolution 
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transmission electron microscopy methods allow to observe materials under operando 

conditions, at ambient pressure and high temperatures relevant to catalysis (17–19).  

Here, we unravel the evolution of TiOx overlayers on industrially relevant Ni/TiO2 

catalysts during catalysis, for the CO and CO2 hydrogenation reaction, after low (400 °C) and 

high (600 °C) temperature reduction. We combine quantitative operando scanning 

transmission electron microscopy (STEM) and infrared (IR) spectroscopy, near-ambient 

pressure x-ray photoelectron spectroscopy (NAP-XPS) and density functional theory (DFT) 

calculations to observe and understand overlayer restructuring and its effect on catalysis. The 

combination of both nano- and bulk-scale operando analytical techniques reveals information 

with unprecedented resolution on the single-atom level and also provides new insights into 

the properties of the ensemble of supported metal nanoparticles.  

We show that TiOx overlayers, formed during reduction, restructure in CO2:H2 

mixtures at a temperature as low as 200 °C, (partially) re-exposing the Ni surface and 

introducing interfacial sites responsible for higher C–C coupling activity. We tailored suboxide 

overlayers to be stable under reaction conditions using different reduction pretreatment 

temperatures. This capability adds a parameter for catalyst optimization. These results could 

enable an understanding of the performance of a number of supported metals in reactions for 

sustainable technologies, such as biomass upgrading (20) and CO2 valorization (21, 22). 

Nickel partial encapsulation during 400 °C reduction  



Submitted Manuscript 
 

4 
 

To induce oxide overlayer coverage by SMSI, and investigate its role in CO2 

hydrogenation, we reduced 6 wt.% Ni/TiO2 catalysts at 400 °C (400-Ni/TiO2). The formation 

of TiOx overlayers upon the supported Ni nanoparticles (NPs) was investigated on a single-

particle level by in-situ electron microscopy experiments in a windowed gas cell (climate G+, 

gas supply system, DENSsolutions) (Fig. 1A, and SI for experimental details). In-situ reduction 

of Ni/TiO2 at 400 °C yielded supported metallic Ni NPs with an average diameter of 7.4 nm, 

and a size distribution of ±1.5 nm standard deviation (Fig. 1B, Figs. S4 and S5) that were 

consistent with STEM and XRD observations after ex-situ reduction (Figs. S8 and S9 and Tables 

S1 and S2).  The metallic state of the Ni NPs was confirmed by the Fourier transforms derived 

from the atomic-resolution high-angle annular dark-field scanning transmission electron 

microscopy (HAADF-STEM) images (Figs. S10 and S11).  

A TiOx overlayer was detected on Ni NPs by in-situ HAADF-STEM imaging for 400-

Ni/TiO2 that corresponded to a partially encapsulating bilayer (Fig. 1 C, Figs. S12 and S13). 

This bilayer formed preferentially over (111) Ni surfaces for each of the five Ni NPs observed 

in a crystallographic zone axis, with no evidence of overlayer formation on other Ni facets 

(Figs. S12 and S13). As we aimed to investigate the catalyst dynamics in H2 and during CO/CO2 

methanation conditions, it is important that structural changes observed are not an artefact of 

the electron beam. Therefore, we acquired multiple frames of the encapsulated Ni NP with 

low screen currents and fast image acquisition parameters to minimize potential electron beam 

induced artefacts(23). After applying neural network restoration of the HAADF-STEM data 

and frame averaging, we could estimate the positions of the atomic columns with high 
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accuracy and precision. We applied statistical parameter estimation theory to determine and 

refine the atomic column positions in the Ni NP and in the two atomic layers of Ti (illustrated 

in Fig. 1 D, Figs. S14-S16)(24). In addition, we applied the more advanced maximum a 

posteriori (MAP) probability rule to detect the Ti overlayer atomic columns that yield low 

contrast-to-noise ratio(25, 26).   

Next, the displacements of all atomic columns with respect to the ideal atomic column 

positions in the Ni lattice were determined, from which we calculated a strain map (Fig. 1 D, 

Figs. S15 and S16). This quantitative analysis revealed an increase in tensile strain at the 

exposed (100) surface facet as expected from the increased mobility of surface adatoms. In 

contrast, both (111) facets covered by a TiOx bilayer displayed a small negative (compressive) 

strain over the surface and the second atomic subsurface layer as Ni accommodated the Ni-Ti 

interface. A compressive strain of Ni atoms at the TiOx/Ni(111) interface was also predicted by 

density functional theory (DFT) calculations for different TiOx/Ni models (Tables S3 and S4). 

The interatomic Ti-Ti and Ni-Ti distances were measured using the atomic positions 

deduced by our statistics-based approaches and found to be 2.95 ± 0.01 Å and 2.93 ± 0.09 	Å, 

respectively. Interestingly, the Ti-Ti distances showed a range of 2.77 to 2.95 Å for several 

measured particles using this technique (Fig. S17) and of the possible TiOx polymorphs, our 

measurements are in line with a compressed rutile (110) d-spacing (Fig. 1D, Fig. S10). This Ti-

Ti distance is also consistent with continuous TiOx overlayers previously reported (13) and we 

anticipate that the observed compression is partially due to the discrete and minimal secondary 
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layer of Ti atoms that is too small to arrange perfectly as one expects for a bulk phase idealized 

crystal structure. The identity of the TiOx overlayer was further distinguished from a NiOx 

overlayer through in-situ electron energy-loss spectroscopy (EELS) analysis (Fig. S18). 

Interestingly, similar observations were made regardless of which crystal structure (rutile or 

anatase) the nickel nanoparticle resided on (Fig. S19).  

To better understand our finding of the selective coverage of Ni(111) facets by bilayers 

of TiO2 rutile (110), we calculated the relative stability of TiO2 overlayers on the most observed 

Ni facets using DFT (Figs. S20 and S21). Based on the quantitative structural analysis of the 

atomic resolution in-situ HAADF-STEM data, we built TiO2/Ni models using a Ni slab of 4 

atomic layers oriented along the (111), (100), and (110) facets, covered by 2 monolayers of 

rutile (110) (see “Computational Details” in the SI for details). The lattice mismatch between 

the TiO2 rutile structure and the Ni surfaces would induce strain. After energy minimization, 

we found the strain energies for the Ni(111) and Ni(100) surfaces to be 0.5 and 3.1 kJ/(mole of 

TiO2), respectively. This difference was consistent with the distortion and irregularity of the 

modeled TiO2 overlayer on Ni(100) (Fig. 1E, Fig. S20). The lower energy toll calculated for the 

formation of TiO2 overlayers on Ni(111) thus explains the experimentally observed facet-

selective coverage of Ni NPs. 

To further investigate the structure of the TiOx/Ni(111) interface, we used different 

configurations as input for computational calculations, varying the type and number of atoms 

between the interfacial Ni and TiOx layers (Figs. S20 and S21). When the Ni surface was 
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covered with a TiO2 rutile (110), the computed Ni–Ti interlayer distance was 3.20 Å, which is 

larger than what was experimentally observed (2.80–3.00 Å, Fig. 1E, top). On the other hand, 

a Ni–Ti distance of 2.79 Å was calculated for a partially reduced overlayer, where interfacial 

oxygen atoms were replaced by H atoms, and H* atoms were adsorbed on the Ni surface. Based 

on these calculations, the overlayers are most likely a suboxide phase.  

Because in-situ HAADF-STEM imaging provided only local information on single NPs, 

we performed H2 chemisorption to estimate the bulk, average percentage of exposed Ni surface 

for the ensemble of Ni NPs after the reduction of Ni/TiO2 (Fig. S23). The amount of 

chemisorbed H2 for 400-Ni/TiO2 was 32 µmol/g, which corresponds to 6.7 % of the total 

amount of Ni atoms, or an apparent average NP size of 15 nm, assuming a 1:1 H:Ni 

stoichiometry. The apparent Ni NP size calculated from H2 chemisorption was substantially 

larger than that measured with TEM (5.3 to 7.5 nm, Fig. 1B, Figs. S4, S5, and S7), indicating 

that part of the surface of Ni was blocked and not accessible to the gas phase. If no 

chemisorption took place on the TiOx overlayers, then there was a 25 to 46 % surface coverage 

of Ni by TiOx in 400-Ni/TiO2. This value is in agreement with the fraction of (111) Ni surface 

sites (35 to 57 %) predicted for Wulff-constructed Ni NPs of such sizes,(27) as well as with the 

in-situ HAADF-STEM evidence of selective encapsulation of (111) Ni facets. 

Nickel re-exposure during CO2 hydrogenation for Ni/TiO2 after 400 °C reduction 

We have followed changes in the TiOx overlayer under CO2 hydrogenation reaction 

conditions by tracking a single Ni NP with HAADF-STEM while switching from H2 to CO2:H2 
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at 400 °C and atmospheric pressure. Reactant and product gases from the windowed gas cell 

were tracked in real time during the reaction using mass spectrometry (MS) (Fig. 1H, Fig. S24). 

Upon introduction of the CO2:H2 mixture, there was detectable formation of CH4, confirming 

that the catalyst actively performed CO2 hydrogenation during observation within the electron 

microscope.  As observed for other NPs (Figs. S12 and S13), the Ni NP in Fig. 1C developed a 

TiOx overlayer that selectively occupied Ni’s (111) surface facets before hydrogenation.  

Upon CO2 exposure at 400 °C, the same Ni NP restructured and lost a large proportion 

of its highly faceted surface with only a small percentage of the (100) facet remaining, and 

exhibited an overall rounded morphology and retained its Ni metallic phase (Fig. 1F and Figs. 

S25 and S26). Comparative strain maps calculated for the same NP during CO2 hydrogenation 

showed an increase in tensile strain over the entire NP surface in both x- and y- directions and 

a loss in compressive strain (Fig. 1G). We attributed these changes to the loss of the Ni-Ti 

interface during hydrogenation, which resulted in lower atomic coordination and higher 

mobility of surface atoms compared to its TiO2-encapsulated counterpart (400-Ni/TiO2, Fig. 1, 

C and D). The supported Ni catalyst dynamically evolved to express its more active facets 

during CO/CO2 hydrogenation.(28) Thermodynamic calculations by the Gibbs free energy 

minimization method showed that TiOx became unstable under CO2 hydrogenation conditions 

(Table S6, details in SI), which suggests that the removal of the TiOx overlayer was induced by 

changes in chemical potential, and not by the Ni NP restructuring.  
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To show that such removal of TiOx overlayer upon exposure to CO2 hydrogenation 

conditions is representative of the bulk of the sample, we measured the attenuation of Ni 2p 

signal relatively to Ti 2p signals in NAP-XPS, which provided indirect evidence for 

encapsulation (Fig. S27). A fresh Ni/TiO2 catalyst was reduced at 400 °C in situ at 0.3 mbar H2, 

and then exposed to cycles of 0.3 mbar H2 + 0.3 mbar CO2 and pure H2. This sequence resulted 

in a reversible change of the Ni/Ti signal ratio that was consistent with the exposure and 

coverage of Ni under CO2 hydrogenation reaction conditions and H2, respectively (Fig. S29, 

and SI for details). 
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Fig. 1. TiOx overlayer formation by low-temperature H2 reduction and its restructuring during CO2 

methanation on a Ni/TiO2 hydrogenation catalyst. (A) Schematic of the operando electron microscopy 

setup and windowed gas cell (climate G+, DENSsolutions) used in this study. (B) High-angle annular dark-

field scanning transmission electron microscopy (HAADF-STEM) overview image of a Ni/TiO2 catalyst 
prepared in situ at 400 °C (400-Ni/TiO2), where white arrows highlight the Ni NPs upon the TiO2 support. 

(C) A representative atomic resolution HAADF-STEM image of a Ni NP in a Ni/TiO2 catalyst in H2 at 

400°C. Solid lines indicate TiOx-covered Ni atomic planes and dashed lines indicate unoccupied facets. 

(111) and (100) facets are indicated by pink and green respectively. (D) Estimated positions of Ti (gray) 
and Ni (color scale) atomic columns. Ni atomic columns were identified through statistical parameter 

estimation theory and neural network image restoration whereas Ti atomic positions were identified using 

a combination of statistical parameter estimation theory and maximum a posteriori (MAP) probability rule 
due to Ti’s limited visibility (25, 26).  Strain maps (resulting from the displacements with respect to the ideal 

atomic column positions) in x and y directions. (inset) Close-up of the TiOx bilayer, where white arrows 

highlight each Ti layer. (E) Model of rutile TiO2 (110) overlayer on a (111) Ni slab with oxygen (top) or 
hydrogen (bottom) atoms occupying the Ni – Ti interface calculated by density functional theory (DFT), 

suggesting that the titania overlayer is partially reduced at the interface. (F) HAADF-STEM image of the 

same particle as in (D) upon exposure to a CO2:H2 (0.25 bar: 0.75 bar) mixture at 400 °C showing complete 



Submitted Manuscript 
 

11 
 

re-exposure of Ni and NP restructuring. (G) Estimated atomic column positions of Ni (from the same 
particle shown in (F)) identified through statistical parameter estimation theory and neural network image 

restoration. Strain maps in x and y directions resulting from the displacements with respect to the ideal 

atomic column positions. (H) Mass spectrometry data measuring the partial pressure of CO2 (black) and 

CH4 (red) for the Ni/TiO2 catalysts at 400°C. Regions highlighted in light blue and pink correspond to H2 

and CO2:H2 environments, respectively. 

 

TiOx overlayer formation and restructuring for 600 °C reduced Ni/TiO2  

With the aim to form a more stable TiOx overlayer, which would survive CO2 hydrogenation 

conditions, we reduced the 6 wt.% Ni/TiO2 catalyst in situ at 600 °C (600-Ni/TiO2). In 

comparison to the Ni/TiO2 catalyst prepared at 400 °C (400-Ni/TiO2), the NP diameter 

approximately doubled to 14.0 nm (± 4.0 nm size distribution) for the 600-Ni/TiO2 (Fig. 2A 

and Figs. S6 and S7). The larger NP diameter is the result of the higher reduction temperature 

and is consistent with TEM and XRD observations after ex-situ reduction (Tables S1 and S2, 

Figs. S6-8). 600-Ni/TiO2 displayed a completely encapsulating and relatively thick (1 to 2 nm) 

TiOx overlayer (Fig. 2B and Fig. S30). The greater degree of encapsulation occurred with the 

higher temperature treatment because the partial reduction of TiO2 that is needed to form the 

TiOx overlayers is favored at higher temperatures (Figs. S2 and S3).  Because of the lack of a 

single crystalline layer, atomic resolution HAADF-STEM was not applicable. Therefore, the 

formation of a TiOx overlayer was corroborated by in-situ EELS analysis, which showed a Ti L2,3 

ionization edge signal throughout the entire Ni NP (Fig. 2B-E and Figs. S31-33). Consistent with 

the complete encapsulation by TiOx observed by electron microscopy, H2 chemisorption was 

almost completely suppressed for the 600-Ni/TiO2 catalysts (Fig. S23).  
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After reduction, the in-situ prepared 600-Ni/TiO2 catalyst was exposed to CO2 

hydrogenation reaction conditions at 400 °C. Similar to the 400-Ni/TiO2, CO2 methanation was 

confirmed by tracking reactant and product gases by MS (Fig. 2F). Fig. 2G-I show the same Ni 

NP under H2 (G) and under a CO2:H2 mixture (H-I) at atmospheric pressure. The TiOx-suboxide 

overlayer was still visible but became more inhomogeneous after CO2 exposure when 

compared to the pristine catalyst, indicating its partial degradation. Shell thickness 

measurements in Fig. 2, G to I, show the regions in which most changes in coverage were 

observed, with a circle identifying an area of the Ni surface that no longer appeared to be 

encapsulated by the overlayer (Fig. S34, see SI for experimental details).  

Such overlayers survived even exposure to pure CO2 at 400 °C (Fig. S34), in contrast to the 

easily removed TiOx bilayer observed for 400-Ni/TiO2 catalysts. We hypothesize that the 

different stability is caused by the greater thickness of the shell, which contained sufficient Ti 

atoms to form stable patches of TiOx on Ni. Despite the extended encapsulation, the catalyst 

was active for the CO2 hydrogenation reaction to methane, as shown by online MS analysis 

(Fig. 2F, Fig. S24). 
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Fig. 2. Formation of stable TiOx/Ni overlayers during CO2 methanation on a Ni/TiO2 hydrogenation 

catalyst, first reduced at high temperature. (A) HAADF-STEM overview images of Ni/TiO2 catalyst 
prepared in situ at 600 °C (600-Ni/TiO2), where white arrows highlight the Ni NPs upon the TiO2 support. 

(B) High-resolution HAADF-STEM image of Ni/TiO2 catalyst in H2 at 600 °C, showing a Ni NP 

encapsulated in a thick TiOx shell. Colored squares correspond to the location where EELS spectra in panels 
D and E were acquired. (C) Core loss electron energy-loss spectroscopy (EELS) map of Ti L2,3 (green) and 

Ni – L2,3 (red) ionization edges. (D) Core loss Ti L2,3 and (E) Ni L2,3 EELS spectra showing several regions 

of interests (ROIs) within the encapsulated NP, where spectrum color indicates the location of pixels shown 

in (B). (F) Mass spectrometry data acquired at 400°C, showing the partial pressure of CO2 (black) and CH4 
(red) for Ni/TiO2 catalysts prepared at 600°C, with the regions highlighted in light blue and pink 

corresponding to H2 and CO2:H2 environments, respectively. (G) High-resolution HAADF-STEM image 

of an individual Ni NP in H2 at 600 °C before CO2 hydrogenation. (H) High-resolution HAADF-STEM 
image of the same particle as in (G) upon exposure to a CO2:H2 (0.25 bar CO2: 0.75 bar H2) mixture at 400 
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°C showing only partial restructuring of the thick TiOx shell. (I) HAADF-STEM image of the same particle 
as G and H upon longer exposure to a CO2:H2 (0.25 bar CO2: 0.75 bar H2) mixture at 400 °C, showing 

further restructuring of the thick TiOx shell and re-exposure of the Ni surface, highlighted by the white 

circle.  

 

Our operando STEM results suggest that 600-Ni/TiO2 remained predominantly encapsulated 

by TiOx under CO2 hydrogenation reaction conditions. Therefore, we expected to observe an 

almost complete loss of activity for such catalyst in reactions promoted by Ni. However, both 

400- and 600-Ni/TiO2 catalysts were active for CO2 hydrogenation during operando STEM 

experiments (Fig. 1H and 2F). 

Comparison of catalytic performance 

To investigate the effect of the residual TiOx overlayer on the catalytic CO/CO2 hydrogenation 

performance of Ni/TiO2 catalysts, we performed catalytic tests on 20 mg catalysts in operando 

FT-IR spectroscopy experiments under CO2 hydrogenation conditions. These showed that 

both catalysts were active for CO2 hydrogenation at 200 °C to 400 °C and 5 bar (Fig. 3A, Fig. 

S35-38), in agreement with operando TEM MS measurements. Compared to 400-Ni/TiO2, 600-

Ni/TiO2 showed a decrease in overall catalytic activity per g Ni, but a higher stability (Fig. 3A), 

and higher C2+ selectivity (Figs. S36 and S37). All operando FT-IR spectroscopy and catalytic 

results reported herein were repeated on two separate batches of Ni/TiO2 catalysts, showing 

comparable figures and trends (Figs. S45-S50). 

The enhancement in C2+ selectivity for the 600-Ni/TiO2 catalyst became even more evident in 

CO/CO2 co-hydrogenation experiments, with a C2+ selectivity of 28 and 9 % for 600- and 400-

Ni/TiO2 catalysts respectively, at 300 °C and 5 bar pressure (Fig. 3, A to C). These results further 
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indicate that, under reaction conditions, the Ni surface in 600-Ni/TiO2 was partially re-

exposed, and that this affected the product selectivity of the reaction. Accordingly, ex-situ Ni 

2p XPS spectra of the used 600-Ni/TiO2 samples (after one reaction cycle, as in Fig. 3A), showed 

a higher Ni intensity than the reduced 600-Ni/TiO2, further supporting Ni re-exposure under 

reaction conditions (Fig. S27).  

To provide direct evidence for the re-exposure of the Ni surface under reaction 

conditions and quantify the amount of exposed sites, we performed operando FT-IR 

spectroscopy experiments during CO/CO2 co-hydrogenation (Fig. 3, D and E) and CO2 

hydrogenation (Fig. S38). The 400- and 600-Ni/TiO2 catalysts showed similar COx 

hydrogenation intermediate signals, with different relative intensities: CO(g) bands were 

observed in the region 2250-2100 cm-1, followed by relatively sharp bands at 2078 to 2062 cm-

1 (peak positions depended on temperature, see Figs. S40 and S41), which were ascribed to 

adsorbed sub-carbonyl Ni(CO)x (with x = 2,3) species (29–31). Ni(CO)4 formation under the 

conditions of this study was ruled out by thermodynamic calculations (Table S7). A component 

corresponding to Ni-COtop was observed in the spectral region between 2060 and 2032 cm-1, 

while bridged CO (CObr.) adsorbed on Ni was observed in the spectral region between 1920 

and 1940 cm-1. A series of bands at lower wavenumbers were ascribed to adsorbates on TiO2, 

as they are also present over the pure support (Fig. S42: adsorbed water peaks at 1616 cm-1 (δ 

(OH)); formate (HCOO-) peaks at 1580 and 1375 cm-1; and carbonates (CO3
2-) peak at 1433 cm-

1 (32). 
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Fig. 3. Ni/TiO2 re-exposure under CO and CO2 hydrogenation conditions revealed by operando 

vibrational spectroscopy. (A) Catalytic activity of 400-Ni/TiO2 (red) and 600-Ni/TiO2 (blue), normalized 

per Ni g, for CO2 (dark shade) and CO/CO2 methanation (light shade). (B) C–C coupling activity of 400-
Ni/TiO2 and 600-Ni/TiO2, normalized per Ni g, during CO/CO2 hydrogenation. (C) Selectivity to 

hydrocarbons in the CO/CO2 hydrogenation reaction over 400-Ni/TiO2 and 600-Ni/TiO2. (D and E) 

Operando FT-IR spectra collected at 200° to 300	°C under CO/CO2 hydrogenation conditions over (D) 400-

Ni/TiO2 and (E) 600-Ni/TiO2, showing Ni exposure in both catalysts. The estimate for Ni coverage for 600-
Ni/TiO2 and the majority COads species at 300 °C is schematically depicted for the two catalysts (see SI for 

details). (F,G) Turnover frequency (TOF) for (F) methane production and (G) C–C coupling products over 

400-Ni/TiO2 (red) and 600-Ni/TiO2 (light blue). The dashed dark blue line shows the TOF corrected for the 
most conservative estimate of exposed Ni surface in 600-Ni/TiO2 (see SI for details). Conditions for CO2 

methanation: CO2:H2:He = 1:4:5, 5 bar, GHSV=80,000 h-1. Conditions for CO/CO2 methanation: 

CO2:CO:H2:He = 3:1:7:9, 5 bar, GHSV=80,000 h-1. 

Because the bands of adsorbed CO species (2078–1750 cm-1) were absent over pure TiO2 under 

the same reaction conditions (Fig. S42), these spectral features were taken as a measure of the 

extent of Ni surface exposure under reaction conditions. Assuming complete re-exposure of 

400-Ni/TiO2 under reaction conditions, as evidenced by TEM (Fig. 1F, Fig. S26), the integration 
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of the CO bands for 400- and 600-Ni/TiO2 reveals a TiOx coverage of ~ 50% for 600-Ni/TiO2, 

decreasing with increasing reaction temperature (Table S5). These results, combined with the 

STEM results shown in Fig. 2, G to I, provided evidence for a re-exposed Ni surface, partially 

covered by TiOx agglomerates that remained on the Ni NP surfaces. 

Taking into account such a fraction of exposed Ni surface derived by operando FT-IR 

spectroscopy, we calculated an exposure-corrected turnover frequency (TOF) for methanation 

and C–C coupling (Fig. 3, F and G, Figs. S43 and S44, and TOF calculation subsection for 

details). Although the geometrical (i.e., not corrected by coverage) TOFs of 400- and 600-

Ni/TiO2 were comparable, the exposure-corrected TOFs of 600-Ni/TiO2 were higher, 

indicating that the re-exposed Ni sites had a higher specific activity for both methanation and 

C–C coupling.  

Mechanistic insights and structure sensitivity 

Based on our results, we propose a model of the restructured Ni/TiO2 catalysts under 

reaction conditions, to explain changes in surface chemistry, and, ultimately, in catalyst 

performance. The higher methanation TOF for 600-Ni/TiO2 may be explained by a change in 

the majority of COads species, from less active, bridged COads for the 400-Ni/TiO2 (Fig. 4, A and 

B) to more active, linear COads for 600-Ni/TiO2  (Fig. 4, C and D, and Fig. S40B) (28). Because 

Ni NPs were larger in the 600-Ni/TiO2 catalyst, and more extended Ni surfaces should result 

in more bridged COads (33), this observation can best be explained by the formation of a patchy 

TiOx overlayer that increased the extent of the Ni–TiOx interface and led to fewer available 
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sites for CObridge formation, even on extended surfaces. Similarly, the enhancement in CO 

hydrogenation TOF on Pt/TiO2 catalysts was explained by cooperative adsorption of CO at the 

interface, with the C atom coordinated to Pt and oxygen on the oxygen-deficient TiOx. (34). 

The formation of such structures was shown by the combination of operando FT-IR 

spectroscopy and HAADF-STEM results (Figs. 2 and 3). In the case of the 400-Ni/TiO2, the 

interface between Ni, TiO2 and the gas phase is instead limited to the perimeter of the NP in 

contact with the support, because of the complete removal of the TiOx overlayers under 

reaction conditions. 

The higher C–C coupling TOF for 600-Ni/TiO2 was also in contrast with previous 

observations on Ni/SiO2 catalysts, where C–C coupling was anticorrelated with methanation 

activity, because limited by the high hydrogenation rate of CHx
* (x=0–3) adsorbates on Ni. Both 

C–C coupling and methanation having higher TOF for 600-Ni/TiO2 suggested that an 

alternative pathway was available for C–C coupling in the presence of a patchy TiOx overlayer. 

We propose that the increased Ni–TiOx interface aided C–C coupling by providing a reservoir 

of carbon species in close contact with adsorbates on Ni, and by stabilizing intermediates and 

transition states (Fig. 4D). Accordingly, calculations on TiOx/Ni catalysts showed that CO 

activation and CH–CH coupling were both more favorable at the interfacial Ni-TiOx sites (35). 

An alternative explanation for enhanced C–C coupling would involve reverse H-spillover from 

Ni to TiOx, hindering hydrogenation of CHx
* adsorbates by H*. However, this mechanism is not 

consistent with the observed higher methanation TOF, which requires H*. Ex-situ XRD 

showed no extended TiO2 phase transformation, such as from anatase to rutile, at 600 °C (Fig. 
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S9), that could have affected the catalytic activity (36), although further studies are required 

to substantiate this explanation.  

 

Fig. 4. New understanding of Ni/TiO2 catalyst performance and evolution during reduction and 

reaction. Model for TiOx overlayer formation after 400 and 600 °C reduction and restructuring under 

reaction conditions, which explains the observed catalytic and spectroscopic results. (A) 400 °C reduction 
leads to the formation of a TiOx bilayer which is completely removed under reaction conditions, resulting 

in a defective particle. (B) For these particles, CO can adsorb on bridge sites (majority species). The 

adsorbed CO* is converted to CHx
* via either HCO* (H-assisted dissociation) or C* (direct dissociation). 

This species is in turn converted to methane by hydrogenation (reaction with H*) or to C-C coupling 

products (C2+) by reaction with CHx
* adsorbates. (C) 600 °C reduction leads to complete Ni coverage by 

TiOx, which restructures under reaction conditions. (D) On these particles, interfacial Ni-TiOx sites form 

upon which carbon species from the support are brought in contact with carbon species on Ni, favoring C-
C coupling. Furthermore, CO is preferentially bound linearly, which explains the higher turnover frequency 

(TOF) per active site in the catalytic methanation of CO and CO2. 

Discussion 

The observed restructuring of TiOx overlayer under reaction conditions was consistent 

with recent observations on Pt/TiO2 by in-situ TEM during ROR cycles at 600 °C, in which 
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oxidative treatments cause amorphous TiO2 islands to form, re-exposing part of the metal 

surface (10). Notably, CO/CO2 hydrogenation conditions were sufficiently oxidative to shift 

the thermodynamic equilibrium to TiO2 (Table S6). Our results show that, kinetically, a 

(partial) removal and restructuring of TiOx overlayers could occur even at temperatures as low 

as 200 °C, re-exposing the active Ni surface.  

Both CO and CO2 hydrogenations are structure sensitive reactions (33, 37), meaning 

that the TOF in the reactions changes as a function of NP size (38). Nonetheless, structure 

sensitivity only resulted in lower TOF for NPs with diameters below 2 to 4 nm, well below the 

range considered in this study (28, 37). Conversely, NPs with larger sizes have been reported 

to have similar, or even smaller, TOF, which would make the effect of SMSI in TOF 

enhancement even greater (33). Finally, C–C coupling was not strongly structure sensitive, 

according to theoretical calculations on Ni surfaces (28). Thus, the current observations that 

the TOF of both methanation and C–C coupling increase with Ni NP size could not possibly 

be explained by classical structure sensitivity concept, that is, only accounting for Ni surface 

sites variation with NP size(39). Similar deviations from classical structure sensitivity were 

observed for Co-based catalysts in CO2 hydrogenation, where partially reduced cobalt oxide 

covered with metallic clusters of a few cobalt atoms showed substantially higher intrinsic 

activity due to interfacial effects (40).  

In summary, we here directly observed for the first time the restructuring of metal 

oxide overlayers under operating conditions and rationalized their effects on the activity and 
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selectivity of Ni in CO-CO2 hydrogenation reactions, depending on the reduction temperature. 

A similar, even if rudimental, model of highly active interfacial sites was proposed by Burch 

et al. in the 1980s to explain the higher activity of Ni/TiO2 when compared to Ni/SiO2, based 

on chemisorption results alone (41). Evidence that overlayers may be stabilized under reaction 

conditions was reported for Rh/TiO2 catalysts, where pretreatments in CO2-rich atmospheres 

lead to the formation of a more persistent, “adsorbate-induced” SMSI (14). Recently, the 

enhancement of activity in methanol steam reforming reaction was also correlated with the 

amount of Cu–ZnOx interfacial sites (albeit observed ex situ), exhibiting faster kinetics for 

*CH3O dehydrogenation and H2O dissociation (8). We now provide operando evidence for the 

formation of Ni–TiOx interfacial sites and show their effect on catalytic performance. A similar 

operando approach could be applied to understand many other chemical reactions in which 

the proximity of the active phase and support or promoters was found to be essential for higher 

activity or better selectivity, such as olefins production over Fe-based catalysts promoted by K 

(42), CO oxidation over Pd/CeO2 (43) or propane dehydrogenation over Pt/Sn/CeO2(44). 

Crucial in this endeavor will be the simultaneous measurement of catalytic performance and 

the monitoring and control of the support, such as, crystal phase, porosity and exposed facets, 

and of the supported active phase nanostructure, such as NPs size, shape and composition. 
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Materials and methods. 

Catalyst synthesis. Ni catalysts supported on TiO2 (Degussa P25, S.A. = 60 m2/g) were prepared by homogeneous 
deposition precipitation (HDP) with urea. For a 6 wt.% Ni/TiO2 catalyst, 0.4807 g of Ni (II) nitrate hexahydrate 
(99.999%, Sigma Aldrich) and 3.0 g of urea (p.a., Acros) were dissolved in 130 mL of water, followed by the addition 
of 1.52 g of TiO2. The system was kept at 95 °C for 20 h under vigorous stirring to induce Ni precipitation via the 
hydrolysis of urea (45). Then, the system was washed by centrifugation with water until the pH of the supernatant was 
neutral. The resulting powders were dried at 60 °C overnight, followed by further drying at 120 °C for 24 h.  

Catalyst characterization. Inductively coupled plasma-optical emission spectroscopy (ICP-OES) analysis was used 
to measure the actual Ni loading on the synthesized Ni/TiO2 catalyst materials. The ICP-OES measurements have 
been performed by the Geolab (Utrecht University), using a SPECTRO CIROSCCD (by SPECTRO Analytical 
Instruments GmbH, Germany). Samples were dissolved using an aqua regia/HF solution at 90 °C overnight, after 
which the solution was cooled down to RT, neutralized using boric acid and diluted with ultrapure water to yield 
solutions of appropriate concentration for analysis.  

Temperature programmed reduction (TPR) and temperature programmed oxidation (TPO) profiles of the catalyst 
materials were obtained with an AutoChem II 2920 V4.03 equipped with a TCD detector. 50 mg of catalyst was 
reduced to either 600 °C or 800 °C (300 °C/h) under a flow of 5 vol.% H2 in Ar. TPO was performed after TPR to 
show the uptake of oxygen of the reduced catalyst materials. The temperature was lowered under Ar atmosphere. 
Subsequently, the temperature was raised again to 600 °C or 800 °C under 5 vol.% O2/He. 

H2 chemisorption measurements were performed on a Micrometrics ASAP 2020 C. About 200 mg of sample was 
used. Before the measurements, the samples were reduced for 1 h at different reduction temperatures (i.e., 400 °C and 
600 °C) with a ramp of 600 °C/h under pure H2 flow (1020–1090 mbar). After reduction, the samples were evacuated 
and cooled to 35 °C, after which the samples were exposed to H2 (645 mbar) to measure the amount of gas adsorbed. 
As H2 can be both physisorbed and chemisorbed, both forms are measured during the first adsorption isotherm. To 
determine solely the chemisorbed H2 amount, proportional to the Ni active area, the sample was then evacuated to 
remove all the physisorbed H2, and the procedure was repeated. The difference between the values gives the 
chemisorbed H2 volume. The Ni particle size was calculated with an assumed atomic cross-section of 0.0649 nm2 and 
a density of 8.902 cm3/g. The H/Ni ratio was assumed to be one and the particles to be hemispherical.  

The pre-reduced and used Ni/TiO2 catalyst materials were examined with scanning transmission electron microscopy 
(STEM) in combination with high-angle annular dark-field (HAADF) and energy dispersive X-ray (EDX) analyzes 
on an FEI Talos F200X, after passivation in air. The microscope was operated at 200 kV and equipped with a high-
brightness field emission gun (X-FEG) and a Super-X G2 EDX detector. STEM samples were prepared by drop-
casting samples on lacey carbon film, 300 mesh gold grids (PELCO). The samples were crushed and dispersed in pure 
ethanol under ultrasonic vibration and finally deposited on the grids by drop-casting. The grids were placed in a low 
background sample holder for measurements. The particle size distribution was determined for pre-reduced and used 
samples using the ImageJ software (version 1.53). 

Powder X-ray diffraction (XRD) patterns of support, pre-reduced and used catalyst materials were obtained with a 
Bruker D2 Advance powder X-ray diffractometer equipped with automatic divergence slits, a Vantec detector and a 
cobalt Kα1,2 (λ= 1.7889/1.79026 Å) source. XRD patterns were collected between 25–100 ° with an increment of 0.05 
° and an acquisition time of 26 s per step. 

X-ray photoelectron spectroscopy (XPS) measurements were carried out at Charles University, Prague, CZ using a 
lab-based system (SPECS Surface Nano Analysis GmbH, monochromatized Al-Kα source) with a base pressure of 
5×10-10 mbar. XPS samples were prepared by pressing the catalyst materials into a tungsten mesh (wire diameter 0.05 
mm, nominal aperture 0.2 mm, purity 99.95%, Goodfellow, England) in between two sheets of a weighing paper 
(Machery-Nagel, Germany) via a mechanical press (H-62, Trystom, CZ) with a force of 70 kN. Samples were 
characterized in situ in 0.3 mbar of H2 (5.0, Air Liquide), and from 0 to 1.2 mbar CO2 at 400 °C, and reference samples 
were characterized in ultra-high vacuum (UHV) at room temperature. The temperature was ramped up after the 
introduction of the H2. Survey scans were recorded for all the samples along with Ni 2p, O 1s, Ti 2p, and C 1s core-
level spectra. The core-level spectra were recorded with pass energy of 20 eV, step size of 0.05 eV, and dwell time of 
200 ms and corrected for charging assuming the binding energy of Ti 2p3/2 to be 458.5 eV for TiO2.  

 
In-situ and operando electron microscopy studies. All in-situ and in operando electron microscopy studies were 
carried out using an aberration-corrected ThermoFisher Scientific – Titan Cubed electron microscope operating at 300 
kV. The gas and heating nanoreactor comprised two electron-transparent Si3N4 windowed chips and a gas cell holder 
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(climate G+, DENSsolutions). To minimize potential electron beam induced artefacts, the electron dose was reduced 
to approximately 5580 e-/Å2 and a low screen current of 50 pA, which is consistent with previous in-situ gas phase 
STEM microscopy investigations (23). Moreover, we elected to blank the electron beam in between acquisitions and 
when the climate system was stabilizing from changing reaction parameters (temperature of gas feed mixture) to 
prevent unnecessary additional irradiation. To ensure that the catalyst’s structural evolution was not a product of 
electron beam exposure, we compared the observed catalyst behavior at key stages of the experiments with alternative 
windows that had no prior electron beam exposure. This comparison method aligns with current state-of-the-art in-
situ microscopy studies of SMSIs (10, 12) and showed an identical overlayer formation and (partial) removal without 
irradiation, therefore allowing us to conclude that our observations are not a product of electron beam induced 
artefacts.  
(i) Ni/TiO2 synthesis. Ni(OH)x/TiO2 was dispersed in ethanol and deposited on the lower climate chip before 
constructing the climate holder and sealing the nanoreactor. All gas supply system lines and the nanoreactor were 
subject to a pump-purge protocol three times to flush any moisture and oxygen from the system. A region of interest 
was imaged before the reaction to show TiO2 without NPs present before blanking the beam to prevent electron beam 
induced artefacts or Ni nucleation. The Ni nanoparticles were reduced for four hours in a 1:1 mixture of He and H2 at 
400 °C (400-Ni/TiO2) or 600 °C (600-Ni/TiO2). The measurements were performed at atmospheric pressure. Ni’s 
oxidation state was confirmed by atomic resolution HAADF STEM imaging. 
 (ii) CO2 hydrogenation. Once the Ni/TiO2 catalyst was prepared in situ, the temperature was either maintained at (or 
lowered to) 400 °C. Several particles, oriented such that a primary zone axis could be imaged, were chosen to compare 
before and during hydrogenation to assess their morphology and the extent of TiO2 encapsulation. CO2 and H2 in a 1:3 
ratio were pre-mixed in an inbuilt mixing chamber of the gas supply system for 10 min to ensure a homogenous 
mixture before being diverted into the nanoreactor to initiate the hydrogenation reaction at 1 atmosphere. Reactants 
and reaction products exiting the nanoreactor were measured using a dedicated gas analyzer (DENSsolutions). 
Although H2O was detected in all cases, it could not be quantified. To mitigate the potential for electron beam induced 
artefacts, such as the enhanced or reduced stability of TiO2-x, the electron beam was blanked, while the gas mixture 
was changed, and each particle was observed sparingly. Moreover, to ensure observations are an accurate depiction 
of the catalyst’s behavior, windows within the Si3N4 chip were left unexposed to the electron beam until their 
investigation after CO2 + H2 introduction to confirm shell removal without any prior irradiation.  
 (iii) STEM image restoration and registration. An in-house developed convolutional neural network (CNN) was first 
used to correct distortions. More details regarding the training of the CNN for the restoration of ADF STEM images 
can be found in ref. (23). To correct sample drift or rotation, each time series of images corrected by CNN was then 
used as an input for an in-house developed rigid and non-rigid registration procedures (46). Next, every series of 
individually corrected and registered ADF STEM images was averaged to increase signal-to-noise ratio and to clearly 
resolve projected atomic columns. 
(iv) Quantitative analysis on STEM images. A peak finding routine that searches for local maxima in ADF STEM 
images was applied. The atomic columns corresponding to the Ni NP and TiOx overlayer were then identified by 
classifying the peaks based on the lattice parameter of the Ni crystal structure. Next, the positions resulting from this 
peak finding routine have been used as an input for further refinement using statistical parameter estimation theory. 
Therefore, the projected atomic columns viewed along a major zone axis were modelled as a superposition of 2D 
Gaussian peaks on a constant background(24). By fitting this model to the experimental images using a criterion of 
goodness of fit, which quantifies the similarity between the experimental images and the model, accurate and precise 
positions of atomic columns could be obtained. This is performed using an iterative optimization algorithm, which is 
implemented in the StatSTEM software package (47). 
 

The projected atomic displacement maps were extracted for the projected Ni atomic columns using the ideal positions 
of the Ni atoms as a reference. By calculating derivatives of the displacement map, the strain distribution in the Ni 
particle was investigated (48). 
 
Because of the low signal-to-noise ratio, especially for the TiOx overlayer, atomic columns are difficult to detect using 
peak finding combined with statistical parameter estimation theory, as explained above. Therefore, we applied a more 
advanced statistical method. The so-called maximum a posteriori (MAP) probability rule has been developed based 
on a combination of statistical parameter estimation theory and Bayesian probability theory and can be used to reliably 
detect atomic columns. The MAP rule searches for possible column locations and compares probabilities of all 
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candidate parametric models. The selected number of columns corresponds to the model for which the probability is 
the largest. More details regarding the MAP rule can be found in ref (25, 26). The estimated atomic column positions 
on the outer layer of the Ni NP (𝑥!"), inner (𝑥#"$) and outer (𝑥#"%) layers of the TiOx overlayer are shown in Fig SA. 
 
Next, the perpendicular distance between the outer layer of the Ni NP and the inner Ti layer, as well as the Ti-Ti 
interplanar distances were measured (Fig. S14). Therefore, we first applied a linear regression model to the atomic 
column positions located on the outer layer of the Ni NP, shown as red dots in Fig. S14 (𝑥!" ). The linear regression 
model provided a model of a straight line with slope 𝑚 and intercept 𝑐!". We then used this estimated slope while 
fitting the linear regression model to the Ti atomic columns on the inner and outer layers. From this model, we 
estimated the intercept for each Ti-layer (𝑐#"&'()*+$, 𝑐#"&'()*+%), along with their standard error values. Next, the 

perpendicular distance between the outer layer of the Ni NP and the inner Ti layer (𝑑,-&.-)  and Ti overlayer interplanar 
distance were calculated using equations (1) and (2).  

𝑑!"#$" = 	
|𝑐!" − 𝑐$"#%&'()*|

√1 +𝑚+
	 

(1) 

 

𝑑$"#$" = 	
|𝑐$"#%&'()* − 𝑐$"#%&'()+|

√1 +𝑚+
	 (2) 

 
It is important to note that this approach assumes that all layers are parallel to each other. Moreover, we used error 
propagation to compute the error on the estimated interplanar distances. The outcome of all these analyses for three 
different particles is tabulated in Fig. S17. We also measured average interatomic distances for Ti-Ti atomic columns 

located on the inner (∆𝑥$"*) and outer (∆𝑥$"+) Ti-layers using equation (3).  

∆𝑥$" = 	
∑ .(𝒙$",- − 𝒙$",-#*)+!	
-/+

𝑁 − 1
, (3) 

 

Where N represents the number of atomic columns located on each T-layer and 𝒙$" is the 2D coordinate vector of 

Ti atomic columns, 𝒙$",- = 4𝑥$",-, 𝑦$",-6.	 The interatomic distances for each layer and the standard deviation on 

the estimated values are also presented in Fig. S17. 
 

Operando FT-IR spectroscopy with on-line product analysis. Operando transmission FT-IR spectroscopy was 
carried out in a Specac High-Temperature transmission IR cell. Catalyst preparation was done by preparing pellets of 
compressed catalyst powder (4 tons of pressure) of 13 mm weighing between 15–30 mg. These pellets were made 
with a Specac Laboratory Pellet Press and a diaphragm vacuum pump. The Ni/TiO2 catalysts were reduced with H2 
in situ at 400 °C or 600 °C (ramp 5 °C/min) for 1 h at 1 bar. A total flow of 50 mL/min (He:H2 = 1:1) was used. After 
the in-situ reduction, the COx hydrogenation reactions were carried out  
using 3:1:7 CO2:CO:H2 flow at 5 bar with CO2 at 6 mL/min, CO at 2 mL/min, and H2 at 14 mL/min. He was used to 
dilute the gases to a total flow of 40 mL/min. The reaction gases were introduced at 200 °C, and the temperature was 
held for 30 min. This step was repeated for 250 °C, 300 °C, 350 °C, and 400 °C at 5 bar. CO2 hydrogenation was 
carried out with the same temperature program using 1:4 CO2:H2 at either 1 or 5 bar. All gases were introduced through 
Bronkhorst EL-FLOW Mass Flow Controllers. Active carbon carbonyl traps were placed before the reactor for safety 
against the formation of volatile and highly toxic Ni(CO)4.  

Operando transmission FT-IR spectroscopy measurements were performed with a Bruker Tensor 37 FT-IR 
spectrometer with a deuterated triglycine sulphate (DTGS) detector. A spectrum was taken every 30 s. To follow the 
formed reaction products, an Interscience custom-built Global Analyzer Solutions (G.A.S.) Compact GC4.0 gas 
chromatograph (GC) was connected to the outlet of the reaction cell. H2, CO and CO2 signals were calculated with a 
thermal conductivity detector (TCD). Methane, ethane, ethene, propane, propene and n-butane values were detected 
with a Flame Ionisation Detector (FID). The shown error bars are based on the standard deviations of the used GC 
data points. For TOF calculations, the number of Ni atoms on the surface was based on spherical Ni nanoparticles, 
with 10 Ni atoms per nm2. 
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Conversion of CO (𝑋/0), CO2 (𝑋/0!) and total conversion (𝑋/0") were calculated according to the following, with 𝜈1 
being the number of carbon atoms of the species n (e.g., 2 for ethane): 

 𝑋/0(%) = [/0]#$	&	[/0]%&'

[/0]#$
	 ∙ 100        (1) 

 𝑋/0!(%) = [/0!]#$	&	[/0!]%&'

[/0!]#$
	 ∙ 100        (2) 

 𝑋/0"(%) = ∑6$[/$]$,%&'

	[/0!]%&'7	[/0]%&'7	∑6$[/$]$,%&'
	 ∙ 100      (3) 

 

Carbon yield to Cn (𝑌/$) and product selectivity (𝑆/$) were calculated as: 

 𝑌/$(%) = 6$[/$]$,%&'

	[/0!]%&'7	[/0]%&'7	∑ 6$[/$]$,%&'
	 ∙ 100      (4) 

 𝑆/$(%) = 8)$

9)%"
	 ∙ 100          (5) 

Carbon balance was not included in the selectivity calculations because it was comparable for the catalysts studied 
herein under any reaction conditions (see Table S6). 

The TOF was calculated based on the exposed metal surface area, as determined by the mean Ni particle sizes obtained 
by ex-situ HAADF−STEM after the reaction. The Ni NP shape was assumed spherical, with 10 Ni atoms per nm2. 

 𝑇𝑂𝐹/$(𝑠&$) = [/$]

1*+	-&./012
	          (6) 

 

Computational Details 

The calculations were performed with the Quickstep module of the program CP2K, version 8.1(49–51) using the PBE 
GGA type density functional (52) with D3 Grimme corrections for nonbonded interactions.(53, 54) A MOLOPT 
double-z plus polarization function valance basis set(55) was used  in conjunction with GTH pseudopotentials.(56, 
57) Electron smearing was applied using Fermi-Dirac statistics and an electronic temperature of 300 K. For SCF 
convergence, a target accuracy of 10-6 Hartree was specified. For locating the minimum energy geometry by the BFGS 
method, standard program settings were used. The calculations were performed with periodic boundary conditions 
and the k-point grid was based on the Monkhorst-Pack scheme.(58) 
We realize that the use of periodic boundary conditions (PBC) in the directions parallel to the surface is an 
approximation as it assumes infinite surfaces covered by infinite layers, whereas we are in actual fact dealing with 
finite nanoparticles. However, since realistic nanoparticles contain too many atoms to be treated at this level of theory, 
the use of PBC is preferred to doing computations on unrealistically small particles. Using PBC incurs the danger of 
imposing too strict periodicity. This can be mitigated by the use of a large unit cell (instead of using a small cell with 
many k-points). 
Models for Ni surfaces were created from a slab of four layers of Ni. For the unit cell size of FCC Ni we used a 
computed value of 3.5291 Å. Rutile (110) and anatase (101) layer dimensions were based on the PBE-D3 computed 
crystal structures. It has been shown before that the anatase (101) surface is the most stable one, so if any anatase 
overlayers were formed these would be expected to be (101) layers.(59) 
The rutile structure was computed with full optimization of lattice vector lengths and atom positions (specifying a 
pressure tolerance of 10 bar), using a 6x6x10 mesh of k-points. The computed lattice vector lengths of a = b = 4.6111 
Å and c = 2.9633 Å compare well with the experimental values of 4.5937 Å and 2.9581 Å, respectively.(60) For 
anatase a 7x7x3 k-points mesh was applied and the computed lattice vector lengths were a = b = 3.7852 Å, c = 9.6565 



Submitted Manuscript 
 

34 
 

Å, in reasonable agreement with the experimental values of a = b = 3.7852 Å, c = 9.6565 Å.(61) 
Based on these bulk structures, the 2D lattice vectors for the rutile (110) layer are a = 2.9581 Å, b = 6.4834 Å and for 
anatase (101): a = 3.7852 Å, b = 10.3719 Å.  
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Reducibility of Ni/TiO2 catalysts 

 

 

Fig. S1. Temperature Programmed Reduction (TPR) profile of TiO2 (P25, Degussa) reduction in H2 (5 

vol.%)/Ar at 1 bar as a function of temperature.  

TiO2 shows a weak gradual consumption of hydrogen, indicating that H2 spillover from Ni is required to reduce TiO2 

under the TPR conditions. 
 

 

Fig. S2. (A) Temperature Programmed Reduction (TPR) profile and (B) Temperature Programmed Oxidation 

(TPO) profile of the fresh Ni/TiO2 catalyst after a TPR to 600 °C, showing NiO and TiO2 redox behavior. 

A large peak at 200–450 °C is assigned to the reduction of nickel oxide/hydroxide to metallic nickel, while the 

smaller peak centered at 493 °C is assigned to TiO2 partial reduction catalyzed by metallic Ni (Fig. S2A) (62). 

Notably, the onset of TiO2 reduction is consistent with thermodynamic calculations, which also predict about 1% 

of Ti2O3 to be formed at 600 °C (Fig. S3). This amount is about 15 wt./wt.% with respect to Ni content, which is 

2–3 times higher than the dispersion of 7–14 nm NPs, meaning that the amount would be enough to cover all Ni 

surface atoms (TiO2/Ni weight = 1.4, Ni/TiO2 density = 2.1). Accordingly, 400 °C and 600 °C were chosen as the 

two reduction temperatures for this study, to grant Ni reduction, while modulating SMSI. Re-oxidation of Ni/TiO2 

during a subsequent O2-TPO shows two main contributions at low temperature and 300 °C, showcasing the 

reactivity of the catalyst to oxidizing gaseous molecules at temperatures comparable to those used for COx 

hydrogenation (Fig. S2B). The drift in baseline of oxygen consumption shows further oxidation of the catalyst at 

higher temperatures, which was previously exploited in ROR treatments (10, 11).  
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Fig. S3. Thermodynamic equilibrium for TiO2 reduction in H2 (5 vol.%)/He at 1 bar as a function of 

temperature. Equilibrium calculations were performed using the HSC Chemistry 9.1 software in the Gem 

equilibrium composition module by the Gibbs free energy minimization method. 

Notably, the onset of TiO2 reduction is at 400 °C, which is the onset of the second peak observed by TPR (Fig. S2).  

 
Fig. S4. In-situ growth of 400-Ni/TiO2 showing well dispersed Ni metal nanoparticles supported on larger TiO2 

crystallites. 



Submitted Manuscript 
 

37 
 

 
Fig. S5. 400-Ni/TiO2 prepared in situ in H2 and He after 4 h showing the formation of Ni-based NPs with poor 

crystallinity. Large crystalline particles correspond to TiO2 support. 

 

Fig. S6. The same area before and after in-situ growth of 600-Ni/TiO2 to produce well dispersed Ni metal 

nanoparticles supported on larger TiO2 crystallites. 

 
 

Fig. S7. Particle size distribution comparison between 400-Ni/TiO2 (red) and 600-Ni/TiO2 (blue) prepared 

in situ. 
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Fig. S8. Ex-situ STEM characterization of 400-Ni/TiO2 and 600-Ni/TiO2 after ex-situ reduction (A-D) and COx 

hydrogenation (E-H) (CO2:CO:H2:He = 3:1:7:16, 5 bar, GHSV = 80,000 h-1). 

Both Ni/TiO2 catalysts show some Ni NP growth after COx hydrogenation, going from 5.7 ± 1.5 to 7.9 ± 2.7 nm for 
the used 400 °C reduced catalyst and from 11.7 ± 4.0 to 12.0 ± 4.0 nm for the used 600 °C reduced catalyst. NP growth 
was more evident than for pure CO2 hydrogenation (S29), which can be attributed to the effect of CO on the formation 
of volatile carbonyl species that tend to migrate from smaller NPs to bigger NPs and induce Ostwald ripening (63). 
NP growth was also observed by XRD analysis of the used 400 °C reduced catalyst, using the Scherrer equation to 
derive average crystallite size (Table S2) (64). 
Table S1. Ni particle sizes in Ni(6	wt.%)/TiO2 catalysts after reduction at different temperature, fresh and used 

after COx hydrogenation reaction, as determined by High-Angle Annular Dark-Field Scanning Transmission 

Electron Microscopy (HAADF-STEM), X-ray Diffraction (XRD) and H2-chemisorption. The last column 

reports the average Ni surface coverage by TiO2-x, calculated based on HAADF-STEM and H2-chemisorption 

results.  
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Catalyst HAADF-
STEM 

particle 

size (nm) 

 

XRD 
crystallite 

size (nm)a 

H2-
chemisorption 

apparent size 

(nm)b 

Average Ni 
surface 

covered by 

TiO2-x (%)c 

Ni/TiO2-400 °C 
fresh 

 5.7   ± 1.5  n.a.d  15  30  

Ni/TiO2-600 °C 
fresh 

 11.7 ± 4.0  14.5   ± 0.2  352   97  

Ni/TiO2-400 °C 
used  

 7.9   ± 2.7  10.9   ± 0.9  n.a.e  n.a. 

Ni/TiO2-600 °C 
used  

 12.0 ± 4.0  14.2   ± 0.4  n.a.  n.a. 

aderived from Scherrer’s equation on nickel (200) reflection 2θ = 52.2-52.4° (see SI for details)  
bcalculated assuming Ni:H stoichiometry of 1, hemispherical nanoparticles and 10 Ni atoms per nm2 

ccalculated assuming hemispherical nanoparticles, as a ratio between geometrical surface from HAADF-STEM and 
available surface from H2-chemisorption 

dno XRD reflection was observed, suggesting the presence of small crystallites, in accordance with TEM.  

en.a. = not applicable. The H2 chemisorption analysis could not be carried out on used samples without exposure to 
air, which would induce passivation and prevent a correct estimation of exposed Ni sites. The coverage is instead 
derived by operando FT-IR spectroscopy experiments (Fig. 3). 
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Fig. S9. X-ray diffraction (XRD) patterns of fresh TiO2 (P25, Degussa) support, reduced Ni(6 wt%)/TiO2 at 400 

°C and 600 °C and used catalyst materials after the COx hydrogenation reaction. 

XRD results (Fig. S9) indicate that the bulk crystalline structure of the TiO2 P25 support is not appreciably changed 
by any of the stages of the catalyst life, from synthesis to pretreatments and reaction runs. Notably, this observation is 
not in contrast with SMSI formation, as SMSI only involves a very thin layer, which cannot be observed by bulk 
characterization (10), but it rules out extended TiO2 phase transformation from e.g. anatase to rutile at 600 °C, which 
could have affected the catalytic activity (36).  
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Table S2. Nickel size calculation based on the position of maximum intensity of the reflections and FWHM by 

the Scherrer equation. 

Catalyst Reflection 
Reflection 
Position (°) 

FWHM (°) Crystallite size (nm)a 

Ni/TiO2 
– 400 
°C 

NiO (012) 50.944 ± 0.046 0.51 ± 0.12 30.1 ± 6.9 

Ni/TiO2 
– 400 
°C - 
used 

NiO (012) 50.990 ± 0.039 0.46 ± 0.10 33.6 ± 7.9 

Ni (200) 52.232 ± 0.074 1.44 ± 0.12 10.9 ± 0.9 

Ni/TiO2 
– 600 
°C 

NiO (012) 51.169 ± 0.026 0.59 ± 0.06 26.1 ± 2.8 

Ni (200) 52.473 ± 0.006 1.09 ± 0.02 14.5 ± 0.2 

Ni/TiO2 
– 600 
°C - 
used 

NiO (012) 50.950 ± 0.033 0.71 ± 0.08 21.6 ± 2.3 

Ni (200) 52.233 ± 0.020 1.10 ± 0.03 14.2 ± 0.4 

aCalculated by the Scherrer equation: 𝐷 = :;

< =>?@
, where K = 0.94 is the Scherrer constant, λ = 0.1789 nm is the X-

ray source wavelenght (Co Kα1,2), β is the FWHM in radians and θ is the peak position in radians.  
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Fig. S10. Evidence of Ni metal oxidation state and facet selective titanium suboxide overlayer growth for 400-

Ni/TiO2 prepared in situ. Left column shows unannotated atomic resolution HAADF STEM images of 

individual nanoparticles displaying a surface TiO2-x bilayer. Center column shows the same images annotated 

with surface facets (111) pink, (100) green, and (110) blue, where complete lines and dashed lines indicate 

overlayer presence or absence, respectively. Right column shows indexed FTs of corresponding Ni NPs. 
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Fig. S11. Evidence of Ni metal oxidation state and two fully-encapsulating atomic layers of titanium suboxide 

overlayer for 400-Ni/TiO2 pre-reduced sample, which has been re-reduced in situ. Showing atomic resolution 

HAADF STEM images and corresponding FTs with interatomic distances confirming Ni metal and white 

arrows highlighting TiO2-x atomic layers.  
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Fig. S12. (left) Atomic resolution HAADF STEM images of Ni/TiO2 catalyst in H2 at 400 °C shown in Fig. 

1. Solid line indicates TiOx covered Ni atomic plane and dashed lines indicate uncovered planes. (111), (110) 

and (100) facets are indicated by pink, blue and green, respectively. (right) Line scan intensity profiles over 

the same Ni NP across (111) in pink and (100) in green, the directions of the line scan are shown in the 

inset. Arrows indicate atomic columns allocated to TiOx overlayer.  
 

 
Fig. S13. Evidence for facet selectivity of in-situ prepared TiO2-x bilayer on 400-Ni/TiO2 by atomic 

resolution HAADF STEM imaging. Left: HAADF STEM image of a Ni NP. Middle and Right: gray scale 

intensity line scans showing the clear occupation of a TiO2-x bilayer upon the (111) surface facet (middle) 

and absence of any overlayer upon the (100) facet (right). The TiO2-x overlayer interatomic spacing is 

consistent with the rutile phase. 
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Fig. S14. A) ADF STEM image of a Ni NP in a Ni/TiO2 catalyst in H2 at 400 °C. Enlarged image of the 

area indicated by the white rectangle is given in (B). B) The refined positions of the Ni atomic columns 

at the surface, Ti atomic columns on the inner (green) and outer (yellow) layers. C) The MAP 

probability rule evaluated as a function of the number of columns. The most probable number of 

columns for the selected region of the image shown in (A) equals 26 and corresponds to the red cross. 

D) The estimated atomic column positions by the MAP probability rule and their corresponding 

linear regression models. E) Illustration of the different interatomic distances reported in Fig. S17. 
 

 
 

 
Fig. S15. (A) HAADF STEM imaging of a single Ni/TiO2 particle from 400-Ni/TiO2 in H2 at 400 °C and 

atmospheric pressure. (B-D) shows the same particle as in (A) with atomic positions of Ni (green) and Ti (grey) 

in (B) and atomic strain maps in the x (C) and y (D) directions compared to an idealized Ni lattice. 

  
Fig. S16. (A) HAADF STEM imaging of a single Ni/TiO2 particle from 400-Ni/TiO2 in H2 at 400 °C and 

atmospheric pressure. (B-D) shows the same particle as in (A) with atomic positions of Ni (green) and Ti (grey) 

in (B) and atomic strain maps in the x (C) and y (D) directions compared to an idealized Ni lattice.  
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Fig. S17. HAADF STEM images of 400-Ni/TiO2 NPs in H2 (1 bar) and 400 °C with corresponding Ni-Ti and Ti-

Ti interatomic distances extracted once the column positions were estimated by the MAP rule(25, 26). 

 
Fig. S18. Electron Energy-Loss Spectroscopy (EELS) chemical mapping evidencing atomic bilayer containing 

Ti on 400-Ni/TiO2 re-reduced in situ. Top Left: HAADF STEM image showing the location of three EELS 

 

 

 

 

𝒅𝑵𝒊−𝑻𝒊 (Å) 2.76 ± 0.01 2.93 ± 0.09 2.73 ± 0.01 

𝒅𝑻𝒊−𝑻𝒊 (Å) 2.82 ± 0.02 2.95 ± 0.01 2.77 ± 0.02 

∆𝒙𝑻𝒊𝟏 (Å) 2.73 ± 0.05 2.82 ± 0.04 2.53 ± 0.08 

∆𝒙𝑻𝒊𝟐 (Å) 2.78 ±0.13 2.89 ± 0.07 3.21 ± 0.29 
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spectra, where bulk TiO2 nanocrystal support (blue), bilayer upon Ni NP surface (black) and Si3N4 window 

background (red) are compared. Right: the three compared EELS spectra showing a strong Ti-L2,3 edge for 

the bulk TiO2 in addition to N and O K edges. The TiO2-x overlayer also shows a clear Ti L2,3 ionization edge, 

while the Si3N4 background spectra show a clear N K and O K edge and absence of Ti L2,3. Left Bottom: gray 

scale intensity line scans over the particle showing the clear occupation of a TiO2-x bilayer upon the Ni NP 

surface where interatomic spacing of the bilayer is consistent with the rutile structure. 
 
 

 
Fig. S19. Atomic resolution HAADF STEM imaging evidencing phase independency between the TiO2-x bilayer 

and TiO2 support on 400-Ni/TiO2 re-reduced in situ. Top: Ni metal NP upon a rutile support (d=0.32 nm, Rutile 

(110)) with the same interatomic spacing found withing the overlayer (0.32 nm). Bottom: Ni Metal NP upon an 

anatase support (d=0.36 nm, anatase (110)) with a different interatomic spacing found within the overlayer 

(0.32 nm, rutile (110)). 
 

Extended DFT Discussion 

We first investigated whether the preferred formation of rutile layers on the Ni (111) surface could be due to 
compatibility of the 2D lattices of Ni and TiO2 facets. The match or lack of same of the Ni surfaces and the TiO2 layers 
is quantified as follows: for each of the (100), (110) and (111) surfaces we determined the minimal length axes of the 
2D rectangular lattice. In general, to match these with the rectangular 2D lattice of the (110) rutile layer or the (101) 
anatase layer, the axes of both layers needed to be multiplied by integer factors to match to within a certain norm (we 
chose less than 3% deviation). As an indicator for the match, we used the area of the TiO2 superlattice required for the 
match. The larger this area, the worse the match between the nickel surface and titania layer. The results of matching 
is shown in the table below. 
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Table S3. TiO2/Ni superlattice area calculation for TiO2 rutile (110) and anatase (101) on different Ni surfaces 

(100), (110), (111). 

Ni a [Å] b [Å] Ni surface superlattice Rutile (110) superlattice Are
a 
[Å2] 

(100
) 

2.495
4 

2.495
4 

6a,8
b 

14.972
7 

19.963
6 

5a,3
b 

14.790
6 

19.450
1 288 

(110
) 

2.495
4 

3.529
1 

6a,9
b 

19.963
6 

17.645
5 

3b,6
a 

19.450
1 

17.748
7 345 

(111
) 

2.495
4 

4.322
2 

6a,3
b 

14.972
7 

12.966
7 

5a,2
b 

14.790
6 

12.966
7 192 

Ni a [Å] b [Å] Ni surface superlattice Anatase (101) 
superlattice 

Are
a 
[Å2] 

(100
) 

2.495
4 

2.495
4 

3a, 
17b 

7.4863 42.422
6 

2a, 
4b 

7.5704 41.487
6 

314 

(110
) 

2.495
4 

3.529
1 

3a, 
6b 

7.4863 21.174
6 

2a, 
2b 

7.5704 20.7438 157 

(111
) 

2.495
4 

4.322
2 

3a, 
7b 

7.4863 30.255
7 

2a, 
3b 

7.5704 31.1157 236 

 
Based on the match (or lack of same) observed for the rutile (110) overlayers we offer a tentative explanation why 
these are formed on the Ni (111) surface and not on the other two low index surfaces: smaller superlattices are required. 
Note that the matching does not explain why no anatase overlayers are formed: the anatase (101) superlattice on 
Ni(110) would be the smallest of all. However, we note that anatase is less thermodynamically stable than rutile. 
Another question to be addressed is that of the nature of the interface between the Ni (111) surface and the rutile 
layers. As only the metal atoms are observed, we based ourselves on the (average) distance between the last Ni and 
the first Ti layer of 2.73-2.93 Å, observed by TEM (Fig. S17). 
Two models initially suggested themselves: 

1. Two rutile layers covering the bare Ni (111) surface 
2. Additional O atoms are present on the Ni surface such that the bonding between the Ni and Ti layers is the 

same as between two Ti (110) layers 

    
Fig. S20. Computed structures of Ni (111) covered by rutile layers (model 1, left) and by both rutile layers and 

extra O atoms to make the bonding between Ni and rutile layers similar to the bonding between successive Ti 

layers (model 2, right). 

These calculations were done in a unit cell of 14.9727 by 12.967 by 25 Å, as per the lattice matching above and with 
sufficient vacuum between successive slabs in the z-direction, with a 2x3x1 k-point mesh. For models 1 and 2, we 
found an average distance between the upper Ni and lower Ti layer of 3.21 and 3.20 Å, respectively, which is too long 
to be commensurable with the distance experimentally measured by TEM. This suggest that other elements than O 
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are involved in the interface between Ni and Ti. The only reasonable alternative for O under the gas atmosphere used 
during reduction is H. Therefore, we also did computations on the following two models: 

3. As 1, but with the lowest O sublayer of the Rutile layers (bridging between Ti atoms) replaced by an H 
sublayer. 

4. As 3, but with additional H on the surface, analogous to the additional O atoms in 2. 

    
Fig. S21. Computed structures of Ni (111) covered by Ti4O7H layers (model 3, left) and by both Ti4O7H layers 

and extra H atoms (model 4, right). 

Model 3 led to a Ni–Ti layer distance of 2.42 Å, while for model 4 the Ni–Ti distance was 2.79 Å. Model 4 thus comes 
closest to the observed Ni–Ti distance observed by TEM (Fig. 1). Based on these calculations, it appears unlikely that 
fully formed TiO2 rutile overlayers are present on the Ni (111) surface, so the overlayers are most likely a suboxide 
phase. H atoms may have replaced the lowest O sublayer, with additional H on the surface. 
In the hopes that we could find a thermodynamic reason for the absence of rutile overlayers on other low index surfaces 
we also did a calculation of model 4 applied to the Ni (100) surface, using a unit cell of 14.9727 by 12.967 by 25 Å 
and a 2x3x1 k-point mesh. For reference, we computed the energy of two layers of rutile, with the lowest O sublayer 
replaced by H. The equilibrium unit cell had axes of 2.9146 and 6.4438 Å (the third axis was fixed at 20 Å). A 6x3x1 
k-point mesh was used. For H we used the H2 molecule as reference. 
We computed a stabilization energy by taking the energy of model 4, and subtracting the energy of the (geometry 
optimized) bare surface slab, the reference energy of the Ti4O7H units as well as the reference energy of the additional 
H atoms at the surface, and normalized that by dividing by the number of Ti atoms in the structure. This yielded 
stabilization energies of -38.9 kJ/mol for the (111) and -61.6 kJ/mol for the (100) surface. Based on these results, we 
cannot explain the preference of rutile overlayers on the (111) surface observed by TEM by thermodynamic arguments 
alone. Since the overlayers appear thermodynamically stable, forming rapidly (s-min scale) at high temperature, and 
since they do not evolve over time (hours), we believe that the current model does not yet describe the exact nature 
and structure of the Ni/TiOx interface. Nonetheless, we can conclude that the observed TiOx overlayers are formed on 
the Ni surface which allows for the lowest lattice mismatch (Table S3), which minimizes strain. Thus, we have a 
geometrical descriptor for the formation of the overlayers, while describing electronic stabilization effects and the 
overall thermodynamics of the system requires further studies. 
Note that whether or not the rows of Ti in rutile are right above each other depends on the viewing angle, as 

depicted in Fig. S22 below. 
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Fig. S22. Computed structure of Ni (111) as in model, seen from a slightly tilted angle so that the Ti atoms are 

alternating similarly to what observed in Fig. 1. 
In a subsequent step, we allowed the unit cell to relax in the two directions parallel to the slab for models 1-4 on the 
Ni(111) surface, as well as the bare Ni(111) slab, keeping only the z coordinates of the atoms in the two bottom Ni 
layers fixed. We also computed unit cell constant of bulk Ni using the same basis set and other numerical 
approximations as in the slab calculations (using 14x14x14 k-points), so we can compare the unit cell vectors of the 
slabs with those of the pure cutting plane. The results are given in Table S4 below. Model 4 gives the most significant 
contraction of the surface area and is therefore most commensurable with the experimental observation of compressive 
strain. Note that the bare Ni(111) slab shrinks even more, so putting on the Ti layers relieves some of the strain.  
Table S4. Axis length of the unit cell vectors of the modelled slabs when allowing the unit cell to relax in the 

two directions parallel to the slabs for models 1-4 on the Ni(111) surface, and relative change with respect to a 

non-relaxed Ni(111) cutting plane 

 Axis length [Å] change 

 a b a b 

Ni(111) cutting plane 14.8491 12.8597   
Ni(111) slab 14.7061 12.7526 -0.96% -0.83% 

Model 1 14.7470 12.8757 -0.69% 0.12% 

Model 2 14.8206 12.9085 -0.19% 0.38% 

Model 3 14.7986 12.8617 -0.34% 0.02% 

Model 4 14.7632 12.8448 -0.58% -0.12% 
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In Table S5 we give the computed distances between successive metal (oxide) layers. Since the z coordinates of the 
bottom two layers of Ni were fixed, for Ni-Ni we only show the distances between layers 2 and 3 as well as 3 and 4. 
The Ni(4)-Ti distance is but little affected by the expansion of the unit cell. We find the best fit with experiments for 
model 4, while for all models Ni-Ni interlayer distances are in reasonable agreement with experiment. All models 
show a computed Ti-Ti interlayer distance which is much larger than experimentally observed (see Fig. 1). This 
suggests that the oxygen sublayer structure between successive Ti layers is not exactly as in perfect rutile. This might 
be due to oxygen vacancies or hydrogen at oxygen positions. Note that substituting H for O causes the Ni(4)-Ti 
interlayer distance to shrink from 3.228 Å to 2.795 Å upon going from model 2 to model 4. 
Table S5. Computed distances between successive metal (oxide) layers for the modelled relaxed slabs. 

 Interlayer distances [Å] 

 Ni(2)-Ni(3) Ni(3)-Ni(4) Ni(4)-Ti Ti-Ti 

Model 1 2.012 2.016 3.243 3.278 

Model 2 2.012 2.016 3.228 3.278 

Model 3 2.016 2.034 2.447 3.237 

Model 4 2.010 2.036 2.795 3.267 
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Fig. S23. First and second cycle H2 chemisorption isotherms on Ni/TiO2 pre-reduced at 400 °C and 600 °C. 

 
Fig. S24. Mass spectrometry data obtained by a dedicated gas analyzer attached to the windowed gas cell at the 

point of CO2 + H2 introduction for 400-Ni/TiO2 catalyst prepared in situ. CO2 (Black), CH4 (red) and H2O 

(blue). Left: 2500-5000 s; right: 2500-14500 s of experiment time. 
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Fig. S25. Low magnification operando HAADF STEM images of 400-Ni/TiO2 NP prepared in situ and shown 

in Fig. 3, with a clearly faceted structure in H2 environment and more rounded structure during CO2 

hydrogenation. 
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Fig. S26. Atomic resolution and operando HAADF STEM images of 400-Ni/TiO2 catalyst prepared in situ, 

during exposure to CO2 hydrogenation conditions. Images show the conservation of Ni oxidation state during 

CO2 hydrogenation and the generation of a more rounded structure and absence of TiO2-x overlayer. 
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Table S6. Thermodynamically stable Ti2O3 amount (%) under CO–CO2 hydrogenation conditions (CO2:CO:H2 

= 3:1:7, 4 bar), as a function of temperature.  

T (°C) Ti2O3 (%) 

200 1.01E-13 

220 6.03E-13 

240 3.14E-12 

260 1.45E-11 

280 6.01E-11 

300 2.25E-10 

320 7.74E-10 

340 2.45E-09 

360 7.23E-09 

380 2E-08 

400 5.19E-08 

420 1.28E-07 

440 2.99E-07 

460 6.7E-07 

480 1.44E-06 

500 2.99E-06 

520 6.01E-06 

540 1.17E-05 

560 2.24E-05 

580 4.17E-05 

600 7.62E-05 

Equilibrium calculations were performed using the HSC Chemistry 9.1 software in the Gem equilibrium 
composition module, by the Gibbs free energy minimization method. The table shows that the TiO2 to Ti2O3 

reduction equilibrium shifts back to TiO2 under reaction conditions, with the highest Ti2O3 percentage in the 

range 200–400 °C being in the order of 10-8 %. This explains the observation that thin TiOx overlayers formed 

after 400 °C reduction are removed from the Ni surface when switching to CO2 hydrogenation conditions (Fig. 

1). On the other hand, thicker overlayers formed after 600 °C reduction were not removed, and instead 

restructured, as shown in Figs. 2 and 3. This can be explained by the fact that metastable TiO2-x may still exist due 

to kinetics effect, or by the reoxidation to TiO2 which is still anchored on the Ni surface. 



Submitted Manuscript 
 

56 
 

XPS results 
In order to determine the Ni and Ti 2p core level areas we take advantage of a fitting model that allows us to utilize 
the acquired background for improved statistics. Specifically, we calculate the Shirley background analytically from 
the fitted peak functions (65) and include the extrinsic contributions via an approximation to the Tougaard background. 
(66) An analytical approximation to the Voigt function is used to facilitate the calculation. (67) A fitting model using 
two and four Voigt doublets is used for the Ti and Ni 2p core levels, respectively. We employ genetic algorithms with 
a simple roulette wheel selection for the fitting routine in order to avoid local minima generated by the background 
functions. We assume the oxidation state of the cations to be constant and converge the fitting model so that it can 
describe all our spectra. Thus, to determine the area of the curves we are left only with four parameters: an intensity, 
an energy offset, Gaussian width and the scattering constant for the extrinsic background. The Gaussian width is left 
as a parameter, since the resolution of the AP-XPS experiment depends on composition of the atmosphere. The 
scattering constant of the extrinsic background allows our model to capture the decline of the intensity at the high-
binding energy side of the spectra (i.e., as opposed to a simple Shirley background that converges to a constant). 

 
Fig. S27. Nickel encapsulation by TiOx overlayers revealed by Near-Ambient Pressure-X-ray Photoelectron 

Spectroscopy ((NAP)-XPS): (A) Ni 2p region of the XPS spectra of fresh, reduced and spent Ni/TiO2 catalysts 

under UHV conditions, normalized to Ti 2p signal, after air passivation, showing different overall intensity in 

accordance with overlayer formation. (B) Detail of Ni 2p NAP-XPS spectra for the fresh and the pre-reduced 

catalysts under 0.3 mbar H2 at 350 °C (thick lines) compared to the UHV spectra, showing the appearance of 

metallic Ni signal and thus suggesting availability to the gas phase. 

To estimate the signal variation that would be obtained by the removal/formation of a TiO2 bilayer 30 % of a Ni 
particles surface (i.e., the facet-selective encapsulation observed in the TEM experiments), we performed numerical 
simulations using SESSA 2.2 assuming hemispherical Ni metal NPs on a flat TiO2 substrate (68). The resulting 
simulated variation of the Ni 2p / Ti 2p ratio is 10 ± 3 %. We note that while we only observe a ~1 % variation in 

our experiment (Fig. S28), there are two factors that make the numerical model overestimate the value. First, 

there is still a significant pressure gap between the NAP-XPS and TEM experiments. Second, the IMFP, an 

important input in the simulations, is poorly defined in the low-dimensional case of the TiO2 bilayer. Specifically, 
the number of empty states normal to the surface is typically significantly reduced at the low-dimensional limit, closing 
available scattering channels and increasing the IMFP. 
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Fig. S28. X-ray Photoelectron Spectroscopy (XPS) of the Ti 2p spectral region under Ultra-High Vacuum 

(UHV) for the fresh (black), 400 °C reduced (light red) and used (dark red), and 600 °C reduced (light blue) 

and used (dark blue) catalyst materials after air passivation.  
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Fig. S29. (Top) Ratio of Ni 2p/Ti 2p signal areas (Niarea/Tiarea) during the Near Ambient Pressure-X-ray 

Photoelectron Spectroscopy (NAP-XPS) experiments at 400 °C. The sample was cycled between 0.3 mbar H2/0.3 

mbar CO2 and 0.3 mbar H2 to probe the reversibility of the TiOx overlayer formation and removal, which can 

be observed by a decrease and increase in the Niarea/Tiarea during reduction and reaction, respectively. While 

the amplitude of oscillation is quite small (1 % of signal), this is robust against methods the areas are 

determined by. (Bottom) A visual representation of the ratio variation via the results of the applied fitting 

model, as described in the SI. 
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Fig. S30. HAADF STEM images of 600-Ni/TiO2 prepared in situ showing thick TiO2-x overlayers prepared at 

high temperature. 
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Fig. S31. Electron Energy-Loss Spectroscopy (EELS) evidence for an overlayer consisting of Ti by chemical 

mapping on 600-Ni/TiO2 prepared in situ. Top left and middle: HAADF STEM images showing the Ni NP 

measured (left) and locations of EELS spectra compared (middle). Right: extracted elemental distribution 

maps showing Ni (red) and Ti (green).  Bottom: EELS spectra of Ti L2,3 (left) and Ni L2,3 (right) ionization edges 

clearly showing Ni edges exclusively at the region of the brighter particle, whereas the Ti signal is found on the 

Ti support, at the same location as the Ni NP (green and blue spectra) and also at the edge of the Ni NP (black). 

These data confirm that the darker shell surrounding the Ni NP corresponds to a Ti-based overlayer and also 

that the overlayer is completely encapsulating the Ni NP due to a clear Ti signal found over the entire Ni NP. 
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Fig. S32. In-situ Electron Energy-Loss Spectroscopy (EELS) evidence from the same encapsulated nanoparticle 

shown in Fig. 2 for an overlayer consisting of Ti upon an alternative Ni nanoparticle by chemical mapping on 

600-Ni/TiO2. Left: HAADF STEM image showing the Ni NP measured and an annotation to show the location 

of TiOx shell where the corresponding EELS spectrum was summed in a similar manner to ref. (12). Right: 

EELS spectrum showing the summed Ti L2,3 ionization edge with a sufficient signal-to-noise to display a fine 

structure consistent with a predominantly Ti4+
 ions (i.e., TiO2) (13). 

 
 

 
Fig S33. In-situ Electron Energy-Loss Spectroscopy (EELS) evidence for an overlayer consisting of Ti upon an 

alternative Ni nanoparticle by chemical mapping on 600-Ni/TiO2. Left, middle: HAADF STEM image showing 

the Ni NP measured (left) and locations of EELS spectra compared (middle). Right: spectra of Ti L2,3 ionization 

edges clearly showing the Ti signal is found on the Ti support, at the same location as the Ni NP (green and 

orange spectra) and also at the edge of the Ni NP (yellow). These data confirm that the darker shell surrounding 

the Ni NP corresponds to a Ti-based overlayer. 
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Fig. S34. (top) HAADF-STEM images of Ni/TiO2 catalyst prepared in situ at 600 °C (600-Ni/TiO2) before 

reaction in H2 (left) and during CO2 hydrogenation conditions (middle–right) as shown in Fig. 2. (bottom) The 

same HAADF-STEM images as shown above, with an increased contrast to more clearly show the SMSI 

overlayer.  Annotations show the changing overlayer thickness with time, and the circle identifies an area of 

exposed Ni surface. 
  

 
Fig. S35. Ex-situ STEM characterization of 400-Ni/TiO2 (A,B) and 600-Ni/TiO2 (C,D) after CO2 hydrogenation 

(Conditions: CO2:H2:He = 1:4:5, 5 bar, GHSV = 80,000 h-1). 
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Fig. S36. Reduction temperature effect on catalyst performance: catalytic activity (A, B) and selectivity (C) to 

hydrocarbons in the CO2 hydrogenation reaction over Ni (6 wt.%)/TiO2 reduced at 400 °C and 600 °C 

(Conditions: CO2:H2:He = 1:4:5, 1 bar, GHSV = 80,000 h-1). 
 
 

 
Fig. S37. Reduction temperature effect on catalyst performance: catalytic activity (A, B) and selectivity (C) to 

hydrocarbons in the CO2 hydrogenation reaction over Ni (6 wt.%)/TiO2 reduced at 400 °C and 600 °C 

(Conditions: CO2:H2:He = 1:4:5, 5 bar, GHSV  = 80,000 h-1). 
 
 

 
Fig. S38. Turnover Frequency (TOF) of the CO2 hydrogenation reaction over Ni (6 wt.%)/TiO2 to 

hydrocarbons reduced at 400 °C and 600 °C (Conditions: CO2:H2:He = 1:4:5, 5 bar, GHSV = 80,000 h-1). 
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Fig. S39. Difference operando FT-IR spectra collected at 200–400	°C under CO2 hydrogenation conditions 

(CO2:H2:He= 1:4:5, 1 bar, GHSV = 80,000 h-1) over Ni (6 wt.%)/TiO2 reduced at 400 °C (A) and 600 °C (B). 

 

 
Fig. S40. (A) Example of fitting of the CO region (at 200 °C) to get signal contributions from different COads 

species from operando FT-IR spectra collected at 200–300	°C under COx hydrogenation conditions 

(CO2:CO:H2:He = 3:1:7:16, 5 bar, GHSV = 80,000 h-1) over Ni (6	wt.%)/TiO2 reduced at 400 °C and 600 °C 

(see text for details). (B) Integrated signal of subcarbonyl ((CO)x), on-top adsorbed CO (COtop) and bridge-

adsorbed CO (CObr.) on Ni, with (C) respective position of maximum absorption, as a function of temperature. 

Trend lines are added as a guide to the eye. 
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Fig. S40A shows a magnification of the CO region under CO–CO2 hydrogenation conditions at 200 °C for the two 
catalyst materials studied, fitted using 4 Gaussians (CO(g), (CO)x, COtop and CObr.), whose relative areas and maximum 
positions are shown as a function of temperature in 

 
Fig. S40B, respectively. It can be observed that CObr. species are the minority component over 600 °C reduced 
Ni/TiO2, conversely to what is expected for larger Ni NPs, and consistently with the presence of a TiO2-x overlayer. 
On the other hand, the relative area of the CObr. species over 400 °C reduced samples grows as a function of 
temperature to become the majority species. In accordance with subcarbonyl species stability (69), the peak area of 
the subcarbonyl species (CO)x decreases with temperature over both catalyst materials, so that at higher temperatures 
only the COtop contribution remains at higher wavenumbers. Notably, the position of peak maxima for all species over 
the 400 °C and 600 °C reduced catalysts are comparable (within the fit error) for all temperatures, except for 200 °C, 
in which a shift of 10 cm-1 towards higher wavenumber is observed after high reduction temperature (

 
Fig. S40C). Such a shift can be explained by a lower dipole–dipole interaction between CO adsorbates (70), consistent 
with higher adsorbate–adsorbate distance induced by Ni coverage by a patchy TiO2-x overlayer. 
After restructuring, the residual TiOx coverage is shown to reduce the extent to which Ni can react with CO to form 
unwanted Ni (sub)carbonyl (Fig. S40). Hernández Mejía et al. recently proposed two explanations for less nickel 
tetracarbonyl formation on Ni/Nb2O5 due to SMSI (31): (i) physical blockage by suboxides of exposed low-
coordinated nickel atoms, and/or (ii) destabilization of Ni–CO bond by electronic backdonation to the CO 2𝜋* orbital, 
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favored by electron transfer from the suboxides to Ni. The second hypothesis would result in a shift towards lower 
wavenumbers of the maximum of adsorbed CO signals with SMSI. We show that, instead, the wavenumber of all 
adsorbed CO species is comparable for both samples at all reaction temperatures (

 

Fig. S40C), which strongly suggests that physical blockage is the reason for less Ni(CO)4 formation by SMSI, at least 
over Ni/TiO2 catalyst materials under the studied conditions.  
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Fig. S41. Fitted CO region of the operando FT-IR spectra collected at 200–300	°C under COx hydrogenation 

conditions (CO2:CO:H2:He = 3:1:7:16, 5 bar, GHSV = 80,000 h-1) over Ni (6	wt.%)/TiO2 reduced at 400 °C (A) 

and 600 °C (B), showing Ni availability on both catalysts. See below for details of the fitting procedure.  

To fit the contributions of adsorbed CO species (1800–2100 cm-1), it is crucial to first correctly describe the 
contribution of the CO(g) signal which overlaps the same region. To this end, the signal for pure gaseous CO (dashed 
orange line) was obtained from the NIST database (https://webbook.nist.gov/) and scaled to the maximum observed 
at 2111 cm-1. Note that the dashed orange line nicely follows the observed spectrum on the left side (dark line). A 
Gaussian function (red line) was then used to fit the left part of the CO(g) curve, since this is the part that can affect 
the adsorbed CO contributions. Note that the fitting above a value of 2111 cm-1 is not optimal, but does not influence 
the fitting of the targeted spectral contributions. 
Once the gaseous CO fit was optimized, its parameters were fixed, and the rest of the contributions were fitted by 
three Gaussians.(71) Notably, using pseudo Voigt functions gave back almost pure Gaussians (but lead to divergent 
results in some cases), further supporting the validity of the Gaussian fitting method in the present case. 
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Fig. S42. Difference operando FT-IR spectra during CO2 hydrogenation over pure TiO2 (P25, Degussa without 

Ni) (CO2:H2:He= 3:4:5, 1 bar, GHSV = 80,000 h-1). Formate, carbonate and hydrogen carbonate species were 

assigned baseCOd on (72). 

Ni surface area calculations based on operando FT-IR spectroscopy data 

To calculate the relative amount of active sites on the Ni surface under reaction conditions after reduction at 600 °C 
compared to 400 °C due to TiO2-x coverage, we have compared the areas of the absorbed CO species after 
normalization by Ni weight for one of the Ni/TiO2 samples used in this study. This is based on the assumption that 
the quantity of exposed Ni sites correlates with the number of adsorbed CO species with a certain stoichiometry, and 
that the extinction coefficients are comparable for a given species on the samples reduced at two different 
temperatures. The ratio (r) of surface sites on 400 °C and 600 °C samples was then derived as the ratio of the following: 

- Method 1 (M1): the area of integrated COtop (2104–1977 cm-1) and CObridged (1977–1755 cm-1) regions of the 
operando FT-IR spectra (M1, Table S7).  

- Method 2 (M2): the sum of the areas of the COx, COtop and CObridge components from the fitted operando FT-
IR spectra (see Fig. S41). This method removes the area due to peaks from the rotovibrational spectrum of 
water. 

- Method 3 (M3): the weighed sum of the areas of the COx, COtop and CObridge components from the fitted 
operando FT-IR spectra (see Fig. S41), with 1/3, 1 and 2 as weighing factors accounting for the Ni:CO 
stoichiometry of the different species. 
 

The coverage was then calculated taking the difference in size of the nanoparticles into consideration: 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒	𝑐𝑜𝑣𝑒𝑟𝑎𝑔𝑒	(%) = B1 − 𝑟𝑁𝑖	𝑠𝑖𝑧𝑒ABB°/𝑁𝑖	𝑠𝑖𝑧𝑒DBB°/ 	F 	× 100 = H1 − 𝑟7.912.0	M 	× 100 

Finally, the TOFrel. cov., i.e., corrected for the relative coverage, was calculated as: 

𝑇𝑂𝐹+*'.		FGH. = 𝑇𝑂𝐹/𝑁𝑖I+(FJ"G1	*KLGM*N = 	𝑇𝑂𝐹/H 𝑟7.912.0	M 

The TOFrel. cov. Curves plotted in Fig. 3F, G are based on the assumption giving the lowest values, i.e, a lower bound 
of TOF enhancement. A summary of the TOFrel. cov. curves is reported in Fig. S43. 
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Fig. S43. Turnover Frequency (TOF) for (A) methane production and (B) C–C coupling products under COx 

hydrogenation conditions (CO2:CO:H2:He = 3:1:7:16, 5 bar, GHSV = 80,000 h-1) over Ni (6	wt.%)/TiO2 after 

reduction at 400 °C (red) and 600 °C (light blue). The dashed lines show the TOF corrected for the ratio of 

exposed Ni surface in the 600 °C vs. 400 °C reduced catalysts calculated by the three methods described in the 

text (M = method). 
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Table S7. Ni coverage for the 600 °C reduced sample, calculated based on the three methods, and the average 

of the three methods. 

Temperature (°C) Sites 

ratio 

M1 

Coverage M1 Sites 

ratio 

M2 

Coverage 

M2 

Sites 

ratio 

M3 

Coverage 

M3 

Average 

Coverage 

200 0.33 50% 0.50 24% 0.52 20% 32% 

250 0.33 50% 0.46 30% 0.46 30% 37% 

300 0.34 48% 0.45 32% 0.40 40% 40% 

350 0.35 47%      

 

 

 
Fig. S44. Turnover Frequency (TOF) for all observed reaction products under COx hydrogenation conditions 

(CO2:CO:H2 = 3:1:7:16, 5 bar, GHSV = 80,000 h-1) over Ni (6	wt.%)/TiO2 after reduction at 400 °C (left) and 

600 °C (right), based on metal nanoparticles dimensions, as calculated from Scanning Transmission Electron 

Microscopy High-Angle Annular Dark-Field (STEM-HAADF) analysis. 
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Table S8: Carbon mass balance under CO–CO2 hydrogenation conditions (CO:CO2:H2:He = 1:3:7:9, 5 bar, 

GHSV = 80,000 h-1) over Ni (6 wt.%)/TiO2. 

Catalyst Temperature (°C) 
C balance over Ni/TiO2 reduced at 
400 °C (%)  

C balance over Ni/TiO2 reduced at 
600 °C (%) 

200 85.2 84.3 

250 94.3 90.6 

300 96.4 89.9 

350 100.0 94.9 

400 105.7 103.2 
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Table S9. Thermodynamically predicted partial pressure of gaseous Ni(CO)4 under the investigated CO–CO2 

hydrogenation conditions (CO2:CO:H2 = 3:1:7, 4 bar) as a function of temperature.  

Equilibrium calculations were performed using the HSC Chemistry 9.1 software in the Gem equilibrium 

composition module, by the Gibbs free energy minimization method. Notably, despite the fact that traces of gaseous 
Ni(CO)4 are expected to form (and possibly lead to nanoparticles growth by Ostwald ripening), they could not be 
observed by FT-IR spectroscopy due to the low concentration predicted by thermodynamic calculations. 

Reaction 

temperature (°C)  Partial pressure of Ni(CO)4(g) (bar) 

200 1.47E-27 

210 4.35E-27 

220 1.23E-26 

230 3.30E-26 

240 8.51E-26 

250 2.11E-25 

260 5.05E-25 

270 1.17E-24 

280 2.62E-24 

290 5.70E-24 

300 1.21E-23 

310 2.49E-23 

320 5.01E-23 

330 9.86E-23 

340 1.90E-22 

350 3.58E-22 

360 6.62E-22 

370 1.20E-21 

380 2.15E-21 

390 3.76E-21 

400 6.49E-21 
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Reproducibility of catalytic testing results 

The following figures show repeated catalytic experiments with a different batch of 6 wt.% Ni/TiO2 catalyst to ensure 
that the reported catalytic testing results can be considered as sufficiently reproducible. The slight difference observed 
with respect to the catalyst of the main text is due to some small differences in the metal nanoparticle sizes as well as 
the experimental settings used, but the overall results present a similar trend both in terms of particle size and catalytic 
performance. 

 
Fig. S45. Carbon yield of 400-Ni/TiO2 (A) and 600-Ni/TiO2 (B) for CO/CO2 hydrogenation (light shade). (C) 

Selectivity to hydrocarbons in the CO/CO2 hydrogenation reaction over 400-Ni/TiO2 and 600-Ni/TiO2. (D and 

E) Operando FT-IR spectra collected at 200° to 300	°C under CO–CO2 hydrogenation conditions over (D) 400-

Ni/TiO2 and (E) 600-Ni/TiO2, showing Ni exposure in both catalyst materials. The estimate for Ni coverage for 

600-Ni/TiO2 and the majority COads species at 300 °C is schematically depicted for the two catalysts. (F,G) 

Turnover frequency (TOF) for (F) methane production and (G) C–C coupling products over 400-Ni/TiO2 (red) 

and 600-Ni/TiO2 (light blue). The dashed dark blue line shows the TOF corrected for the most conservative 

estimate of exposed Ni surface in 600-Ni/TiO2 . Conditions for CO/CO2 methanation: CO2:CO:H2:He = 

3:1:7:16, total flow = 27 mL/min, 5 bar, GHSV = 80,000 h-1. 
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Fig. S46. Ex-situ STEM characterization of 400-Ni/TiO2 (A, C) and 600-Ni/TiO2 (B, D) after ex-situ reduction 

(Conditions: H2:He = 1:1, 1 bar) and of 400-Ni/TiO2 (E, G) and 600-Ni/TiO2 (F, H) after CO/CO2 

hydrogenation: CO2:CO:H2:He = 3:1:7:16, total flow = 27 mL/min, 5 bar, GHSV = 80,000 h-1.  

 
Fig. S47. (A) Example of fitting of the CO region (at 200 °C) to get signal contributions from different COads. 

species (see SI for details). (B) Integrated signal of subcarbonyl ((CO)x), on-top adsorbed CO (COtop), and 

bridge-adsorbed CO (CObr.) on Ni during CO/CO2 hydrogenation (CO2:CO:H2:He = 3:1:7:16, 5 bar, GHSV = 

80,000 h-1), with (C) respective position of maximum absorption, as a function of temperature. Trend lines are 

added as guide to the eye. 
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Fig. S48. Fitted CO region of the operando FT-IR spectra collected at 200–300	°C under COx hydrogenation 

conditions (CO2:CO:H2:He = 3:1:7:16, 5 bar, GHSV = 80,000 h-1) over Ni (6	wt.%)/TiO2 reduced at 400 °C (A) 

and 600 °C (B), showing Ni availability on both catalysts. 

 
Table S10: Carbon mass balance under CO–CO2 hydrogenation conditions (CO:CO2:H2:He = 1:3:7:16, 5 bar, 

GHSV = 80,000 h-1) over Ni (6 wt.%)/TiO2. 

Catalyst Temperature (°C) 
C balance over Ni/TiO2 reduced at 
400 °C (%)  

C balance over Ni/TiO2 reduced at 
600 °C (%) 

200 88.1 93.7 

250 99.9 96.5 

300 99.9 100.0 

400 100.5 98.2 
 
The carbon balance was higher than 95% in all cases, except at 200 °C, at which the carbon balance for the 400 °C 
reduced catalysts was 88 %, suggesting favored C deposition due to the Bouduard reaction. 
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Fig. S49: Turnover Frequency (TOF) for (A) methane production and (B) C–C coupling products under COx 

hydrogenation conditions (CO2:CO:H2:He = 3:1:7:16, 5 bar, GHSV = 80,000 h-1) over Ni (6	wt.%)/TiO2 after 

reduction at 400 °C (red) and 600 °C (light blue). The dashed lines shows the TOF corrected for the ratio of 

exposed Ni surface in the 600 °C vs. 400 °C reduced catalysts calculated by the three methods described in the 

text (M = method). 

Table S11: Ni coverage for the 600 °C reduced sample, calculated based on the three methods, and the average 

of the three methods.  

Temperature (°C) Sites 

ratio 

M1 

Coverage 

M1 

Sites 

ratio 

M2 

Coverage 

M2 

Sites 

ratio 

M3 

Coverage 

M3 

Average 

Coverage 

200 0.11 81% 0.23 61% 0.22 64% 69% 

250 0.17 72% 0.26 57% 0.25 66% 66% 

300 0.29 53% 0.21 66% 0.18 69% 63% 

400 0.51 16% 0.24 56% 0.26 57% 43% 
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Fig. S50. Turnover Frequency (TOF) for all observed products under COx hydrogenation conditions 

(CO2:CO:H2:He = 3:1:16, 5 bar, GHSV = 80,000 h-1) over Ni (6	wt.%)/TiO2 after reduction at 400 °C (left) and 

600 °C (right), based on nanoparticles dimensions calculated from Scanning Transmission Electron Microscopy 

High-Angle Annular Dark-Field (STEM-HAADF) analysis. 

 

 


