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Direct conversion of CO and H2O to 
hydrocarbons at atmospheric pressure using 
a TiO2−x/Ni photothermal catalyst

Xuetao Qin    1,8, Ming Xu1,2,8, Jianxin Guan    1,8, Li Feng3,4,8, Yao Xu1, 
Lirong Zheng5, Meng Wang1, Jian-Wen Zhao3,4, Jia-Lan Chen3,4, Jie Zhang1, 
Jinglin Xie1, Zhihao Yu1, Ruiqi Zhang1, Xinmao Li1, Xi Liu    6,7 , Jin-Xun Liu    3,4 , 
Junrong Zheng    1  & Ding Ma    1 

Hydrocarbon fuels can be synthesized from CO and water via Kölbel–
Engelhardt synthesis, a thermocatalytic process in which temperatures of 
≥200 °C and elevated pressures are typically needed. While light-driven 
hydrocarbon production by CO hydrogenation has been demonstrated 
under milder conditions, for this reaction H2 must first be sourced. Here 
we report the direct production of hydrocarbons from CO and water at 
atmospheric pressure via light-driven Kölbel–Engelhardt synthesis without 
external heating or the addition of H2. Using a TiO2-supported Ni catalyst, we 
obtain an activity o f 8 .8 3 m ol −CH2− molNi

−1 h−1 and C2+ selectivity higher than 
55%. In situ spectroscopy and density functional theory calculations suggest 
that the migration of photogenerated electrons from TiO2 to Ni facilitates 
carbon–carbon coupling at the interface of the TiO2−x/Ni catalyst, which 
accounts for the observed high selectivity towards multi-carbon products.

The desire to produce valuable hydrocarbons from waste carbon 
resources and biomass has renewed interest in catalytic CO hydrogena-
tion to liquid fuels, which is also known as Fischer–Tropsch synthesis 
(FTS)1,2. For example, a billion tons of waste CO is produced in industry 
each year, while the fate of these waste carbon resources is mostly 
being burned off into CO2 and/or directly released into the environ-
ment3,4. Using these waste CO resources to produce high-value-added 
chemicals or liquid fuels may have advantages in cost, and moreover, 
making use of waste carbon resources could be a powerful route to 
mitigate carbon emissions.

Hydrogen at a certain H2/CO ratio is required to accomplish the 
FTS process5,6. To diminish the usage of hydrogen gas directly, it was 

proposed by Kölbel and Engelhardt in the 1950s that it is possible to 
produce hydrocarbons by using CO and H2O as feeds in a process 
called Kölbel–Engelhardt synthesis (KES)7, which integrated the 
water–gas shift (WGS)8–11 and CO hydrogenation reactions in the 
same catalytic system. However, catalysts at the time had very poor 
catalytic performance, and with the steady supply of petroleum 
later, interest in this direction faded away12–14. Recently, an efficient 
tandem thermocatalyst, Pt–Mo2C/C (for WGS reaction) + Ru/C  
(for FTS process), was reported, which enables the direct conver-
sion of CO and H2O in the aqueous phase to liquid hydrocarbons14. 
However, the process is limited by the requirement for high-cost 
noble metal catalysts, and moreover, harsh reaction conditions, such 
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The structure of the photothermal catalyst
The NiTi-layered double hydroxides (LDH) nanosheets were syn-
thesized by a hydrothermal method10,20. Mixed oxides (NiTi-MMO) 
composed of NiO and TiO2−x were fabricated by calcining NiTi-LDHs 
at 500 °C for 4 h (Supplementary Fig. 1). Quasi in situ X-ray diffraction 
(XRD), X-ray absorption spectroscopy (XAS), ultraviolet–visible–near 
infrared (UV‒Vis–NIR) spectrophotometry and X-ray photoelectron 
spectroscopy (XPS) were used to analyse the structure of TiO2−x/Ni 
catalysts reduced at various temperatures (T indicates the reduction 
temperature of catalysts, denoted TiO2−x/Ni-T). The Ni species were 
reduced to the metallic state at 400 °C (Fig. 1a–c and Supplementary 
Figs. 2 and 3). At 450 °C, the Ni absorption edge of the TiO2−x/Ni-450 
catalyst shifted to lower energy than that of Ni foil, indicating the pres-
ence of Niδ− species with lower valence than the metallic state. The 
absorption edge and its first derivative gradually migrate to lower 
energy as the reduction temperature rises (Fig. 1a and Supplementary 
Fig. 3). From the quasi in situ XPS results (Fig. 1b), the peak attributed 
to nickel oxide dominates the 2p3/2 spectra at reduction temperatures 
lower than 350 °C, while peaks at 852.7 and 852.2 eV become the main 
peaks at 350 °C or higher, which is due to the presence of Ni0 and Niδ− 
species, respectively. Even at high reduction temperatures, the peak 
at 852.2 eV becomes the majority of the spectrum, indicating that a 
larger proportion of Niδ− species formed in the further reduced catalyst. 
Previously, it was reported that the strong metal–support interac-
tion (SMSI) between Ni and TiO2−x will enable electron transfer from 
the TiO2−x support to the Ni species, which accounts for the observed 
electronic character of Niδ− species20.

The diffuse reflectance UV‒Vis–NIR spectra of TiO2−x/Ni-T (Sup-
plementary Fig. 4) were used to investigate the light absorption 
behaviour of the catalysts. In contrast to Ni-TiMMO, which shows 

as a high reaction pressure (at least 3 MPa), impose a high energy 
requirement. Therefore, it is highly desirable to develop the cata-
lytic system driven by renewable energy to convert CO and H2O into 
hydrocarbons, which can operate under mild reaction conditions, 
that is, at atmospheric pressure and using earth-abundant transition 
metals as catalysts. It has been reported that, under light irradiation, 
CO can react with H2O for WGS reaction and CO can be hydrogen-
ated by molecular H2 into methane and other hydrocarbons15–19. 
However, the processes of CO hydrogenation reactions require the 
use of high-pressure hydrogen, and a specific H2:CO ratio is needed 
to successfully convert CO (refs. 15,16).

In this article, we report a direct synthesis of hydrocarbons from 
CO and H2O via photo-driven catalysis under atmospheric pressure, 
and no extra heating is needed. TiO2-supported earth-abundant 
nickel catalysts were demonstrated to be able to convert CO and 
water into hydrocarbons under photo-irradiation. The space–time 
yield of hydrocarbons obtained over TiO2−x/Ni-450 catalyst is as high 
as 8.83 mol−CH2− molNi

−1 h−1. The photo-driven catalytic reaction was 
studied using a combination of various in situ techniques. The inte-
grated spectroscopic evidence shows that, in addition to providing 
the heat required for the reaction, the light facilitates charge transfer 
from TiO2−x to Ni and consequently shifts CO hydrogenation towards 
C2+ over the TiO2−x/Ni interface in photothermal synthesis. Density 
functional theory (DFT) calculations indicate that the presence of the 
photon-induced electron accelerates the CH–CH coupling process 
and improves the CH surface coverage, which promotes the selectiv-
ity to C2+ products compared with the thermocatalytic reaction. We 
have confirmed the possibility of using water as the hydrogen donor 
to accomplish photo-driven CO conversion to hydrocarbons under 
atmospheric pressure.
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Fig. 1 | Characterization results of the catalyst structure. a, The first derivative 
spectra of Ni K-edge XANES of Ni-TiMMO and TiO2−x/Ni-T. Derivative norm. is the 
notation for the normalized intensity of the first derivative signal. b, Quasi in situ 
XPS spectra of Ni 2p3/2 for Ni-TiMMO and TiO2−x/Ni-T. c, The Fourier transform 

(FT) of the EXAFS spectra of Ni-TiMMO and TiO2−x/Ni-T. d, In situ STEM images of 
the TiO2−x/Ni catalyst after reduction in a H2 atmosphere (10 Pa) at 250 °C, 350 °C, 
400 °C and 450 °C.
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a strong absorption primarily in the UV region, TiO2−x/Ni-T exhib-
its a broad absorption across the entire spectrum, indicating the 
full-spectrum-absorption ability of TiO2−x/Ni-T. The apparent tem-
perature of the TiO2−x/Ni-450 catalyst bed ranges from 202 °C to 
248 °C under different light intensities (shown in Supplementary 
Fig. 10a). Interestingly, the in situ XPS spectra of the Ni 2p shell of 
the TiO2−x/Ni-450 catalyst (Supplementary Fig. 5) show that, under 
light-on and light-off conditions in sequence, the Ni 2p3/2 peak shifted 
to an even lower binding energy under the re-irradiation conditions 
and subsequently returned to the original position under the light-off 
condition, which demonstrates the reversible charge accumulation 
on the Ni surface induced by light irradiation. This means that the 
Ni species may serve as a charge acceptor/donor during the photo-
catalytic process.

Environmental STEM with an secondary electron detector is used 
to demonstrate the inherent physicochemical behaviour of Ni-based 
catalysts. In particular, the surface morphology of TiO2−x/Ni catalysts 
can be explored under working conditions. The passivated TiO2−x/Ni-T 
catalysts were reduced in a H2 atmosphere (pressure 10 Pa) at different 
reduced temperatures for 1 h. The morphology of the Ni nanoparticles 
gradually changes into regular truncated octahedrons as the reduction 
temperature increases from 250 °C to 450 °C, and the Ni nanoparticles 
are embedded into TiO2−x (or the migration of TiO2−x onto Ni nano-
particles) at the same time (Fig. 1d and Supplementary Figs. 6 and 7). 
The strong interaction between Ni nanoparticles and TiO2−x can be 
adequately illustrated by the above-verified results.

Photothermal catalytic performance
We then evaluated the catalytic performance of TiO2−x/Ni catalysts for 
CO and H2O conversion under light irradiation at atmospheric pres-
sure. The results are summarized in Table 1 and Supplementary Table 2.  
Light irradiation without the catalyst gives no products (Table 1,  
entry 1). Additionally, the oxide precursor (NiTi-MMO) displays a poor 
CO conversion (1.7%; Supplementary Table 2, entry 1). In contrast, the 
reduced catalysts display considerable activity, and a strong depend-
ence of activities on the reduction temperature can be observed as 
well. A key role of WGS in photothermal catalysis is evidenced by 
the appreciable production of CO2 and H2 in all the reduced cata-
lysts, but activities for subsequent CO hydrogenation emerged and 
increased with the reduction of Ni. TiO2−x/Ni-300, with a lower content 
of metallic Ni species, exhibits a CO conversion of 9.8% with methane 
as a major product in hydrocarbons (Table 1, entry 2). Both the CO 

conversion and C2+ selectivity gradually increased as the reduction 
temperature increased from 300 °C to 450 °C (Table 1, entries 2–5), 
and later, the C2+ selectivity exceeded the selectivity to methane, 
indicating that the metallic Ni species or even the Niδ− species are the 
active sites for the photo-driven cascade KES reaction21–23. The CO 
conversion reached a maximum and dropped afterwards when the 
reduction temperature rose from 450 °C to 600 °C, which should be 
due to the decrease in the number of exposed Ni sites and possibly 
further changes in the electronic structure of Ni species after reduc-
tion at high temperatures (Table 1, entries 5–8 and Supplementary 
Fig. 12). In the environmental STEM experiments, we observed that 
TiO2−x migrated obviously to Ni nanoparticles and even coated Ni 
nanoparticles to a certain extent when the reduction temperature 
reached 600 °C (Supplementary Figs. 17 and 18) due to the strong 
interaction, which is consistent with the CO chemisorption results 
(Supplementary Figs. 8 and 9 and Supplementary Table 1). This could 
explain why the activity of catalysts declines when the reduction 
temperature exceeds 450 °C.

In contrast, the Ni/Al2O3 catalyst is unable to catalyse the formation 
of hydrocarbons under irradiation but exhibits activity to WGS (Sup-
plementary Table 6, entry 3) with a CO conversion of less than 10% and 
the major product being CO2. This suggests that the TiO2−x/Ni catalysts 
formed under SMSI, not solo metallic Ni, are pivotal in photo-driven 
CO and H2O to hydrocarbon reaction, while the unique structure of 
TiO2−x/Ni confers the catalyst the ability to absorb the light and finish 
the chemical transformation.

The experiment utilizes the 13CO as feed during the photother-
mal catalytic KES reaction to trace where carbon goes. The carbon 
source of the hydrocarbons is CO as confirmed by isotopic labelling 
experiments (Supplementary Fig. 14). The selectivity for hydrocarbon 
products obtained from the TiO2−x/Ni catalyst follows the Anderson–
Schulz–Flory distribution (Supplementary Fig. 15), with a relatively 
small growth factor (α) of 0.447.

After optimization of the reaction conditions (Supplementary 
Tables 3–5), the TiO2−x/Ni-450 catalyst achieved a hydrocarbon forma-
tion activity of 8.83 mol−CH2− molNi

−1 h−1 and C2+ selectivity of 55.5% under 
irradiation (Table 1, entry 9), which even overwhelmed the performance 
of thermal catalytic KES reactions reported in the literature (Supple-
mentary Table 7). More interestingly, the TiO2−x/Ni-450 catalyst is also 
active under simulated sunlight (Table 1, entry 10). The conversion of 
CO was 8.1% in 2 h, while the selectivity of C2+ hydrocarbons was over 
51.9%. The TiO2−x/Ni-450 catalyst also shows good stability, and the 

Table 1 | Photothermal catalytic performance of Ni-based catalystsa

Entry Photocatalyst CO conversion (%) Hydrocarbon selectivity (%) WGS activity  
(mol CO2 molNi

−1 h−1)
FTS activity  
(mol−CH2− molNi

−1 h−1)
Activity  
(mol CO mol Ni−1 h−1)

CH4 C2–C4 C5+

1 Blankb 0 – – – – – –

2 TiO2−x/Ni-300 9.8 70.5 26.5 3.0 3.33 0.62 5.00

3 TiO2−x/Ni-350 14.8 52.8 36.2 11.0 5.91 1.28 8.24

4 TiO2−x/Ni-400 31.9 51.1 37.0 11.9 16.47 3.29 21.89

5 TiO2−x/Ni-450 34.8 44.3 44.9 10.8 20.41 5.04 26.90

6 TiO2−x/Ni-500 26.5 41.2 48.2 10.6 15.54 4.05 20.74

7 TiO2−x/Ni-550 15.7 38.2 51.0 7.8 7.94 1.77 11.13

8 TiO2−x/Ni-600 12.42 36.7 57.0 6.3 6.72 1.49 9.77

9 TiO2−x/Ni-450c 12.1 44.5 45.6 9.9 35.61 8.83 46.76

10 TiO2−x/Ni-450d 8.1 48.1 41.7 10.2 4.16 0.97 6.26
aReaction conditions: no external heating, irradiation time: 120 min, 300 W Xe lamp (200–1,000 nm), light intensity: 1.53 W cm−2 (apparent temperature of the catalyst bed: 220 °C), CO/Ar = 96/4, 
100 μl H2O, catalyst mass: 50 mg. The activity was normalized over surface Ni according to CO chemisorption results. bBlank experiment: irradiation in the absence of any catalyst in CO and 
H2O or illumination of the catalysts in Ar under above conditions. cCatalyst mass: 10 mg. dSimulated sunlight experiment: under the same experimental conditions with a solar simulator instead 
of the Xe lamp, apparent temperature of the catalyst bed: 54 °C.
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structure of the catalyst remains almost unchanged according to in situ 
XAS and in situ XPS (Supplementary Fig. 16).

We also evaluated the contribution of heat to the catalytic activity. 
We noticed that the temperature of the catalyst bed increased rapidly 
during the first 5 min of irradiation and then stabilized at 202–248 °C 
after 30 min (Supplementary Fig. 10a). A control reaction was carried 
out at the same temperature without light irradiation to check the 
impact of light on the reaction. Only 10.8% of CO was converted after 
2 h of reaction at 220 °C (Supplementary Fig. 13), and the WGS product, 
CO2, was the major product, which again indicates the importance 
of the photo-irradiation in current process (Supplementary Table 6, 
entry 1). Therefore, it seems that the formation of hydrocarbons is 
unlikely to be accomplished from the thermal energy generated from 
irradiation, while the C–C coupling step on TiO2−x/Ni is most likely a 
photon-driving process.

Investigating the photothermal catalytic reaction mechanism
So far, limited by the complex reaction system and the difficulty in clari-
fying the role of photons, the mechanism of most photothermal cata-
lytic processes remains ambiguous. This problem has been investigated 
by using in situ spectroscopic experiments24. During photocatalytic 
or photothermal catalytic reactions, academics have paid extensive 
attention to the electron transfer process once the catalyst material 
is activated by photons25. However, the direct observation of electron 
migration in the catalyst during the photothermal process is still not 
achieved. To further understand the mechanism of photocatalytic or 
photothermal catalytic reaction processes, in situ characterization 
with ultrafast response is urgently needed. In situ time-resolved diffuse 
reflectance Fourier transform spectroscopy (DRIFTS) was carried out 
in this work to investigate the reaction routes in terms of activation 
of CO and formation of intermediates (Fig. 2a,b). More crucially, we 
used in situ ultrafast IR spectroscopy (Fig. 2c–f) to identify short-lived 

transient species over various catalysts and distinguish their photo-
catalytic behaviours associated with photon excitation, which could 
help us better understand the difference between photocatalysis and 
photothermal catalysis.

The IR bands at ~2,075/2,071 cm−1 and ~1,925/1,923 cm−1 in Fig. 2a,b, 
which are assigned to linear adsorbed CO species on Ni defect sites and 
bridge adsorbed species on Niδ− sites, respectively, are both observed 
under photothermal or thermal conditions after CO and H2O adsorp-
tion (Supplementary Fig. 19)10,20. The IR bands at ~2,941 cm−1 (asym-
metric vas(C–H) stretching vibrations of CHx* species) and ~2,886 cm−1 
(symmetric vs(C–H) stretching vibrations of CHx* species) and the IR 
bands at ~1,378 cm−1 and ~1,354 cm−1 corresponding to the bending 
vibrations of CHx* species gradually increase with increasing irra-
diation time (Fig. 2a)26. In addition, no notable IR band at 3,016 cm−1 
(assigned to the v(C–H) stretching vibration of CH4 molecules) can 
be identified27,28. This shows that C2+ hydrocarbon compounds, rather 
than CH4, are the major products of photothermal catalysis. Mean-
while, no infrared vibrations of CHx* species were observed in the 
thermal catalytic experiment, but there was a strong v(C–H) stretch-
ing vibration of CH4 at 3,016 cm−1, indicating that methane was the 
major product of hydrocarbons in the thermal catalytic process. This 
is also consistent with our activity results (Supplementary Table 6 
and Supplementary Fig. 13). Surprisingly, we found the presence of 
exceptional reaction intermediates (1,600 cm−1 to 1,100 cm−1 belonged 
to C–O and C–C vibrations) under photothermal conditions in con-
trast to the thermal conditions, in addition to product changes, which 
demonstrates that the photocatalytic process could alter the conven-
tional chemical route, allowing for more hydrocarbon compounds 
to be produced.

Moreover, in situ ultrafast Vis pump/IR probe spectroscopy 
was carried out to study such a photon-induced electron excita-
tion and transfer process, which expectedly played a vital role in the 
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photothermal reaction. Upon excitation, broad band absorption 
appears, reaches maxima almost instantaneously and diminishes 
quickly, ranging from 1,300 cm−1 to 3,000 cm−1 (Fig. 2e and Supplemen-
tary Figs. 21 and 22), which is attributed to the generation of a larger 
quantity of free electrons29–33 (Supplementary Figs. 20 and 23). The 
pure TiO2 illustrates representative cooling and trapping processes 
(Fig. 2d), whereas Ni/Al2O3 shows a tiny signal and fast-decaying pro-
cess of free electrons (Fig. 2f), indicating that free electron excitation 
originates from TiO2 instead of Ni upon 520 nm excitation. Compared 
with Ni/Al2O3 and TiO2, the TiO2−x/Ni-450 catalyst shows a notably longer 
relaxation process (Fig. 2c–f), which indicates that the electron transfer 
process occurs from TiO2−x to Ni, leading to a much more difficult trap-
ping process in TiO2−x. In the photon-induced electron excitation and 

relaxation process of the TiO2−x/Ni-450 catalyst (Fig. 2e), two absorption 
peaks at ~2,170 cm−1 and ~2,120 cm−1 appear upon 520 nm excitation, 
which are assigned to the excited state absorptions of CO located 
on different sites on Ni. These two peaks slightly redshift induced 
by the electronic excitation compared with their respective peaks of 
the ground state absorptions located at 2,174 cm−1 and 2,120 cm−1 in  
the Fourier-transform IR spectrum (Fig. 2a), suggesting that free elec-
trons transfer to CO, which is also supported by our DFT calculations. 
The emergence of the CO vibrational relaxation on Ni active sites 
implies that free electrons transfer from metallic Ni to CO after the 
electron transfer process occurring from TiO2−x to Ni under irradia-
tion. Therefore, we conclude that the free electron excitation probably 
originates from TiO2 and then transfers to Ni and eventually to CO.
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Fig. 3 | DFT studies on the mechanism of CO hydrogenation. a, Top and 
side views of isosurfaces of the differential charge density of the Ni ribbon 
adsorbed on the TiO2−x/Ni and photo-excited TiO2−x/Ni surface with isovalues 
of 0.007 |e| Å−3. Yellow and cyan colours represent charge depletion and 
accumulation, respectively. b, Potential energy diagram for CO methanation 
over Ni(111) and TiO2−x/Ni surfaces. c, Potential energy diagram for C2H4 
formation via CH–CH coupling over Ni(111) and TiO2−x/Ni surfaces. The forward 
activation barriers are indicated in eV. d, Key transition state configurations for 
CH4 and C2H4 formation at the interface of photo-excited TiO2−x/Ni(111) surface. 

The bond distances between two fragments at the transition states are indicated 
in Å. The blue, grey, red/green and black spheres are Ni, Ti, O and C atoms, 
respectively. e,f, Potential energy diagrams for CH4 (e) and C2H4 (f) formation 
over the photo-excited TiO2−x/Ni surface, respectively. g, Comparisons of the 
adsorption energies of CH, OH/H and CO over the TiO2−x/Ni and photo-excited 
TiO2−x/Ni surfaces. h,i, Density of state (DOS) (h) and the projected crystal orbital 
Hamilton population (pCOHP) plots (i) of C–Ni/C–Ti bonds for CH adsorption at 
the interface of TiO2−x/Ni and photo-excited TiO2−x/Ni surfaces, respectively.
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Reaction mechanism identification by DFT calculations
DFT calculations were performed to understand the CO hydrogena-
tion mechanism over the TiO2−x/Ni catalyst, where Ni nanocrystals 
are supported on a partially reduced TiO2 substrate. The interfacial 
TiO2−x/Ni catalyst was modelled by using a three-layered Ni ribbon 
consisting of three columns of Ni atoms adsorbed on oxygen-deficient 
TiO2(101) (Fig. 3a). The Ni(111) surface was first studied as a refer-
ence because it is uniformly exposed on the metallic Ni nanoparticle  
(Fig. 1d). During the photo-driven thermal catalysis, the most favour-
able hydrogen-assisted CO activation via HCO in the formation of 
CH monomers (Fig. 3b and Supplementary Figs. 24, 25, 31 and 32) is 
identified as the rate-determining step for CO methanation over the 
Ni(111) surface with an overall activation barrier of 2.27 eV (Fig. 3b).  
Although the hydrogenation of the CH monomer and the most likely 
CH–CH coupling (Supplementary Table 8) has similar activation 
barriers (0.69 eV versus 0.71 eV), subsequent hydrogenation of CH2 
towards CH4 is preferable to the hydrogenation of C2H2 toward C2H4 by 
0.39 eV due to the higher endothermic reaction energy for the latter 
reaction over the Ni(111) surface (Fig. 3b,c and Supplementary Figs. 31 
and 32). Our calculation results are corroborated by our experimen-
tal measurements that CH4 is the major product for CO hydrogena-
tion over Ni/Al2O3 via the photo-driven thermal catalytic procedure  
(Supplementary Table 6).

As compared with Ni(111) surface, the interfacial sites of the TiO2−x/
Ni surface improve the energetics of CO hydrogenation. For example, 
CO activation is enhanced at the interface of the TiO2−x/Ni catalyst in the 
formation of CH monomer (Ea = 1.03 eV) attributed to the strong attrac-
tive interactions between Ti atoms and O atoms in CO/HCO intermedi-
ates lowering the transition state energies (Fig. 3b and Supplementary 
Figs. 24, 25, 33 and 34). The activation barrier for the most favourable 
CH–CH coupling decreases from 0.71 eV over Ni(111) to 0.42 eV over 
TiO2−x/Ni (Fig. 3c), which indicates the essential role of the TiO2−x/Ni 
interface in accelerating carbon–carbon coupling in the formation of 
long-chain hydrocarbons. Compared with direct CH hydrogenation, 
CH–CH coupling is easier to take place by 0.17 eV for further hydrogena-
tion (Fig. 3b,c), which principally results in a high selectivity of the C2 
product on the TiO2−x/Ni catalyst via a thermal catalytic procedure34. 
However, the dissociative adsorption of the H2O reactant (OH/H) sup-
presses CO adsorption at the interface of the TiO2−x/Ni catalyst by 
0.24 eV (Fig. 3g), resulting in a relatively low surface coverage of the CH 
monomer, which thus gives a low reaction rate of CH–CH coupling35. 
Therefore, CH4 remains the major product for CO hydrogenation at the 
interface of TiO2−x/Ni catalysts via photo-driven thermal catalysis (Sup-
plementary Table 6); however, this cannot explain the higher selectivity 
of C2+ found over the TiO2−x/Ni catalysts under light.

An external electron added to the TiO2−x/Ni surface was used to 
model the photo-excited TiO2−x/Ni catalyst, where the photoinduced 
electron generated in TiO2−x can be transferred from interfacial Ti to Ni 
(Fig. 3a), as corroborated by our in situ ultrafast IR spectroscopy experi-
ment (Fig. 2c–f). We found that the presence of an extra electron in the 
photo-excited TiO2−x/Ni surface promotes CH–CH coupling and direct 
CH hydrogenation by 0.17 eV and 0.10 eV, respectively (Fig. 3d–f and Sup-
plementary Figs. 35 and 36). The lower activation barriers for CH hydro-
genation and CH–CH coupling are attributed to their higher exothermic 
reaction energies driven by the weaker CH intermediate adsorption by 
0.39 eV (Fig. 3g) over the photo-excited TiO2−x/Ni surface. The origin 
for the weakened CH adsorption comes from the large charge trans-
fer from the photo-excited TiO2−x/Ni surface to the CH monomer and 
more occupation of the antibonding orbitals of Ni–C bonds (Fig. 3h,i).  
Similar to the TiO2−x/Ni surface, CH–CH coupling remains more prefer-
able than direct CH hydrogenation by 0.24 eV at the interface of the 
photo-excited TiO2−x/Ni surface. The presence of an extra electron 
slightly increases CO adsorption by 0.23 eV, which might be due to the 
stabilization of the CO adsorbed photo-excited TiO2−x/Ni surface by 
forming stronger Ti–O bonds by decreasing the bond distances with a 

maximum of 0.06 Å (Supplementary Figs. 26). As a result, the compa-
rable adsorption energies of H2O dissociative adsorption (OH/H) and 
CO adsorption (−2.01 eV versus −2.08 eV; Fig. 3g) gives a relatively high 
surface coverage of CHx intermediates for CH–CH coupling promoting 
C2+ production over photo-excited TiO2−x/Ni. One layer Ti6O12 cluster 
anchored on Ni(111) surface (Supplementary Figs. 27 and 28) was used 
to model the alternative interface formed by the thin TiO2−x overlayer 
covering on Ni nanoparticles due to the SMSI effect. Nearly the same 
results can be found at the interface of Ni/Ti6O11 surface (Supplemen-
tary Figs. 27, 28, 37 and 40). The comparable low activation barriers 
for CH–CH coupling over the TiO2−x/Ni and Ni/Ti6O11 surfaces (0.24 eV 
versus 0.18 eV) indicate that both interfaces could contribute to the high 
selectivity of CO hydrogenation towards C2 over the synthesized catalyst 
via photothermal catalytic procedure. Therefore, the high selectivity of 
CO hydrogenation towards C2+ could stem from the acceleration of the 
CH–CH coupling process and the improvement of CH surface coverage 
at the interface of the TiO2−x/Ni catalyst via photothermal catalysis.

Conclusions
We demonstrated that the TiO2−x/Ni catalyst fabricated from LDHs 
enables the direct production of hydrocarbons from CO and H2O under 
photo-irradiation at atmospheric pressure. The TiO2−x/Ni-450 catalyst 
has an activity of 8.83 mol−CH2− molNi

−1 h−1 and >55% C2+ selectivity, which 
accomplished KES processes efficiently. The photogenerated electron 
transfer process of the catalyst and the changes in reactant species 
during the reaction were probed using in situ ultrafast IR and DRIFTS. 
DFT calculations reveal that the high selectivity of C2+ at the interfacial 
TiO2−x/Ni-450 catalyst might stem from accelerating CH–CH coupling 
and improving the CH surface coverage during photothermal catalysis. 
Our work not only establishes a catalyst for the efficient direct conver-
sion of CO and H2O to hydrocarbons under mild conditions but also 
offers the approach to investigating the role of light and photogen-
erated electrons in the photothermal catalytic reaction process.

Methods
Catalyst preparation
First, similar to our earlier work, the ultrathin NiTi-LDH precursor was 
synthesized using a redesigned hydrothermal synthesis approach10,20. 
Ni(NO3)2·6H2O (0.006 mol), HCl (0.25 ml), TiCl4 (0.25 ml) and urea 
(0.1 mol) were dissolved in de-ionized water (100 ml) under vigorous 
stirring for 24 h at 95 °C in a typical method. The resultant solid was 
centrifuged, thoroughly washed and dried overnight at 60 °C. After 
that, NiTi-LDH nanoplates were calcined in a muffle furnace under 
air at 500 °C for 4 h with a heating rate of 2 °C min−1 to obtain mixed 
oxide NiTi-MMO (a mixture of NiO and TiO2). Next, the as-obtained 
NiTi-MMO mixed oxides were reduced in a H2/Ar (10:90, v/v) stream 
for 4 h at different temperatures, such as 300, 350, 400, 450, 500, 
550 and 600 °C, with a flow rate of 60 ml min−1 and a heating rate of 
2 °C min−1, which were indicated as TiO2−x/Ni-300, TiO2−x/Ni-350, TiO2−x/
Ni-400, TiO2−x/Ni-450, TiO2−x/Ni-500, TiO2−x/Ni-550 and TiO2−x/Ni-600, 
respectively. For comparison, the 15% Ni/Al2O3 catalyst was made using 
the traditional impregnation method. An aqueous solution containing 
0.55 mmol Ni(NO3)2·6H2O was mixed with the commercial Al2O3 support 
(1 g) in a conventional process. The suspension liquid was stirred for 
3 h, and then the suspension liquid was changed into a drying oven at 
120 °C overnight. To obtain the 15% Ni/Al2O3 catalyst, the as-synthesised 
material was reduced under 10% H2/Ar with a flow rate of 60 ml min−1 
for 4 h at 450 °C (a heating rate of 5 °C min−1).

Characterization of catalysts
Powder XRD. Powder XRD experiments were carried out on an X-Pert3 
Powder diffractometer with Cu Kα radiation (condition: 40 kV, and 
100 mA, scan rate of 5° min−1) and a 2θ angle ranging from 5° to 80°. The 
crystal structures of components could be identified on the basis of 
the Joint Committee on Powder Diffraction Standards standard cards.
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Inductively coupled plasma-atomic emission spectrometer. The 
actual contents of the supported metals were determined using a 
Prodigy 7 inductively coupled plasma-atomic emission spectrometer 
(Leeman). All the samples were dissolved with aqua regia at 100 °C 
before the test.

CO chemisorption. Ni dispersions were measured by static chem-
isorption of CO on a Micromeritics ASAP 2020 apparatus at 35 °C. 
Sample of 0.47 g (20–60 mesh) was loaded in a sample tube. Then the 
sample was outgassed under vacuum at 200 °C for 6 h and reduced 
under pure H2 at different temperatures (that is, 300, 350, 400, 450, 
500, 550 and 600 °C) for 4 h. After cooling to 35 °C at vacuum, pure 
CO was introduced to the system. The first isotherm gives the total 
amount of adsorbed CO and the second isotherm gives the revers-
ible part of adsorbed CO. The difference between the two isotherms 
gives the irreversible part of chemisorbed CO. The Ni dispersion was 
supposed for the adsorption stoichiometry of CO to Ni to be 1 for the 
TiO2−x/Ni catalyst.

UV–Vis–NIR spectrophotometry. UV–Vis–NIR spectroscopy was per-
formed on a Shimadzu UV3600Plus UV–Vis–NIR spectrophotometer 
in the Analytic Instrumentation Center of College of Chemistry and 
Molecular Engineering at Peking University, which was equipped with 
three detectors: a PMT detector that detects ultraviolet and visible 
regions, and an InGaAs and PbS detector that detects NIR regions. The 
absorption spectrum of solid powder samples was tested in the band 
of 200–2,500 nm, using BaSO4 as the blank control sample.

XPS. XPS measurements were conducted on an Axis Ultra imaging 
photoelectron spectrometer equipped with an Al Kα quartz mono-
chromator source. Quasi in situ XPS results of the reduced and used 
catalysts were measured by transferring the samples to the measure-
ment chamber without exposure to air. The binding energy was cor-
rected by setting the active carbon sp2 C1s of 284.8 eV as the reference. 
Synchronous illumination XPS was performed by equipping with a 
300 W xenon lamp as the illumination source.

XAS. The XAS spectra of the Ni K edge (8,333 eV) were collected at 
beamline 1W1B of the Beijing Synchrotron Radiation Facility, Institute 
of High Energy Physics, Chinese Academy of Sciences. The beam was 
tuned by the Si(111) double-crystal monochromators. The energies 
were calibrated according to the absorption edge of pure Ni foil. 
The typical energy of the storage ring was 2.5 GeV with a maximum 
current of 250 mA. For quasi in situ XAS spectra of the reduced and 
used catalysts, the powdered sample was pressed into the sheet in the 
glovebox without exposure to air. For in situ XAS spectra of TiO2−x/
Ni-450 under reaction conditions, the NiTi-MMO sample was first 
pressed into the sheet and loaded into a reactor cell equipped with 
polyimide windows. The sample sheet was reduced in a H2/He stream 
at 450 °C in the reactor cell, followed by flushing (50 ml min−1) with 
high purity He for 1.0 h, and then 50 ml min−1 CO with water vapour 
flows into the reactor cell under irradiation. The in situ XAS spectra 
at the Ni K-edge were collected.

Scanning transmission electron microscopy. The sample was 
directly dispersed in a mems chip used for an in situ environmental 
scanning transmission electron microscopy (STEM) experiment. After 
inserting a heating holder equipped with the prepared chip inside 
the TEM, H2 gas was introduced into the TEM column, and the pres-
sure was maintained at 2 Pa. The temperature gradually increased 
from 200 °C to 450 °C. The structural evolution was recorded under 
STEM mode (Hitachi HF5000 probe-corrected environmental STEM, 
cold field emission gun, accelerating voltage 200 kV). The instru-
ment enables simultaneous imaging of annular bright-field, annular 
dark-field and secondary electron images of an identical particle.  

Electron energy loss spectroscopy was collected by the Gatan  
965 energy filter.

DRIFTS. In situ DRIFTS was also carried out to further monitor the 
dynamic evolution of reactive molecules, active intermediates and 
products with irradiation or without irradiation for the reaction of 
CO and H2O over the TiO2−x/Ni-450 catalyst. For the TiO2−x/Ni-450 cata-
lyst, the powdered sample (NiTi-MMO) was filled into the reactor, 
prereduced in 10% H2 (Ar balance) at 450 °C for 4 h and flushed with 
high-purity Ar for 30 min. Afterwards, the temperature was decreased 
to 220 °C. Then, CO (CO:Ar = 5:95; 30 ml min−1) with water vapour was 
introduced into this system at this temperature for 30 min. Simulta-
neously, in situ thermal DRIFTS spectra were collected with the time 
stream on. The in situ photothermal DRIFTS spectra were measured 
similarly to the above operations but with Xe lamp irradiation.

Ultrafast IR spectroscopy. Briefly, UV–Vis pump/IR probe spectros-
copy studies are performed with laser pulses (1 kHz, ~50 fs pulse width, 
800 nm central wavelength) from an amplified Ti/sapphire laser system 
(Uptek Solutions) split into two parts. One is used to pump a femto-
second OPA (TOPAS-Prime) producing ~60 fs UV/Vis pulses with a 
bandwidth of ~10 nm in a tunable frequency range from 250 nm to 
800 nm with ~2 mW at 1 kHz. The other is used to pump another fem-
tosecond OPA (Palitra, QUANTRONIX) producing mid-IR pulses with a 
bandwidth ~200 cm−1 in a tunable frequency ranging from 1,000 cm−1 
to 3,500 cm−1with energy ~1 mW at 1 kHz. The mid-IR pulse is used as the 
probe beam and collected by 2 × 64 pixel mercury cadmium telluride 
detector (Infrared Associates). Two polarizers are inserted into the 
mid-IR beam pathway: one is located behind the sample to selectively 
measure the parallel or vertical polarized signal relative to the pump 
beam, and another is before the sample, which is used to rotate the 
polarization of the probe beam 45° relative to that of the pump beam. 
Measuring the transmission of the mid-IR beam through the sample by 
chopping the pump beam at 500 Hz, the pump–probe signal P(t) is col-
lected and the vibrational lifetimes are obtained from the rotation-free 
signal P(t) = (P∥(t) + 2P⊥(t))/3, and anisotropy is calculated from the 
following equation:

P(t) = (P∥ (t) − P⟂(t))/(P∥(t) + 2P⟂(t)), (1)

where P||(t) and P⊥(t) are parallel and vertical signals, respectively.
For in situ ultrafast IR of the TiO2−x/Ni-450 catalyst under reaction 

conditions, the reduced sample was firstly pressed into the sheet and 
loaded into a reactor cell, followed by 50 ml min−1 CO (CO/Ar = 96/4) 
with water vapour flow into the reactor cell for 1 h under atmospheric 
conditions. Then, the non-mobile system was formed by closing the 
valve. Simultaneously, in situ ultrafast IR spectra were collected with 
the pump on.

Catalytic tests
The reaction was carried out using a 300 W Xe lamp as the light source 
without adding external heating during the reaction. The photothermal 
catalytic reactor was approximately 69 ml stainless steel container and 
has a quartz window that can transmit light. For each test, 50 mg of the 
catalyst was placed in the reactor, and then the reactor was purged 
with reaction gas (CO/Ar = 96/4) for 30 min at a rate of 60 ml min−1. 
Meanwhile, the 100 μl H2O in liquid was imported into the reactor by 
syringe. During the reaction process, the temperature of the reactor will 
arise due to the Xe lamp irradiation, and the liquid water will turn into 
water vapour and participate in the reaction. The non-mobile system 
was formed by closing the valve. After each reaction, the gas-phase 
products were analysed by an Agilent 7820A equipped with a thermal 
conductivity detector and a flame ionization detector. Porapark Q 
and a 5 Å molecular sieve packed column were connected to a thermal 
conductivity detector to detect permanent gases, including H2, CO2, 
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CO, CH4 and Ar, while an Al2O3 capillary column was connected to an 
flame ionization detector to analyse gaseous C1–C7 hydrocarbons. CO 
conversion was defined as follows:

CO conversion (%) =
FCO,in − FCO,out

FCO,in
× 100. (2)

Product selectivity was defined as follows:

Selectivity (mol%) = FCi × i
FCO,in − FCO,out

× 100, (3)

where F is the moles of CO and product Ci (CO2 and hydrocarbon) 
containing i carbon atoms.

DFT calculations
All spin-polarized DFT calculations were performed by using the Vienna 
Ab initio Simulation Package (VASP)36,37. The p(2 × 2) slab model was 
used to model the Ni(111) surface allowing the topmost two Ni metal 
layers to relax. The interfacial TiO2−x/Ni catalyst was modelled by using 
a three-layered Ni ribbon, consisting of three columns of Ni atoms, 
adsorbed on the two-layer p(4 × 2) TiO2(101) surface. The Ni ribbon and 
the topmost TiO2 layer were allowed to relax for the TiO2−x/Ni surface 
calculations. Monkhorst–Pack k-point grids of 6 × 6 × 1 and 1 × 1 × 1 
were used for Ni(111) and TiO2−x/Ni surface calculations, respectively. 
A vacuum layer of 15 Å was employed to prevent spurious interactions 
between the repeated slabs. The improved force reversal method38 was 
used to locate the transition states with a force tolerance of 0.05 eV Å−1. 
Some transition states were verified using the climbing-image nudged 
elastic band method39,40 and confirmed by vibrational frequency analy-
sis. The zero-point energy correction was not taken into account in the 
present work. The activation barrier was computed as the energy dif-
ference between the transition state and initial state. An extra electron 
was added to TiO2−x/Ni surface to model the photo-excited TiO2−x/Ni 
catalyst based on the experimental finding that more photoinduced 
electrons can transfer from TiO2−x to the Ni surface. This approach is 
widely and successfully used to model the charge distribution close 
to the interface of the catalyst during photocatalysis41–44. Two more 
extra electrons were introduced into the TiO2−x/Ni catalyst and the 
entropy effect imposed by temperature only change the activation 
barriers within 0.08 eV and do not influence our conclusion (Supple-
mentary Figs. 29 and 30). All the possible adsorption configurations 
of intermediates and reaction pathways of CO hydrogenation towards 
CH4/C2H4 were fully considered on Ni(111) and TiO2−x/Ni surfaces  
(Supplementary Figs. 31 and 40). The most favourable adsorption 
configurations and reaction mechanism for CO hydrogenation  
towards CH4/C2H4 following the lowest energy reaction coordinate 
on the Ni(111) surface and at the interface of the TiO2−x/Ni catalyst are 
shown and discussed in the present work. All the energetics were cal-
culated with respect to the reactants at infinite separation over all the 
considered surfaces, except with respect to the co-adsorbed reactants 
over the photo-excited TiO2−x/Ni surface. More calculation details can 
be found in Supplementary Information.

Data availability
The authors declare that all data supporting the findings of this study 
are available within the paper and Supplementary Information files. 
Source data are provided with this paper.
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