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Sun-simulated-driven production of high-
purity methanol from carbon dioxide

Jiqing Jiao 1,6 , Yanbin Ma1,6, Xiaoqian Han1, Awu Ergu2, Chao Zhang1,
Pingping Chen 1,Wei Liu 3, Qiquan Luo 2, Zhaolin Shi1, Han Xu1, Chen Chen4,
Yaguang Li 5 & Tongbu Lu 1

CO2 conversion to CH3OH under mild conditions is of particular interest yet
rather challenging. Both electro- and thermo-catalytic CO2 reduction to
CH3OH can only produce CH3OH in low concentration (typically mixed with
water), requiring energy-intensive purification processes. Here we design a
sun-simulated-driven tandem catalytic system comprising CO2 electroreduc-
tion to syngas, and further photothermal conversion into high-purity CH3OH
(volume fraction > 97%). We construct a self-supporting electrocatalyst fea-
turing dual active sites of Ni single atoms and encapsulated Co nanoparticles,
which could produce syngas with a constant H2:CO ratio of ~2 via solar-
powered CO2 electroreduction. The generated syngas is subsequently fed into
the photothermal module, which could produce high-purity CH3OH under 1
sun-light irradiation, with a rate of 0.238 gCH3OH gcat

–1 h–1. This work demon-
strates a feasible and sustainable route for directly converting CO2 into high-
purity CH3OH.

Methanol (CH3OH) is an important chemical feedstock widely
acknowledged as a clean energy source1,2. The conventional method for
methanol production requires complex steps for purification, which
typically leads to intense greenhouse gas emissions and high energy
consumption3–5. In contrast, electrocatalytic CO2 reduction reaction
(CO2RR)

6–8 could be readily integrated with renewable electricity (such
as solar power), and convert CO2 into CH3OH

9–12. Although many state-
of-art CO2-to-CH3OH electrocatalysts with high selectivity have been
reported1,13–17, the production of CH3OH via electrochemical CO2RR still
faces the bottlenecks of low conversion and low catalytic activity18–20.
Moreover, the CH3OH thus produced is mixed with electrolytes, which
needs additional energy-intensive purification processes downstream21.

Recently, Li et al. demonstrated the electrochemical production
of H2 powered by solar energy, and the obtained H2 was used in

thermocatalytic CO2 hydrogenation to produce CH3OH. They devel-
oped a binary metal oxide ZnO–ZrO2, and achieved a CH3OH selec-
tivity up to 86–91% under 5.0MPa2. Ozin et al. prepared black indium
oxide for a photothermal catalytic system, and the CH3OH selectivity
reached 49.23% at high hydrogen concentrations22. However, the high
chemical inertness of CO2 typically puts stringent requirements on the
reaction conditions of hydrogenation, and water is an inevitable pro-
duct, which could hamper the catalytic activity and product selectivity,
thus lowering the CO2 conversion and the concentration of produced
CH3OH. In contrast, CO hydrogenation could give CH3OH as the sole
product, and thus represents an atom-economical route23. For single-
active-site catalysts for CO2RR, the selectivity for CO and H2 is
dependent mainly on the applied potential. Their ratios in these pro-
duced syngas may vary during the CO2RR process with different
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applied potentials. Atomic catalysts generally have high selectivities,
but the overpotential is often large, and the activity still needs to be
improved. In order to produce syngaswith a constant H2:CO ratio over
a wide potential window, the key is to make sure that each type of
catalytic sites would have high selectivity for a specific product within
a broad potential range. Therefore, it is relatively difficult to efficiently
produce syngas with a constant H2:CO ratio over a broad potential
range for previous reports24–26 (Supplementary Table 1).

Herein, we designed a sun-simulated-driven tandem catalysis
scheme that integrates photovoltaics-powered electrochemical
CO2RR and photothermally powered CO hydrogenation, which could
store solar energy in the form of high-purity CH3OH (volume fraction
>97%). Employing an in situ synthesis strategy, we constructed a self-
supporting binary electrocatalyst featuring dual-active sites27. Differ-
ent from the conventional impregnation methods, Ni single atoms (Ni
SAs)28,29 were in situ anchored during the growth of carbon nanotubes
encapsulating Co nanoparticles (Co NPs)30, resulting in a composite
core-shell structure. The single Ni atoms on the nanotube surface have
a NiN3 coordination structure, and could give a Faradaic efficiency for
CO (FECO) >90%over a broadpotential range; the encapsulatedCoNPs
could catalyze water electrolysis for producing H2. The resulting dual-
active catalyst, with its composition optimized, could produce syngas

with an almost constant H2:CO ratio of ~2 across a broad potential
window from −0.6 V to −1.0 V (vs. RHE). Under −0.8 V (vs. RHE), the
catalyst could run stablywith theH2:CO ratio kept at 2.0 ±0.2. Theflow
cell equipped with our catalyst was powered by a photovoltaic panel,
and the produced syngas after purification was further fed into a
downstream photothermal reactor powered by broad-spectrum solar
irradiation, and converted into high-purity CH3OH (CH3OHproduction
rate under 1 sun irradiation, 0.238 g gcat

−1 h−1). Our work here demon-
strates a feasible all-solar route for converting CO2 into high-purity
methanol.

Results
Sun-simulated-driven production of high-purity CH3OH
As shown in Fig. 1a, the produced green syngas (CO +H2) was fed into a
lab-built TiC-based photothermal device and light source (Supple-
mentary Figs. 1, 2)22,31 containing commercial CuZnAl catalyst for
CH3OH synthesis (Supplementary Fig. 3). The light absorption spec-
trum of the photothermal device covered a broad range for sunlight
(Supplementary Fig. 4). The interior surface of the photothermal
device could reach a temperature as high as 359 °C (Supplementary
Fig. 5) under 1 kWm−2 intensity of sunlight irradiation (1 sun). Under
merely 0.2 sun irradiation, the CuZnAl catalyst in the photothermal

Fig. 1 | Sun-simulated-driven production of high-purity CH3OH from CO2.
a Schematic illustration of the sun-simulated-driven tandem catalytic system that
integrates photovoltaics-powered electrocatalysis and photothermal catalysis
(under 4MPa). b Temperatures of the catalyst in the photothermal device under
different sunlight radiation intensities. c Comparison of CH3OH production rates
from different feed gases: green syngas, and CO2 +H2. d Volume fractions of

CH3OH/(CH3OH+H2O) produced from different feed gases (green syngas, and
CO2 +H2) under different sunlight radiation intensities. e Simulated concentration
distribution of thermocatalytically generated CH3OH vapor in the photothermal
tube under 0.6 sun. Error bars represent the standard deviation of three inde-
pendent measurements. Source data are provided as a Source Data file.
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device could reach 121 °C (Fig. 1b). With the sunlight intensity
increased to 0.4 sun and 1 sun, the temperature of the catalyst was
elevated to 180 and 310 °C, respectively, sufficient to initiate the
methanol production. Under 0.2 sun irradiation, the photothermal
system was barely functional (Fig. 1c); under 0.4 sun irradiation, the
signal of CH3OH emerged. Under 1 sun irradiation, the CH3OH pro-
duction rate was determined to be 238mg gcat

−1 h−1; in contrast, the
CH3OH production rate from CO2 and H2 was only 72mg gcat

−1 h−1, and
the signal of CH3OH did not emerge until >0.6 sun. Furthermore, the
liquidproducts from thephotothermal deviceoperating under0.4 sun
irradiation were almost pure methanol (Fig. 1d), indicating that the
coupling of photovoltaics-powered electrocatalysis and photothermal
catalysis can convert CO2 and H2O into pure methanol in terms of
liquid product. The CO conversion rate in photothermal methanol
production was achieved at 12.1% under 1 sun irradiation. The volume
fraction of CH3OH/(CH3OH+H2O) ranged from 97 to 100%, whereas
the volume fraction corresponding to CO2 +H2 feed gas was only
6–9%. As far as we know, this is the first report on CH3OH production
with an export content greater than 50%. In previous works, CO2 and
H2 or water were used to generate CH3OH under sunlight32. We further
conducted finite-element analysis on the photothermal module
working under 0.6 sun; the simulated concentration distribution of
thermocatalytically generated CH3OH vapor is displayed in Fig. 1e. A
steady increase in CH3OH vapor concentration could be noted along
the flow path. The vapor thus produced could then be readily con-
densed downstream into high-purity CH3OH.

Synthesis and structural characterization of dual-active-site
catalyst
To obtain the high-purity methanol, syngas with a constant ratio is
necessary. The CO and H2 should be produced via CO2RR with stably
balanced selectivities over a broad potential range so as to be com-
patible with the photovoltaic panel. Thus, a well-optimized catalyst is
desired for the entire process. To this end, we designed andprepared a
binary catalyst that features dual-active sites for stable production of
CO and H2. Figure 2a illustrates the in situ preparation procedure for

the dual-active-site catalyst (denoted as Ni SAs–Co NPs) (see Methods
section).

The morphology of the dual-active-site catalyst Ni SAs–Co NPs
was examined via scanning electron microscopy (SEM). The carbon
nanotubes (CNTs) thereinwith uniformdiameters are shown in Fig. 2b.
As shown in Supplementary Fig. 6, the bamboo-like CNTs, which were
in situ grown under high temperature, can be distinguished from
transmission electronmicroscopy (TEM) images. The small Co NPs are
wrapped within the CNTs. The core-shell structure was characterized
via high-resolution TEM (HRTEM). The surface of Co NPs is covered
with carbon, which is due to the graphitization of amorphous carbon
catalyzed by CoNPs at high temperatures. The lattice fringe spacing of
Co NPs is 0.20 nm, corresponding to the (111) crystal plane of Co. The
interplanar distance of 0.34 nm corresponds to the (002) plane of
CNTs. The high-angle annular dark-field scanning transmission elec-
tron microscopy (HAADF-STEM) image (Fig. 2c) displayed abundant
small bright spots (marked by red circles) on the CNTs, indicative of Ni
single-atomic sites. A large number of Ni SAs are uniformly dispersed
on the CNT walls (Fig. 2d). The X-ray diffraction (XRD) patterns for
three samples are shown in Supplementary Fig. 7. The Ni SAs–Co NPs
and Co NPs display three broad peaks at 45°, 52°, and 76°, corre-
sponding to the (111), (200) and (220) planes of Co (PDF#15-0806)33–35,
respectively, which are consistent with the HRTEM results. No dif-
fraction peaks related to Ni NPs were detected, also indicative of their
atomic dispersion. The actual loadings of Ni and Co were determined
via inductively coupled plasma mass spectrometry (ICP-MS), as listed
in Supplementary Table 2.

To probe the coordination environment and electronic structures
of Ni atoms, we conducted synchrotron radiation-based X-ray
absorption fine structure (XAFS) at the Ni K-edge for different
samples32, the corresponding references, including Ni foil, NiO, and
nickel phthalocyanine (NiPc). Figure 3a shows the X-ray absorption
near-edge structure (XANES) profiles for Ni SAs andNiPc, and the edge
positions are between those for Ni foil and NiO. The white-line peak
intensities are significantly higher than that of Ni foil, indicating that
the average valence state of Ni is between Ni0 and NiII.

Fig. 2 | Synthesis and characterizations of dual-active-site catalyst Ni
SAs–Co NPs. a Illustration of the synthesis procedure. b SEM image of Ni SAs–Co
NPs. cHAADF-STEM image of Ni SAs. dHAADF-STEM image of Ni SAs–Co NPs (The

single-atomic sites are highlighted with red circles. Inset in (c, d): TEM image for
corresponding catalyst. Scale bar: 20 nm).
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The detailed parameters of local atomic structure, including
coordination numbers and bond lengths were investigated via exten-
ded X-ray absorption fine structure (EXAFS). The radial distance space
spectra χ(R) for the Ni SAs andNiPc show amajor peak at 1.44 Å, which
is attributed to the Ni–N scattering path. The peak at 2.18 Å for Ni foil
could be assigned to the Ni–Ni scattering path (Fig. 3b). No Ni–Ni
signals couldbe found for bothNi SAs andNiPc36. Thequantitative χ(R)
and χ(k) space spectral fitting was also performed to investigate local
atomic structure and to further obtain the coordination numbers
(CNs) of Ni. The CN of Ni–N bond is close to 3.0 for NiN3 SAs (Sup-
plementary Table 3). The fitting quantitative χ(R) space and Fourier
transform (FT) k2-weighted function χ(k) spectra were also performed
from Fig. 3c, d and Supplementary Fig. 8. The results indicate that the
Ni is single-atomically dispersed on CNTs. Figure 3d shows that the
prepared Ni SAs–Co NPs displays a XANES profile similar to that of Co
foil, indicating the formation of Co NPs. As shown in Fig. 3e, the EXAFS
shows a major peak at 2.12 Å, which can be assigned to the Co–Co
shells by comparing with Co foil28. The quantitative χ(k) space spectra
were also fitted (Fig. 3f). In addition, thewavelet transform (WT) of χ(k)
is an intuitive way to demonstrate the bonding features of Ni SAs–Co
NPs in comparison to the reference samples (Fig. 2g, h). For the Ni WT
of χ(k) spectra of Ni, the characteristic signal of the Ni–Ni scattering
path in Ni foil is at [7.1, 2.2]. There is only one merged scattering path
signal ascribed to Ni–N located at [χ(k), χ(R)] of [4.0, 1.4], which is
similar to that of NiPc. For the Co WT of χ(k) spectra of Co, compared
with the characteristic scattering path signal of Co–Co bond in Co foil
(at [7.3, 2.2]) andCo–Obond in CoO (at [6.2, 2.6]), the single scattering
path signal is similar to that for Co foil, indicative of Co–Co bond in Ni
SAs–CoNPs. Comparedwith Ni SACs, the Co catalyst exists in the form
of nanoparticles in the dual-active-site catalyst.

The elemental composition and valence states were analyzed via
X-ray photoelectron spectroscopy (XPS). As shown in Supplementary
Fig. 9, the survey spectra reveal the existence of the corresponding
elements in different samples, includingNi SAs–CoNPs, Ni SAs, andCo
NPs. For dual-active-site catalyst Ni SAs–Co NPs, it can be noted that
the surface of the samples contains C, N, Co, and Ni elements. For Co

2p XPS spectra for Ni SAs–Co NPs s, the binding energies at 778.5 eV
and 794.3 eV are attributed to the metal Co0, and the peaks at 797.0
and 781.6 eV are attributed toCo2+, accompanied by two satellite peaks
(786.5 and 803.94 eV, respectively)37. The sample surfaces might be
oxidized owing to exposure to air during handling. In addition, as
shown in Raman spectra (Supplementary Fig. 10), the D peak
(1345 cm−1) is due to out-of-plane vibrations attributed to the presence
of structural defects, whereas the G peak (1580 cm−1) comes from the
in-plane vibrations of sp2 bonded carbonatoms38,39. The ID/IG ratio of Ni
SAs has the highest value, indicative of more defects owing to the
lower coordination numbers (3.0). The ID/IG ratio of Ni SAs–Co NPs is
between those for Ni SAs and Co NPs.

CO2RR performances
When photovoltaic panels are to be used as power supply, it is of great
importance to ensure that the catalyst duringCO2RR could produceH2

andCOwith analmost constant ratio over a broadpotential range. The
electrocatalytic CO2RRperformances of our dual-active-site catalystNi
SAs–CoNPswereevaluated inCO2-saturated electrolyte using a typical
H-type cell with the standard three-electrode setup (Supplementary
Fig. 11). As revealed by linear sweep voltammetry (LSV) (Fig. 4a),
compared with Co NPs and Ni SAs catalysts40, the dual-active sites for
Ni SAs–CoNPs catalysts display the highest current density, the lowest
onset overpotential and the smallest Tafel slope (Supplementary
Fig. 12). Furthermore, the LSV curves for different catalysts were
recorded in Ar-saturated electrolytes (inset of Fig. 4a), and the Ni
SAs–Co NPs shows a good performance of water electrolysis. The gas-
phase and liquid-phase products were detected via gas chromato-
graphy (GC) and 1H NMR41, respectively (Supplementary Figs. 13, 14).
CO and H2 were identified as the only two products of electrolysis. As
shown in Fig. 4b, the Ni SAs display a higher FECO. CO is the major
product at the applied potential (Supplementary Fig. 15). In particular,
the FECO is above 90% from −0.7 to −1.1 V (vs. RHE). By contrast, the Co
NPs would preferentially produce H2, and the FEH2 is above 80% at the
applied potential (Supplementary Fig. 16). As shown in Fig. 4c and
Supplementary Fig. 17, H2 is the major product over Co NPs at the

Fig. 3 | XAFS analysis for dual-active-site catalyst Ni SAs–Co NPs. a Ni K-edge
XANES spectra (inset: magnified absorption edges) and b χ(R) spectra of Ni SAs,
NiO, NiPc and Ni foil. c EXAFS R-space fitting results of Ni SAs. d Co K-edge XANES
spectra (Inset:magnified absorptionedges),e, fχ(R) spectra and the corresponding

EXAFS k-space of Ni SAs–CoNPs, CoO, andCo foil.g,hWavelet transformof χ(k) of
Ni and Co for and other reference samples. Source data are provided as a Source
Data file.
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applied potential, and the primary product over Ni SAs is CO. We
furthermore prepared comparison catalysts with different amounts of
Ni species introduced. It can be seen that a lower Ni ratio would lead to
a higher H2:CO ratio (Supplementary Fig. 18). Thus, the H2:CO ratio in
syngas could be precisely controlled by regulating the ratio of the two
active sites (single-atomic sites and nanocrystals). The H2:CO ratio
over-optimized Ni SAs–Co NPs was adjusted and kept around 2.0 over
the broad potential from −0.6 to −1.0 V (vs. RHE).

Figure 4d shows the partial current densities for different cata-
lysts, in which the current density for Ni SAs–CoNPs is 30.5mAcm–2 at
−0.8V (vs. RHE). The current density for Ni SAs–Co NPs increases
acutely with increased applied potential and reaches up to
76.1mAcm–2 at −1.1 V (vs. RHE). Moreover, the long-term stability and
corresponding H2:CO ratio were assessed for Ni SAs–Co NPs, which
exhibit outstanding stability for CO2RR, with the H2:CO ratio kept
around 2.0 ± 0.2 and the current density unchanged at ~30.0mAcm–2

during continuous electrolysis for 36 h (Fig. 4e). Furthermore, the
different catalyst loadings were tested in both H-type cell and flow cell
(Supplementary Fig. 19). As shown in Fig. 4f, a solar cell was used as the
photovoltaic power source, and the Ni SAs–Co NPs was tested in flow
cell configuration (Supplementary Fig. 20). The current density

reached up to 60.0mA cm–2 with the FEH2 and FECO almost constant,
indicating a stable H2:CO ratio (2.3 ± 0.3). The catalyst displayed good
stability (Fig. 4g). The syngas thusproduced couldbepurified and then
fed into the downstream photothermal reactor to obtain high-
purity CH3OH.

In order to unveil the structural information during CO2RR, oper-
ando XAFS spectra of the catalysts at Ni and Ni K-edge were recorded.
The Operando XAFS spectroscopy was conducted using a customized
two-compartment H-type electrochemical cell (Supplementary Fig. 21).
The absorption edges in both catalysts shifted slightly to lower energy at
more negative potentials, andwere basically recovered after the applied
potential was removed (Supplementary Figs. 22, 23), indicating that the
catalyst structure was stable during CO2RR. Furthermore, the crystal
structure and morphology of catalysts after the CO2RR test were re-
examined via XRD andHRTEM images (Supplementary Figs. 24, 25). The
result confirmed that the structure of dual-active-site catalyst Ni SAs–Co
NPs is stable during the CO2RR process42–45.

Theoretical analysis
Density functional theory (DFT) calculations were performed to gain
insight into the reactionmechanisms for the dual-active-site catalystNi

Fig. 4 | The performance for CO2RR. a LSV (Potentials are non-iR-corrected; Scan
rate: 5mV s−1; Inset, LSV of dual-active-site catalyst Ni SAs-Co NP in Ar-saturated
0.5M KHCO3). b FECO and FEH2, c H2:CO ratio of syngas and d distribution of
current density for Ni SAs, CoNPs andNi SAs–CoNPs catalysts in the CO2-saturated
electrolyte (Potentials are non-iR-corrected). e i–t stability of the Ni SAs–Co NPs at

–0.8 V (vs. RHE) and the corresponding H2:CO ratio of syngas (Potentials are non-
iR-corrected). f Schematic diagram and g stability of the flow cell when powered by
a photovoltaic panel. Error bars represent the standard deviation derived from
three independent measurements. Source data are provided as a Source Data file.
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SAs–Co NPs. Models of NiN3 (Fig. 5a) and Co(111) catalytic surfaces
(Fig. 5b) were constructed to represent the Ni SAs and Co NPs in the
catalyst, respectively (for further details, see Supplementary Infor-
mation and Supplementary Data 1). The free energy diagrams of CO2

reduction into CO were computed and depicted in Fig. 5c, revealing
that for the potential-limiting step, NiN3 has a moderate value of
0.83 eV. In contrast, for the Co(111) surface, a large energy (1.41 eV)
input is required for COdesorption. The H adsorption free energyΔGH

was also calculated46. Figure 5d shows that the Co(111) surface has a
ΔGH value similar to that of the Pt(111) surface reported41, whereasNiN3

has a rather high ΔGH value (0.69 eV), indicating a poor ability to
produce H2. The difference in carbon species adsorption can be
explained by both the charge density difference and Bader charge
analysis on CO adsorbed Co(111) and NiN3 models. In the former
model, the CO gains more negative charge than in the latter one (0.44
e vs. 0.21 e), as shown in Fig. 5e. Interestingly, similar to the adsorption
of COmolecules, the adsorption of H on Co(111) leads to gaining more
negative charge (0.28 e), thus stabilizing the adsorptionofHonCo(111)
(Fig. 5f). In addition, according to the Butler–Evans–Putterman rela-
tionship, for reactions of the same type, the activation energy gen-
erally varies linearly with the reaction free energy (ΔG). Therefore, ΔG
can serve as the metric to explain the preferences for different active
sites. Those results are consistent with experimental findings that
single-atomic Ni centers are responsible for CO2 reduction into CO,

and Co nanoparticles contribute primarily to H2 formation over the Ni
SAs–Co NPs catalyst.

Discussion
For the challenging task of convertingCO2 into high-purity CH3OHusing
solar energy for sustainable development, wedesigned a sunlight-driven
tandem catalytic system that integrated electrochemical CO2RR and
photothermally powered CO hydrogenation, which could produce
CH3OH in high purity (the volume fraction of CH3OH/(CH3OH+H2O)
ranging from 97 to 100%). For the electrocatalytic CO2RR, an in situ
synthesis strategy was developed to prepare a self-supporting binary
catalyst with dual-active sites. The single-atomic NiN3 sites were
anchored on the surface during the growth of carbon nanotubes
encapsulating Conanoparticles. The detailed parameters of local atomic
structures, including coordination numbers and bond lengths for elec-
trocatalyst dual-active sites were further analyzed via XAFS spectro-
scopy. For CO2RR performance, the NiN3 SAs displayed a high FECO, and
the Co NPs would preferentially produce H2. The optimized electro-
catalyst could produce syngas with a constant H2:CO molar ratio of
around 2:1 over a broad potential window. The produced syngas, after
purification, could be further fed into the downstream photothermal
reactor powered by broad-spectrum solar irradiation. The CH3OH pro-
duction rate under 1 sun was 238mg gcat

–1 h–1. Our work here demon-
strates a sun-simulated-driven route to converting CO2 into high-purity

Fig. 5 | Theoretical calculations on dual-active-site catalyst Ni SAs–Co NPs.
a,bCalculationmodels constructed for NiN3 and Co(111) (top view) (The light-blue,
blue, gray, gold, and white spheres represent Ni, N, C, Co, and H atoms, respec-
tively.). c, d Free energy diagrams for NiN3 and Co(111) for CO2RR and HER. e, f The

charge density difference of adsorbed CO and H on NiN3 or Co(111) with an iso-
surface level of 0.004 e Å–3. Yellow represents charge accumulation, and cyan
represents charge depletion.
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CH3OH via the coupling of photovoltaics-powered electrocatalysis and
photothermal catalysis. This approach makes the solar-driven produc-
tion of high-concentration CH3OH a reality.

Methods
Materials
All the chemical reagents were purchased from commercial sources
and used directly without further purification. Cobalt nitrate hexahy-
drate (Co(NO3)2 6H2O, Hebei Bailingwei Superfine Materials Co., Ltd.,
99%), 2-methylimidazole(Hebei Bailingwei Superfine Materials Co.,
Ltd., 99%), cyanuric acid (CA, Sahn Chemical Technology (Shanghai)
Co., Ltd., 99%), 2,4-diamino-6-phenyl-1,3,5-triazine (DPT, Sahn Chemi-
cal Technology (Shanghai) Co., Ltd., 99%), nickel chloride
hexahydrate(NiCl2 6H2O, Shanghai Aladdin Biochemical Technology
Co., Ltd., 98%), potassium bicarbonate (KHCO3, Shanghai Aladdin
Biochemical Technology Co., Ltd., 99.5%), CuZnAlOx (SCST-253, pur-
chased from Sichuan Shutai Chemical Technology Co., Ltd), melamine
(Shanghai Titan Technology Co., Ltd., 99%), ethanol (EtOH, Tianjin
FuChen Chemical Reagent Co., Ltd., 99.7%), methanol (MeOH, Tianjin
FuChen Chemical Reagent Co., Ltd., 99.7%), carbon dioxide gas (CO2,
99.999%), argon gas (Ar, 99.999%), and nitrogen gas (N2, 99.999%)
were purchased from Tianjin Huanyu Gas Co., Ltd., Nafion solution
(Sigma-Aldrich, 5wt%), proton exchange membrane (Nafion 117,
thickness: 183μm, Dupont), Ag/AgCl reference electrode and Pt wire
electrode were obtained from Gaoss Union. Carbon paper (Sigra-
cetGDL29BC) was purchased from FuelCellsEtc. Ultra-pure water
(resistance >18.2MΩ cm) was used in all experimental processes.

Synthesis procedures
In situ preparation procedure for the dual-active-site catalyst. The
prepared ZIF-67 (0.30 g) and melamine (0.90 g) were both dispersed
in ethanol and ultrasonicated for 30min, washed three times with
ethanol, and dried in vacuum at 60 °C for 6 h. Cyanuric acid (CA,
6.0mmol), 2,4-diamino-6-phenyl-1,3,5-triazine (DPT, 6mmol), and
Ni(NO3)2·6H2O (0.18mmol) were added to ultra-pure water (40.0mL),
stirred violently at room temperature for 6 h, centrifuged with ultra-
pure water, and the powder was dried in vacuum at 60 °C for 24 h.

The two powders were fully ground and mixed in a mortar and
transferred to a porcelain boat, and then put into a tube furnace to
carry out stage-by-stage high-temperature pyrolysis in N2 atmosphere:
heating up to 550 °C at a ramping rate of 2.3 °Cmin–1 for 2 h, then
heating up to 800 °C at a ramping rate of 10 °Cmin–1 for 1 h, and finally
natural cooling to obtain a fluffy carbon nanotube structure, namely,
Ni SAs–Co NPs.

Synthesis of ZIF-67. 2-methylimidazole (0.20mol) was dissolved in
methanol (500.0mL), and Co(NO3)2·6H2O (0.05molM) was dissolved
in methanol (500.0mL). And then, the solution of 2-methylimidazole
was poured into the solution of Co(NO3)2·6H2O. The mixture was
stirred at room temperature for 24 h, washed three times with
methanol, and dried in vacuum at 60 °C for 12 h. ZIF-67 powder was
thus obtained.

Synthesis of Co NPs. The prepared ZIF-67 (0.30 g) and melamine
(0.90 g) were both dispersed in ethanol and ultrasonicated for 30min,
washed three times by ethanol, and dried in vacuum at 60 °C for 6 h.
After fully ground in a mortar, the powder was transferred to a por-
celain boat and put into a tube furnace to carry out stage-by-stage
high-temperature pyrolysis in an N2 atmosphere: heating up to 550 °C
at a ramping rate of 2.3 °Cmin–1 for 2 h, then heating up to 800 °C at a
ramping rate of 10 °Cmin–1 for 1 h, and finally cooling to obtain fluffy
carbon nanotubes with core-shell structure, namely, Co NCs.

Synthesis of Ni SAs. TheNi SAswasprepared by a previously reported
method. Cyanuric acid (CA, 6.0mmol), 2,4-diamino-6-phenyl-1,3,5-

triazine (DPT, 6.0mmol), and Ni(NO3)2·6H2O (0.18mmol) were added
to ultra-pure water (40.0mL), stirred violently at room temperature
for 6 h, centrifuged with ultra-pure water, and the powder was dried in
vacuum at 60 °C for 24 h. After fully ground in a mortar, it was trans-
ferred to a porcelain boat and put into a tube furnace to carry out
stage-by-stage high-temperature pyrolysis in an N2 atmosphere: heat-
ing up to 550 °C at a ramping rate of 2.3 °Cmin–1 for 2 h, then heating
up to 800 °C at a ramping rate of 10 °Cmin–1 for 1 h, and finally natural
cooling to get a black solid, which was fully ground to a black powder,
namely, Ni SAs.

Characterizations
The X-ray diffraction (XRD) test was carried out on a SmartLab 9kW
X-ray diffractometer (Rigaku). The instrument was equipped with a Cu-
Kα radiation (λ= 1.5418Å), working voltage 40kV, working current
150mA, in the range of 2θ from 20° to 80° with a scan rate of 10°min−1.
Scanning electron microscopy (SEM) images were collected with a
Quanta FEG 250 environment scanning electronmicroscope with a field
emission gun produced by FEI Company. Transmission electron micro-
scopy (TEM)wasperformedonaLaB6 transmissionelectronmicroscope
of TECNAI G2 Spirit TWIN produced by FEI Company, and the accel-
eration voltage was 120 kV. High-resolution transmission electron
microscopy (HRTEM) was conducted on a Talos F200 X microscope
produced by the FEI company. The electron beam energy range was
0.1–8 keV, and the acceleration voltage was 120 kV. High-angle annular
dark-field scanning TEM (HAADF-STEM) was conducted on a Titan
CubedThemisG2300producedbyFEI company. Elemental analysiswas
carried out via iCAP RQ inductively coupled plasma optical emission
spectroscopy (ICP-MS) produced by Semel Fisher Technology Co., Ltd.,
Germany. X-ray photoelectron spectroscopy (XPS)was conductedon an
ESCALAB250Xi typeX-ray photoelectron spectrometerwithAl Kα as the
excitation source produced by Thermo Scientific.

Electrochemical measurements
The performance for electrochemical CO2 reduction was assessed on
an electrochemical workstation (CHI 760E) produced by Shanghai
Chenhua Instrument Co., Ltd. The electrolyte was prepared and used
immediately when needed. The test was carried out in an H-type
electrolytic cell. The cathode and anode in the cell were separated by a
proton exchange membrane (Nafion 117), and a certain amount of
KHCO3 (0.5M, pH= 7.3 ± 0.05) was added as the electrolyte. The
electrolyte volume used in both cathodic and anodic chambers was
17mL. A platinumplate (1 × 1 cm2) was used as a counter electrode, Ag/
AgCl as the reference electrode, and carbon paper (0.5 × 2.0 cm2)
coatedwith the catalyst as a working electrode. The Ag/AgCl reference
electrode was calibrated using a reversible hydrogen electrode (RHE)
under controlled conditions. The calibration was carried out in a high-
purity H2-saturated electrolyte (0.5M H2SO4) with a Pt wire as the
working electrode, a graphite rod as the counter electrode, and theAg/
AgCl electrode as the reference. Cyclic voltammetry was run at a scan
rate of 1mV s−1, and the average of the two potentials at which the
current crossed zerowas taken to be the thermodynamic potential for
the hydrogen electrode reactions.

Pretreatment of Nafion 117 membrane. First, the proton exchange
membrane (Nafion 117) was soaked in hydrogen peroxide solution (5%)
at 80 °C for 1 h, then in deionizedwater for 0.5 h. Then it was soaked in
H2SO4 solution (mass ratio 5%) at 80 °C for 1 h, and finally soaked in
deionized water for 0.5 h.

The preparation of the working electrode used the method of
drop casting: the sample (3.0mg) was dispersed into 50μL Nafion and
550μL ethanol mixed solution, ultrasonicated for 30min to form a
uniform ink, and then 300-uL ink was evenly dispensed onto
0.5 × 2 cm−2 carbon paper, and dried naturally The catalyst loading was
1.5mgcm−2. The potentials used in this paper were converted with
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respect to reversible hydrogen electrode:

EðRHEÞ= EðAg=AgClÞ+0:0592×pH+0:197 ð1Þ
In this experiment, the gas-phase products were determined both

qualitatively and quantitatively on a Shimadzu GC-2014 gas chroma-
tograph, which was equipped with thermal conductivity detectors and
flame ionization detectors. High-purity argon was used as the carrier
gas (99.999%). Ethane, ethylene, methane, carbon monoxide, hydro-
gen, andoxygen could bedetected at the same time, and the gas-phase
products could be determined by the external standard method. The
Faradaic efficiencies of the gas-phase products were calculated
according to the following equations:

FE =
n× z × F

Q
× 100% ð2Þ

FE: Faradaic efficiency for H2 or CO production;
n: The molarity of the product, mol;
z: The number of electrons transferred during the electrocatalytic

process (2 here);
F: Faraday constant (96485C/mol);
Q: the input charge (C).
CO and H2 partial current densities (jCO) can be obtained

according to the following equation:

jCO=H2 =
FECO=H2�I

S
ð3Þ

where I is the average current, and S represents the geometric surface
area of the working electrode.

The liquid-phase products in CO2RR were quantitatively analyzed
via 1H NMR spectroscopy (AVANCE III HD 400MHz, Brooke Company
in Switzerland). The LSV curves were recorded in CO2-saturated and
Ar-saturated0.5MKHCO3 solutionswith the scan rate of 5mV s−1 in the
H-cell system.

Flow cell tests. The electrochemical measurements were conducted
in a three-channel flow cell. The catalyst was coated onto a carbon
paper with a mass loading of 3.0mg cm−2. Pt was used as the counter
electrode, and a leak-free Ag/AgCl as the reference electrode. The
electrolyte was 0.5M KHCO3. In the flow cell, the proton exchange
membrane (Nafion 117) was used as the separator placed between the
anode/cathode compartments. The membrane facilitates ion trans-
port while minimizing product crossover. Each compartment has a
serpentine flow channel. On the cathode side, CO2 flew through the
channel over the surface of carbon paper coated with the catalyst,
producing CO and H2; on the anode side, the electrolyte flew through
the channel andproducedO2over the anode catalyst. TheCO2gasflow
rate was set to be 15 sccm and the flow rate of electrolyte was
20mLmin−1 via a peristaltic pump. The solar cell was purchased from
commercial sources and used as power for CO2RR.

Operando XAFS measurements. The Operando XAFS spectroscopy
was conducted using a customized two-compartment H-type electro-
chemical cell. The schematic of the cell could be found in Supple-
mentary Fig. 20. The cell is comprised of the working, counter (Pt
wire), and references electrodes (Ag/AgCl), inlets and outlets. The
high-purity CO2 (99.999%) was fed during the test. The prepared cat-
alyst ink was dispensed on a carbon paper (SigracetGDL29BC) elec-
trode and dried. A small window was cut out on the cathode side and
sealed with Kapton film to allow the fluorescence signals to pass from
the electrode to the detector. To record the operando XANES spectra,
the cell was subsequently filledwith electrolyte (0.5MKHCO3 aqueous
solution), and bubbled with CO2 for 30min before test. The operando
XANES spectra were recorded under open-circuit potential (OCP), and

then recorded under different applied potentials. The applied poten-
tial was controlled by the electrochemical workstation (CHI 760E). The
measures were conducted at room temperature.

Photothermal performance. The photothermal methanol synthesis
was tested as follows: 20mg of commercial CuZnAlOx (SCST-253,
purchased from Sichuan Shutai Chemical Technology Co., Ltd) was
placed into the TiC/Cu-based photothermal device and irradiated by a
light source (DL-3000). The CO and H2 generated by photovoltaic
electrocatalysis were first pressurized to 4MPa through a pressuriza-
tion device and then introduced into the photothermal device with a
flow rate of 0.5mLmin−1. The reaction products were tested by gas
chromatography (GC) 7890A equipped with FID and TCD detectors.
For the purification of green syngas, we used KOH aqueous solution
(2M) to remove the excess CO2 and then used 3A molecular sieves to
remove residual water. The column used for testing methanol was a
capillary chromatography column (LZP-950). We used the method of
injection to detect the signal of methanol. The gas coming out of the
outlet was kept in a tube (kept at 120 °C, so that methanol would exist
as vapor), and we used a syringe to quantitatively extract the gas, and
then injected it into the gas chromatograph (GC), so that all substances
would be detected.

The preparation of photothermal device. The reaction tube was
45 cm in length and 4 cm in diameter. Then, the SP-0707ASmagnetron
sputtering was used to deposit Cu film and TiC film, which had a 4-axis
rotation system to rotate bases. Cu and TiC were used as targets; the
working gas was Ar (99.99% purity). Before the deposition process, the
tube was washed with deionized water, acetone, and ethanol. The
deposition of Cu substrate and TiC film on the reaction tube first used
glow-discharge to clean the stainless tube, and then the Cu layer and
the TiC filmwere deposited sequentially, and the samplewas taken out
after passive cooling. Specific parameters: the power was 5 KW, the
sputtering pressure was 9 × 10−2 Pa, the bias voltage was 150V, the
sputtering temperature was 70 °C, the sputtering durations for Cu
layer and TiC film were 25 and 6min, respectively. The glass vacuum
layer had a pressure of 1 × 10−3 Pa.

Finite-element analysis. COMSOL Multiphysics 6.1 was used to con-
duct the finite-element analysis on the photothermal tube. The mod-
ules of “Laminar flow”, “Heat transfer in fluids” and “Transport of
concentrated species”were employed. The photothermal tubewas set
to have a diameter of 45mm and a length of 450mm. At the inlet, a
flow rate of 24 sccm, a temperature of 293K, and a CO:H2:CH3OH
molar ratio of 1:2:0were set; at the outlet, anabsolute pressure of 1 atm
was set. At the side wall of the photothermal tube, a temperature of
593 K was set. The thermocatalytic CO hydrogenation reaction was
assumed to be irreversible and have a reaction order of 1 with respect
to CO, and 2 with respect to H2. The heat generation for each mole of
generated CH3OH was set to be 90.5 kJ. The rate constant k was swept
to ensure an overall CH3OH production rate of 0.238 g h−1 (as deter-
mined experimentally).

Computational details. In thiswork, all thefirst-principles calculations
were performed by using the Vienna ab initio simulation package
(VASP) (Phys. Rev. B 54, 11169–11186 (1996)) based on the spin-
polarized density functional theory (DFT). The generalized gradient
approximation (GGA)within the Perdew–Burke–Ernzerhof (PBE) (Phys.
Rev. Lett. 77, 3865–3868 (1996)) functional was used to describe the
exchange-correlation energy. The projector augmented-wave (PAW)
method (Phys. Rev. B 50, 17953–17979 (1994)) with a plane-wave basis
set with an energy cut-off of 450eV was used for total energy calcu-
lations. In order to account for van der Waals interactions, the DFT-D3
methodwith Becke-Jonson damping was employed (J. Chem. Phys. 132,
154104 (2010); Energy Environ. Sci. 3, 1311–1315 (2010). The
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convergence criterion of energy and force was set to 10−5 eV and
0.02 eVÅ−1, respectively.

To investigate the effect of a single nickel counterpart of the
catalyst, themodel of NiN3 was built based on aN-doped graphene in a
7 × 7 × 1 supercell. Additionally, the unsaturated carbonwas passivated
by pseudo-hydrogen to saturate dangling bonds. A vacuum layer of
20Å was incorporated to prevent interaction between layers. Co
nanoparticles weremodeled using theCo(111) surface according to the
experimental observation. This surface was investigated using the
periodic p(3 × 3) supercell and included four atomic layers. During
geometry optimizations, the two uppermost layers of the surface were
fully relaxed, while the bottom two layers were fixed at their bulk
positions. A vacuum layer of 18 Å was added in the direction perpen-
dicular to the surface to avoid interaction with periodically repeated
images. Finally, the first Brillouin zonewas sampled using a 1 × 1 × 1 and
3 × 3 × 1 Γ-centered k-point grid for NiN3 and Co(111) calculations,
respectively.

The reaction pathway for the electrochemical reduction of CO2

into CO and hydrogen evolution reaction includes the following steps:

CO2 + * ! *CO2

*CO2 +H
+ + e� ! *COOH

*COOH+H+ + e� ! *CO+H2O

*CO ! CO+ *

*H+ + e� ! *H

*H+H+ + e� ! 1=2H2

The change in Gibbs free energy of each reaction pathway is
defined by:

4G=4E +4ZPE � T4S ð4Þ

whereΔE is the energy difference based onDFT calculations,ΔZPE and
ΔS (Table S3) are the zero-point energy (ZPE) correction and the
entropy change, respectively, T represents the temperature and set to
be 298.15 K.

The adsorption energy was calculated by:

Eads = Etotal � ðEsubstrate + EadsorbateÞ ð5Þ

where Etotal, Eslab, and Eadsorbate are the total energy of substrate with
adsorbate, the substrate, and the isolated adsorbate, respectively. The
more negative adsorption energy corresponds to stronger adsorption.

Data availability
All data were available in the main text or the Supplementary Infor-
mation. Atomic coordinates of the optimized models are provided in
Supplementary Data. Source data are provided with this paper.
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