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ABSTRACT 
Photothermal CO2 reduction is an efficient and sustainable catalytic path for CO2 treatment. Here, we successfully fabricated a 
novel series of Ni-based catalysts (Ni-x) via H2 reduction of NiAl-layered double hydroxide nanosheets at temperatures (x) ranging 
from 300 to 600 oC. With the increase of the reduction temperature, the methane generation rate of the Ni-x catalyst for 
photothermal CO2 hydrogenation gradually increased under ultraviolet-visible-infrared (UV–vis–IR) irradiation in a flow-type 
system. The Ni-600 catalyst showed a CO2 conversion of 78.4%, offering a CH4 production rate of 278.8 mmol·g–1·h–1, with near 
100% selectivity and 100 h long-term stability. Detailed characterization analyses showed metallic Ni nanoparticles supported on 
amorphous alumina are the catalytically active phase for CO2 methanation. This study provides a possibility for large-scale 
conversion and utilization of CO2 from a sustainable perspective. 
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1 Introduction 
Sunlight as a clean energy, has been widely recognized as one 
of the most promising alternatives to fossil-fuel-based energy 
sources [1–3]. Carbon dioxide (CO2) is a profuse and cheap 
C1 raw material as well as a powerful greenhouse gas [4–6]. 
Converting it to fuels or commodity chemicals (such as 
methane (CH4), methanol, ethanol, formic acid, etc.) provides a 
feasible and attractive strategy to meet global energy demands 
while mitigating anthropogenic climate change [7–9]. Among 
many target products, CH4 is a widely used vehicle fuel, for 
heat and intermediate to obtain other chemicals [10, 11]. 
Converting CO2 into CH4 through methanation has great 
significance for mitigating CO2 emissions [12, 13]. Photocatalytic 
CO2 reduction is gaining increasing interest owing to its advantage 
of using sunlight as the primary energy source [14–16]. In early 
years, Honda et al. using semiconductor TiO2 successfully 
converted CO2 into organic compounds under ultraviolet 
irradiation [17]. From then on, a large number of efforts have 
been focused on this reaction [18–21]. However, photocatalytic 
CO2 conversion is still a challenging task due to its intrinsic 
limitation of sluggish multiple e−/h+ transfer process, and 
poor ability of using wide solar spectrum [22, 23]. These 
photocatalysts usually suffered from low conversion rates and 
low production yields, which are usually at the micromoles 

level within 1 h of irradiation [24–27]. 
Compared to photocatalytic CO2 reduction, photothermal 

technology has shown much higher production yields of C1 (like 
CO or CH4) even under mild conditions [28–31]. Photothermal 
effect over metallic structures exhibits unprecedented ability 
to convert visible and even near-infrared (NIR) light into 
heat energy, which inspires us to find new ways to substantially 
improve the light-driven CO2 conversion efficiency. Recently, 
Ozin and co-workers demonstrated that Ru nanoparticles 
sputtered onto black silicon nanowire supports showed excellent 
photothermal performance of CO2 methanation [32]. Other 
noble metal catalysts such as Rh/Al2O3, Ru/NaTaO2 and Pd@Nb2O5 
have also been demonstrated to exhibit good activities for the 
conversion of CO2 to methane [21, 33, 34]. However, these 
noble metal catalysts were not conducive to further practical 
applications due to their high cost. Therefore, there is an 
urgent need to develop cheap catalysts to achieve efficient 
photothermal CO2 methanation. Interestingly, García and co- 
workers reported that the Ni/SiO2·Al2O3 (contains a mixture of 
Ni and NiO nanoparticles) with photocatalytic CO2 methanation 
performance in a batch reactor [35]. However, the production 
yield was too low to satisfy the practical application under the 
flow system. Layered-double-hydroxide (LDH), a class of easily 
accessible two-dimensional (2D) crystal structure with versatility 
in chemical composition and well-controlled morphology, 
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offers an abundant terrace for the development of novel 
catalysts (reducing by H2 or heating at air atmospheres) with 
accurately custom structural, compositional and electronic 
properties [36–38]. In particular, a topotactic transformation 
of LDH to metal nanoparticles supported on a metal oxide 
substrate will occur upon calcination under reductive conditions 
[39, 40]. In principle, using H2 to reduce Ni-containing LDH 
nanosheets at raising temperatures should generate nickel 
nanoparticles loaded alumina suitable for photothermal CO2 
reduction, inspiring a detailed research. 

Here, we have successfully prepared a series of Ni-based 
photothermal catalysts by thermal reduction NiAl-LDH 
nanosheets in H2 atmosphere at temperatures ranging from 
300 and 600 °C (the catalysts denoted as Ni-x, where x represents 
the reduction temperature). For CO2 hydrogenation under 
ultraviolet–visible–infrared (UV–vis–IR) irradiation, Ni-600 
showed a CO2 conversion of 78.4% with excellent CH4 selectivity 
of 99.5% (278.8 mmol·g–1·h–1). To our knowledge, the CO2 
methanation performance is superior to most light-driven CO2 
methanation catalysts reported to date (Table S1 in the Electronic 
Supplementary Material (ESM)). Under flow conditions, Ni-600 
showed a good stability in the reaction 100 h test period. 
Detailed catalyst characterization studies revealed that Ni-600 is 
composed of metallic Ni nanoparticles loaded on an alumina 
support, and the formation of discrete metal nanoparticles 
underpins the high CH4 selectivity. In addition, this reaction 
occurs through a photothermal mechanism driven by the 
solar. Results also showcased the potential of solar-driven 
photothermal CO2 reduction in a flow-type system. 

2  Results and discussion 

Alumina supported metal catalysts have received much 
attention in the research community and been used in the 
CO2 hydrogenation reaction due to alumina’s well mechanical 
character, outstanding stability and gentle metal-support 
interaction with commonly used transition metal catalysts [41]. 
Therefore, Al3+ was chosen as another metal in the synthesis of 
LDH precursor. As shown in Fig. S1 in the ESM, the as-prepared 
NiAl-LDH nanosheets have a Ni:Al atomic ratio of 2:1, which is 
consistent with the ratio of raw materials. The Ni-x catalysts were 
subsequently obtained by reducing the NiAl-LDH nanosheets 
in a H2/Ar (10/90, v/v) atmosphere at temperatures ranging 
from 300–600 °C. The ratios of Ni to Al in all samples are 
basically unchanged after the reduction process compared with 
the LDH precursor (Fig. S2 in the ESM). The H2 reduction- 
induced topological transformation of the NiAl-LDH nanosheets 
was evaluated by X-ray diffraction (XRD) shown in Fig. 1(a). 
Ni-300 shows the feature peaks of NiO. Ni appears when the 
reduction temperature increases to 400 °C, but the main phase 
remains to be NiO. The intensity of metallic Ni component 
increases when the reduction temperature reaches 500 °C. At 
600 °C, almost all NiO is converted into metallic Ni. Temperature 
programmed reduction (TPR) reveals an intense signal between 
500–600 oC, corresponding to the reduction of supported NiO 
to metallic Ni nanoparticles (Fig. S3 in the ESM). 

UV–vis–IR absorption spectra were collected for the Ni-x 
catalysts to examine their UV–vis–IR absorption abilities, as 
this property was very important of photothermal catalysts for 
CO2 hydrogenation. As shown in Fig. 1(b), Ni-300 showed a 
characteristic absorption around 700 nm due to d–d transitions 
of NiO [42, 43]. For Ni-x catalysts with x > 400, due to 
possessing a unique black appearance (Fig. S4 in the ESM), 
they absorbed strongly in the UV–vis–IR region. The CO2 
hydrogenation (CO2/H2/Ar = 15/60/25) performance of the 
Ni-x catalysts were evaluated under UV–vis–IR light irradiation 

 
Figure 1  (a) XRD patterns, (b) UV–vis–IR spectra, (c) Ni K-edge XANES 
and (d) Ni K-edge EXAFS spectra for Ni-x. 

in a flow-type reactor without external heating (Fig. S5 in the 
ESM). As presented in Fig. 2, Ni-300 shows a CO2 conversion of 
17.0%, with selectivities towards CH4 and CO of about 80% and 
20%, respectively. When the reduction temperature increases 
to 400 °C, the CO2 conversion increases to 51% with excellent 
selectivity to CH4 (~ 98.4%). Further increasing the reduction 
temperature from 400 to 600 results in a gradually improved 
CO2 conversion from 51.9% to 78.8%, while keeping CH4 as 
the main product (~ 99.3%). Ni-600 shows the best CH4 
production rate compared with other Ni-x catalysts (Fig. 2(d), 
and Fig. S6 in the ESM). 

To clarify the possible contribution of photocatalytic and 
photothermal processes during CO2 hydrogenation, we conducted 
a series of controlled experiments over Ni-600. Under UV–vis–IR 
irradiation, the temperature of the Ni-600 catalyst bed quickly 
rised to 290 oC (Figs. S7 and S8 in the ESM). At such a high 
temperature, it is almost certain that photothermally driven the  

 
Figure 2  The performance of the Ni-x catalysts for CO2 hydrogenation. 
(a) CO2 conversion, (b) CH4 selectivity, (c) CO selectivity, and (d) CH4 yield 
rates. Reaction condition: H2/CO2/Ar = 60/15/25, flowrate 10 mL·min–1, 
pressure 0.1 MPa, light intensity 2.63 W·cm–2. 
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CO2 hydrogenation reaction. A linear relationship is observed 
between the intensity of UV–vis–IR source and the catalyst 
surface temperature (Fig. S9 in the ESM). As shown in Figs. 3(a) 
and 3(b), at all temperatures studied, solar-driven the CO2 
hydrogenation achieved a very similar CO2 conversion and 
products selectivity to the controlled thermocatalytic tests at 
same temperatures in dark. Above results conclusively demon-
strate that the CO2 methanation over Ni-600 mainly follows a 
photothermal pathway. 

Ni K-edge X-ray absorption near-edge spectroscopy (XANES) 
and extended X-ray absorption fine structure (EXAFS) were 
used to study the structure evolution of the Ni-x (Figs. 1(c) 
and 1(d)). The metallic nickel and NiO powder were used 
as reference materials. The Ni K-edge XANES spectrum of 
Ni-300 is similar to the NiO reference, indicating that NiO was 
the dominant nickel species in this catalyst. The edge feature 
of metallic Ni appears at 400 °C, and gradually increases for 
catalysts reduced at higher temperatures. For Ni-600, the spectrum 
is very close to that of the Ni metal reference, indicating that 
metallic Ni is the dominant Ni-containing species in this catalyst. 
The conclusion was further confirmed by the EXAFS results 
(Fig. 1(d)). For Ni-300, the R-space plots is consistent with the 
NiO reference. When the reduction temperature increases from 
400 to 600 °C, the intensity of Ni-Ni distance (metallic Ni) at 
2.1Å gradually appears and increases, while the scattering of 
the Ni-O and Ni-Ni (NiO) distances at 1.6 and 2.6 Å gradually 
decreases. The Ni K-edge oscillation seen around 2–14 Å–1 for the 
Ni-x (Fig. S10 in the ESM) further proves the transformation 
from Ni oxide to metallic Ni at high reduction temperatures. 

Transmission electron microscopy (TEM) and high resolution 
TEM (HRTEM) were applied to probe the structure of Ni-600 
(Fig. 4). The lattice fringes can be clearly seen in the HRTEM 
image (Fig. 4(b)), in which the 2.02 Å can be assigned to the 
(111) plane of Ni. Seen from the high-angle annular dark-field 
scanning TEM (HAADF-STEM) and energy dispersive X-ray 
spectroscopy (EDX) images in Figs. 4(c) and 4(d), the Ni nano-
particles with an average diameter of ~ 15 nm are uniformly 
dispersed on the Al2O3 support. The EDX line scan further 
demonstrates that the Ni nanoparticles consist of metallic Ni 
without oxidation (Fig. 4(e)). 

 
Figure 3  (a) CO2 conversion and (b) product selectivity of Ni-600 under 
UV–vis–IR irradiation or direct heating at different reaction temperatures. 

 
Figure 4  Characterization data for Ni-600. (a) and (b) HRTEM images, 
(c) HAADF-STEM image, inset in (c) is the particle size distribution of the 
metal Ni nanoparticles, (d) overlayed EDX element map and individual 
element maps for Ni, Al and O, (e) EDX line-scan element profile over 
one nanoparticle. 

To further explore the photothermal catalytic stability of 
Ni-600. A 100 h long-term test was conducted in a flow reactor 
system, in which H2 and CO2 gases continuously flowed through 
the catalyst bed. As shown in Fig. 5, the CO2 conversion rate  

 
Figure 5  Long-term test of photothermal CO2 conversion over Ni-600. 
(a) CO2 conversion, (b) Product selectivity. Reaction condition: H2/CO2/Ar = 
60/15/25, flowrate 10 mL·min–1, pressure 0.1 MPa, light intensity 2.63 W·cm–2. 
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maintains at 78% with a CH4 selectivity of 99.7% during 100 h 
operation. After the long-term stability test, the structure of 
Ni-600 showed negligible changes compared with the fresh 
Ni-600 (Figs. S11 and S12 in the ESM). This result confirms 
that the LDH-derived alumina supported metallic nickel 
catalyst is highly active and stable for photothermal CO2 
hydrogenation. 

3  Conclusions 

In conclusion, a series of Ni-based catalysts (Ni-x) have been 
successfully prepared by reducing NiAl-LDH nanosheets precursor 
at 300–600 oC. With the increase of reduction temperature, 
metallic Ni gradually becomes the dominant Ni species in the 
Ni-x catalysts. The Ni-600 catalyst showed the highest photo-
thermal CO2 conversion of 78.4% among all Ni-x catalysts, 
achieving a remarkable CH4 selectivity of 99.5% at a CO2 
conversion specific activity of 278.8 mmol·g–1·h–1 under UV– 
vis–IR irradiation in a flow reaction system. This catalyst also 
exhibited an excellent catalytic stability, without obvious activity 
and structure changes during 100 h operation. This study 
develops LDH-derived low-cost catalysts to achieve photothermal 
CO2 conversion with high activity, selectivity and stability, 
therefore opens a door for potential industrial applications 
of efficient and sustainable CO2 photo-conversion. 
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