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Abstract: Methanol synthesis via carbon dioxide (CO2) reduction is challenging and
important because this technology can convert CO> by solar- or wind-generated
hydrogen into liquid fuel. The present work introduces the visible light as an external
stimulus and for the first time demonstrates that methanol synthesis over Cu/ZnO
catalysts can be effectively promoted by solar energy under atmospheric pressure.
Experimental and theoretical studies document that hot electrons were photo-excited by
localized surface plasmon resonance (LSPR) on Cu nanoparticles and such
photo-excited hot electrons could transfer to ZnO through the metal-support interfaces.
The hot electrons on Cu and ZnO synergistically facilitated the activation of reaction
intermediates. Consequently, the activation energy was reduced by 40% and the
methanol synthesis activity was promoted by 54%. This work provides a new strategy
towards synthesis of liquid fuel via CO2 reduction under low pressure and sheds new

light on the mechanism of photo-mediated catalysis.

Keywords: photocatalysis; carbon dioxide; reduction; copper; surface plasmon

resonance



1. Introduction

Carbon dioxide (CO>) is one of the potent greenhouse gases and an abundant
carbon building block [1-5]. Converting CO into high calorific fuels is of great
significance because this technology can simultaneously alleviate global warming and
energy crisis. A particularly attractive route is to reduce CO: into methanol via
hydrogenation, which can utilize H, from renewable sources [6-10]. Methanol is among
the top ten commodity chemicals (70 MMT in 2015) with wide applications as a fuel or
a chemical feedstock, which plays a prominent role in industry [11-13].

Although methanol has been commercially produced from syngas (H2/CO)
containing CO2 up to 30% of the total carbon over Cu-ZnO-Al,Os3 catalysts at 200 -
300 °C under 5.0 - 10.0 MPa, low methanol yields are obtained with pure CO: as the
carbon source [14-16]. Another technical hurdle is the low methanol yields under low
pressure, which would impede the decentralized use of solar- or wind-generated H»
[17,18]. To enhance methanol yields under low pressure, various novel catalysts such as
a Ni-Ga catalyst [19], Au nanoparticles activated on a CeOx/TiO; interface [20] and a
Ni-In-Al/SiO> catalyst [21] were designed. In the meantime, recent work documented
that catalytic performance could be markedly improved with the design of
photocatalysis-based materials [22, 23]. In this context, an alternative strategy to
promote methanol synthesis is to introduce light as an extra stimulus to lower the
activation barrier of the traditional, phonon-driven thermal reaction via an

electron-driven photocatalytic mechanism [24-27]. It has been demonstrated that noble



metal (Au, Ag, Cu) nanostructures, which interact with solar energy by an excitation of
localized surface plasmon resonance (LSPR), can serve as plasmonic promoters and
enhance the catalytic efficiency under light irradiation [28-33]. For example, Hao and
co-workers [28] reported highly selective photocatalytic hydrogenation of
cinnamaldehyde over plasmonic Au nanoparticles supported on SiC. Linic’s group [29]
found that on the plasmonic Ag nanostructures, catalytic oxidation reactions could be
accomplished at much lower temperature by coupling solar energy with thermal energy.
Lyu et al. [30] observed that the activity of CuPt nanoframes in 4-nitrophenol reduction
was enhanced to ~1.3 times under visible light irradiation due to LSPR effect on the
Cu-rich skeleton. Our group [31-33] recently found that under visible light irradiation,
Au nanoparticles as a plasmonic promoter in bimetallic dry reforming catalysts could
effectively enhance CO» activation and improve the catalytic performance. Much
surprisingly, no relevant work has been reported on plasmonic Cu nanostructures for
methanol synthesis via CO2 reduction.

Herein, a Cu/ZnO catalyst was employed as a model catalyst for methanol
synthesis via CO> reduction because the Cu/ZnO system has emerged as a prototype for
the fundamental studies towards the complicated catalysts for methanol synthesis [9,34].
The visible light was introduced as an extra stimulus aiming to enhance the catalytic
performance. The mechanisms underlying the visible light promoted methanol synthesis

were unravelled by the combination of experimental and theoretical studies.

2. Experimental section



2.1. Materials

Cu(NO3)2:3H20  (99.9%), Zn(NO3)2-6H.O  (99.9%), Na.,COs (99.9%),
Ce(NO3)3-6H20 (98.0%), and ZrO(NO3z)2:2H20 (97.0%) were purchased from Wako
Pure Chemical Industries, Ltd. TiO2 (AEROXIDE® TiO, P25) was purchased from
Evonik-Degussa. All of the chemicals were used as received.
2.2. Catalyst preparation

The Cu/ZnO catalyst with Cu/Zn molar ratio of 1/2 was prepared with a
co-precipitation method [35,36]. An aqueous solution containing 0.05 M of
Cu(NO3)2-3H20 and 0.1 M of Zn(NO3)2-6H20 as the metal precursor, and an aqueous
solution containing 0.15 M of Na>COs as the precipitant were added simultaneously
into 200 ml of deionized water at a constant pH of 7.0 under vigorous stirring at 70 °C.
The co-precipitation step was finished after 100 ml of metal precursor solution was
added. The obtained slurry was aged for 2 h at 70 °C. After being cooled to room
temperature, the precipitate was filtered and washed thoroughly with deionized water.
The collected sample was then dried at 110 °C overnight and calcined at 350 °C for 4 h.

Besides, two series of reference catalysts were prepared with similar procedures as
described above. The first one are Cu/ZnO catalysts with other Cu/Zn molar ratios (1/4,
1/1 and 2/1), which were prepared with Cu/Zn molar ratios in the metal precursor
solution being varied accordingly. The second one are Cu catalysts supported on other
oxides (CeO2, ZrO and TiO). Cu/CeO, and Cu/ZrO; catalysts were prepared using

Ce(NO3)3-6H20 and ZrO(NOs3)2-2H>0 as the metal precursor instead. Due to the quick



hydrolysis of titanium precursor, the Cu/TiO, catalyst was prepared by the incipient
wetness impregnation method using P25 as the support.
2.3. Catalyst characterization

N2 sorption was carried out on a BEL Sorp-1l mini instrument (BEL Japan, Inc.) at
-196 °C. The specific surface area was determined by the Brumauer-Emmett-Teller
(BET) method. X-ray diffraction (XRD) patterns were recorded on an X’Pert PRO
diffractometer with a Cu Ka radiation. The phase identification was made by indexing
the Joint Committee on Powder Diffraction Standards (JCPDS) database. High
resolution-transmission electron microscopy (HR-TEM) images were collected on a
JEM-2100F microscope (JEOL Ltd., Japan) at a working voltage of 200 kV. X-ray
photoelectron spectroscopy (XPS) and auger electron spectroscopy (AES) spectra were
acquired in a SPECS multi-technique surface analysis system that was equipped with an
Al Ka X-ray source (1486.7 eV) and a PHOIBOS 100 hemispherical energy analyzer.
To avoid the facile oxidation of metallic Cu under ambient conditions, the sample was
reduced and reacted in an elevated-pressure cell that was combined with the surface
analysis system. The charge effect was calibrated by the C 1s feature of the adventitious
carbon (284.8 eV). The ultraviolet-visible (UV-vis) spectra were measured on a
UV-2600 spectrophotometer (Shimadzu Co., Japan). N2O titration was carried out on a
Micromeritics Autochem 11 2920 analyzer to determine the number of surface Cu® sites.
The catalyst was first reduced in a H> flow at 250 °C for 2 h and then cooled down to 50

°C in a He flow. After a purge for 1 h, the He flow was switched into a flow of 1.0%



N2O/He gases. The produced N2> was monitored with a thermal conductivity detector,
which was used to calculate the number of surface Cu® sites according to the reaction of
2Cu(s) + N20(g) — Cu20(s) + N2(g) [37,38]. The transient absorption spectra were
acquired using the pump and probe method with an amplified Ti:Sapphire femtosecond
laser (Spitfire Ace-Spectra Physics, 35 fs (pulse width), 1 kHz (repetition rate), 5000 nm
(central output wavelength)).
2.4. Catalyst test

Methanol synthesis reaction was carried out over 20 mg of catalyst (120 - 200
mesh) in a homemade fixed bed reactor (Fig. S1) under ambient pressure. The reaction
temperature was 220 °C unless otherwise specified, which was precisely controlled by a
TC-1000 controller (JASCO Corp.) with a thermocouple underneath the catalyst bed.
Prior to reaction, the catalyst was reduced in situ in 20 ml min™ H at 250 °C for 2 h.
After the reactor was cooled down to reaction temperature, the reactant gases consisting
of 5 ml min? CO2 and 15 ml min H, were introduced. The effluent gases were
analyzed with a Shimadzu GC-2014 gas chromatograph. Only methanol and CO were
detected as products. The activity of the catalyst was described with methanol
production rate (umol methanol produced per gram of catalyst per min) and the data
were collected after 0.5 h duration of reaction. For the photo-thermal catalysis, a
LA-251Xe lamp (Hayashi) equipped with L42 + HA30 filters was employed as the
visible light source (0.58 W cm, 420 < A < 800 nm). The spectrum of the light source

analyzed by a USR-40 spectrophotometer was shown in Fig. S2. CO, (Tokyo Gas



Chemicals Co. Ltd.) was used instead of >CO; in the isotopic labelling experiments.
2.5. In situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)
studies

In situ DRIFTS studies were performed on an FT/IR-6300 spectrometer (JASCO
Corp.) equipped with a diffuse reflectance attachment and with a liquid nitrogen-cooled
mercury cadmium telluride (MCT) detector. 20 mg of catalyst powder was packed in a
cell resembling the reactor used in catalyst testing experiments. The catalyst was
reduced in situ in 20 ml min™t H, at 250 °C for 2 h and then purged with 20 ml mint Ar
at 250 °C for 1 h. After the catalyst was cooled down to 220 °C, a background spectrum
was acquired in an Ar flow. Subsequently, the sample was exposed to the reactant gases
consisting of 5 ml mint CO2 and 15 ml min™ H.. The spectra under dark and light
conditions were recorded after 0.5 h under dark condition and after another 0.5 h under
light condition respectively. The spectra were collected with 64 scans at a resolution of
4cm?,
2.6. Electromagnetic field simulation

The electromagnetic fields distributed over the Cu/ZnO catalyst were simulated by
the finite difference time domain (FDTD) method (FUllWAVE, Synopsys’ RSoft). The
dielectric functions of Cu and ZnO were taken from [39] and [40] respectively. The
simulation model used was shown in Fig. S3. The electromagnetic field propagated

along the Z axis and oscillated along the X axis. The spatial distribution of the

electromagnetic fields over the Cu/ZnO catalyst was stimulated at the peak wavelength



of the surface plasmon resonance (~580 nm). The amplitude of the excited fields was

normalized to 1.

3. Results and discussion

3.1. Catalyst characterization

The physico-chemical properties of the reduced Cu/ZnO catalyst with Cu/Zn molar
ratio of 1/2 were characterized. As shown in Fig. 1a, N2 sorption isotherms belonging to
type IV were observed, indicating mesoporous characteristics of the Cu/ZnO catalyst.
The specific surface area of 49.9 m? g? is consistent with that in the literature [41].
XRD patterns in Fig. 1b indicated that metallic Cu and hexagonal wurtzite ZnO phases
formed in the reduced catalyst. Based on Scherrer equation, the average crystallite size
of Cu and ZnO was estimated as 14.3 and 17.9 nm respectively. The morphology of the
catalyst was characterized with TEM. Fig. S4 depicts the peculiar microstructure of the
Cu/ZnO catalyst, in which Cu and ZnO nanoparticles can hardly be distinguished from
each other due to similar contrast [35,36]. By measuring the distance between lattice
fringes in HR-TEM images (Fig. S4b), Cu and ZnO nanoparticles were identified. As
shown in Fig. 1c, abundant Cu-ZnO interfaces were observed, which arerecognized as
the active sites for methanol synthesis [42,43]. The average particle size of Cu and ZnO
calculated from more than 100 nanoparticles was 15.2 and 18.4 nm respectively, in good
agreement with that estimated from XRD patterns. The chemical state of the catalyst
was characterized by XPS. As shown in Fig. S5a, metallic Cu with a Cu 2p3» peak at

932.1 eV was detected. The Zn 2ps. peak at 1021.7 eV corresponded to Zn?* in ZnO
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(Fig. S5b) [9]. Because Cu 2ps» peaks of Cu® and Cu* have close position in binding
energy [44,45], AES measurements were further carried out. As displayed in Fig. 1d, a
broad peak with a maximum Kinetic energy at 918.8 eV clearly indicates that metallic
CuP existed in the reduced Cu/ZnO catalyst [36,46]. The modified Auger parameter (a.cu
= BE(Cu 2p312) + KE(CuLmm)) was 1850.9 eV, which was consistent with that of Cu® as
well [44,47]. Cu species played crucial roles in methanol synthesis as the active sites for
the dissociation of hydrogen and stabilization of the reaction intermediates [38]. Recent
in situ XPS characterizations documented that metallic Cu was the active oxidation state
of Cu in methanol synthesis [47]. All of the above physicochemical properties
demonstrate that a prototype Cu/ZnO catalyst for methanol synthesis has been

synthesized.
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Fig. 1. Physicochemical characterizations of the reduced Cu/ZnO catalyst. (a) N2

sorption isotherms; (b) XRD patterns; (c) HR-TEM image with Cu® in reddish brown

and ZnO in light green; (d) Cu LMM AES spectrum.

3.2. Photo-enhanced methanol synthesis.

Prior to investigate the catalytic activity of the Cu/ZnO catalyst in photo-thermal
methanol synthesis, the optical properties of the samples were studied. Displayed in Fig.
2a are UV-vis absorption spectra of Cu/ZnO catalyst and ZnO support. A distinct

absorption peak at 584.3 nm was observed on the Cu/ZnO catalyst, corresponding to the
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LSPR absorption of Cu nanoparticles in the visible range [10,48]. It was noted that
LSPR peak of Cu nanoparticles was relatively broad, which might be caused by the
slight surface oxidation as well as inhomogeneous distribution of size and shape [49-51].
Accordingly, a visible light source (0.58 W cm?, 420 < A < 800 nm, Fig. S2) was
introduced as the stimulus in the photo-thermal reaction that was carried out over the
Cu/ZnO catalyst under ambient pressure. Fig. 2b shows that the catalytic activity was
effectively promoted upon visible light irradiation and the light-induced promotion was
fully reversible. Methanol production rate of the photo-thermal process (light on, 2.13
umol gt mint) was 1.54 times as much as that of the pure thermal process (light off,
1.38 pmol gt min'). Notably, the enhancement in methanol yields by the photo-thermal
strategy was much more significant than that achieved by the reported novel catalysts.
Compared with the conventional Cu/ZnO catalyst in thermal catalysis, the methanol
synthesis activity at 220 °C was promoted by 54% in the present work while less than
20% enhancement was realized over the Ni-Ga catalyst, a benchmark methanol
synthesis catalyst under ambient pressure [19]. Based on the number of surface Cu°
sites determined by N»>O titration, turnover frequency (TOF, methanol molecules
produced per surface Cu atom per second) of the catalyst under dark and light condition
was calculated as 5.9 x 10° and 9.1 x 10° s respectively. Most of the methanol
synthesis reactions in the literature were performed under elevated pressure, which
makes the direct comparison of the TOF values over Cu/ZnO catalysts difficult [9,38].

However, we noticed that the TOF of the Cu/ZnO catalyst without light irradiation in

13



this work was close with that of the Cu/ZnO/Al,O3 catalyst that was also tested at 220
°C under ambient pressure (5.1 x 10° s, converted from Fig. 3 in [19]). Only methanol
and CO were produced under the current reaction conditions. Similar promotion effect
was observed on CO (Fig. S6). It is noteworthy to mention that CO was the major
product under current reaction condition. As a matter of fact, it is the case that methanol
is the minor product (with selectivity much lower than 50%) over most of the reported
catalysts in low-pressure methanol synthesis [19-21,52]. Considering that methanol is
much more valuable than CO, the major topic in the present work is about methanol
synthesis. Fig. 2c demonstrates that the catalyst was relatively stable under both dark
and light conditions. CO2 conversion and methanol selectivity as a function of time
under dark and light conditions were displayed in Fig. S7. The low CO2 conversion
demonstrates that the catalysts were run in the differential regime, far from equilibrium
[21,52]. The chemical state of Cu species after stability test under dark condition was
characterized by XPS (Fig. S8a) and AES (Fig. S8b). By comparing XPS and AES
spectra between before and after reaction, it was confirmed that metallic Cu was stable
during reaction, consistent with the steady catalytic performance observed. Fig. 2d
presents the Arrhenius plots of the Cu/ZnO catalyst under dark and light conditions. It is
noted that the apparent activation energy (Ea) was reduced by 40% from 82.4 to 49.4 kJ
mol™ upon visible light irradiation. This phenomenon has been reported previously,
which indicates that the hot electrons excited by LSPR on Cu nanoparticles assisted the

activation of reaction intermediates during methanol synthesis [33,53]. Control
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experiments (Fig. S9) substantiate that both external and internal diffusion have been

eliminated over the Cu/ZnO catalyst under light condition [54].
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Fig. 2. Photo-promoted methanol synthesis over the Cu/ZnO catalyst under ambient
pressure. (a) UV-vis absorption spectra of the Cu/ZnO catalyst and ZnO support; (b)
Methanol production rate at 220 °C with and without visible light irradiation; (c)
Stability tests at 220 °C under dark and light conditions; (d) Arrhenius plots under dark

and light conditions.

To unravel the role of light on methanol synthesis, the dependence of activity on
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light intensity and wavelength was investigated. Fig. 3a shows a linear increase in
activity as a function of light intensity, suggesting a hot electron driven catalysis in
photo-thermal reaction [55]. The dependence of activity on light wavelength was
established using various optical filters with similar light intensity among various
wavelength ranges (Table S1). The close correlation between the contribution of
light-induced activity and the optical absorption caused by LSPR on Cu nanoparticles
further manifests that surface plasmons are responsible for the promoted activity (Fig.
3b) [28-33]. Another distinct signature for the electron driven catalysis is the enhanced
kinetic isotope effect (KIE) (*2CO, rate/**CO, rate) under light condition, which was
substantiated in the present work as well (Fig. 3c) [29,55]. All of the above
experimental signatures conclusively demonstrate that the hot electrons excited by
LSPR on Cu nanoparticles play a crucial role in promoting the methanol production rate.
In addition, the impact of hot electrons on the reaction intermediates was studied by in
situ DRIFTS spectra. According to the literature [21,40,56], the bands shown in Fig. 3d
are assigned as *HCOO (formate) species on ZnO (2976, 1590, 1558 and 1368 cm™),
*HCOO species on Cu (2901, 1669, 1542 and 1354 cm™), *CH3O (methoxy) species on
ZnO (2937 cmY), and other carbon containing species on the surface (1612, 1514 and
1478 cm™), which points to a formate pathway in methanol synthesis [42,43].
Comparatively, the intensity of the reaction intermediates was substantially attenuated
after the light was turned on, suggesting more facile activation of the adsorbed

intermediates with the aid of photo-excited hot electrons [9,33]. Recent studies based on
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density functional theory (DFT) calculations demonstrated that the energetic charge
carriers (electron/hole pairs) from the plasmonic nanoparticles would facilitate the
activation of the adsorbed intermediates by attaching themselves to the adsorbates on
the surface of excited catalysts, leading to enhanced catalytic activity under light

irradiation [25,33].
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of the activity enhancement induced by light in the specific wavelength range out of that
induced by light in the whole visible range); (c) Influence of visible light on KIE; (d) In

situ DRIFTS spectra under dark and light conditions.

To understand the mechanism of the visible light promoted methanol synthesis, the
plasmon excitation over the Cu/ZnO catalyst was stimulated by the finite difference
time domain (FDTD) method (see Fig. S3 for the simulation model). Fig. 4a displays
the simulated electromagnetic field distributions of the Cu/ZnO catalyst under light
irradiation at the peak wavelength of the surface plasmon resonance (580 nm).
Enhanced electric fields were clearly noticed on the surface of plasmonic Cu
nanoparticles, which would excite abundant hot electrons. In addition, the electron
transfer dynamics at Cu-ZnO interfaces was characterized by femtosecond (fs) transient
absorption spectra. A Cu/ZrO> catalyst was employed as the reference to examine the
response from excited Cu nanoparticles because electron transfer from Cu to ZrO;
would not occur due to the high conduction band of ZrO; [57,58]. As shown in Fig. 4b,
no transient absorption was detected over the Cu/ZrO; catalyst, suggesting that excited
Cu nanoparticles would not induce any transient absorption. In contrast, a distinct
transient absorption was observed over the Cu/ZnO catalyst, which would be induced
by electrons injected to conduction band of ZnO [59,60]. Therefore, transient absorption
kinetics studies demonstrate that hot electrons would be effectively transferred from Cu
nanoparticles to ZnO support. It is well known that Cu-ZnO interfaces play a vital role
in CO2 hydrogenation into methanol [42,43]. Nevertheless, the exact mechanism how

18



ZnO influences the methanol synthesis over Cu catalysts is still under debate. Generally,
two hypotheses were proposed. One acknowledged ZnO as a structural modifier or
promoter for intermediate activation, leading to an enhanced activity on Cu active sites
by the unique Cu-ZnO synergy [9,61,62]. The other one suggested the decoration of Cu
surface with partially reduced ZnOx or metallic Zn, creating the very active ensembles
for methanol production [63,64]. In both cases, the facile photo-induced electron
transfer through Cu-ZnO interfaces would facilitate the activation of the adsorbates

adjacent to the metal-support interfaces.
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Fig. 4. (a) Spatial distribution of the electromagnetic fields over the Cu/ZnO catalyst
under 580 nm irradiation stimulated using the FDTD method; (b) Transient absorption
kinetics studies over the Cu/ZnO catalyst under photo-excitation at 580 nm, in which
the electron transfer was accomplished within 502 fs corresponding to the distinct rise
in the spectrum. Cu/ZrO2 and ZnO samples were employed as references in transient

absorption kinetics studies, in which no transient absorption rise was observed.

3.3. General discussion
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Based on the experimental signatures (Fig. 3) and theoretical studies (Fig. 4), a
mechanism combining the photo-exited hot electrons on the Cu nanoparticles and the
electron transfer through the metal-support interfaces was proposed to rationalize the
visible light promoted methanol synthesis (Fig. 5). In the pure thermal process,
methanol synthesis proceeded along a formate pathway through *HCOO, *HCOOH,
*H,COOH and *CH3O intermediates, among which only *HCOO and *CH3O species
were observed in in situ DRIFT spectra due to their strong adsorption [42,43]. Based on
DFT calculations in the literature [9,42,43], the hydrogenation of *HCOOH was
generally acknowledged as the rate-limiting step. In the photo-thermal process, a similar
reaction pathway occurred based on the in situ DRIFTS spectra (Fig. 3d). However, the
photo-excited hot electrons on the Cu nanoparticles and adjacent to the Cu-ZnO
interfaces would be scattered into the adsorbed reaction intermediates, weakening the
chemical bonds [29,33]. In the meantime, the hot holes remained on Cu surfaces, which
would be combined with the back-transferred hot electrons [25,29,65,66]. The
facilitated activation of *HCOO species corresponding to the attenuated in situ DRIFT
intensity upon light irradiation would alleviate the surface poisoning of the Cu/ZnO
catalyst caused by the accumulation of *HCOO species [9,43]. Consequently, the
methanol production rate was enhanced under visible light irradiation. Notably, little
change was observed towards methanol selectivity with the introduction of visible light.
It should be clarified that the reduced activation energy does not necessarily alter the

product selectivity. Instead, the catalytic reaction under light illumination may still
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proceed with a similar reaction pathway but at a faster rate [33,67,68].
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Fig. 5. A mechanism proposed for the visible light promoted methanol synthesis. The
photo-thermal methanol synthesis follows a similar formate pathway as the pure thermal
methanol synthesis, which proceeds along *HCOO, *HCOOH, *H,COOH and *CH3z0
intermediates with the hydrogenation of *HCOOH as the rate-limiting step. The
photo-excited hot electrons on the Cu nanoparticles and adjacent to the Cu-ZnO
interfaces synergistically promote the activation of reaction intermediates, which lowers

the reaction barrier and enhances the methanol production rate.

In addition, the visible light promoted methanol synthesis was observed on
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Cu/ZnO catalysts with various Cu/Zn molar ratios (Fig. S10 and S11). We also
investigated methanol synthesis over Cu catalysts supported on other oxides, in which
the visible light promoted methanol synthesis was confirmed over the Cu/CeQO> catalyst
although much lower activity was detected (Fig. S12 and S13). Negligible methanol
was detected over Cu/TiO2 and Cu/ZrO; catalyst under the present reaction condition
(220 °C and 1 atm). The above results manifest the crucial role of ZnO support in

Cu-based catalysts for methanol synthesis [11,41].

4. Conclusions

In conclusion, visible light promoted methanol synthesis over plasmonic Cu/ZnO
catalysts under ambient pressure was reported for the first time. Upon visible light
irradiation, the methanol production rate increased from 1.38 to 2.13 umol g* min* and
the apparent activation energy decreased from 82.4 to 49.4 kJ mol?. Based on
experimental signatures and theoretical studies, a mechanism combining the
photo-exited hot electrons on the Cu nanoparticles and electron transfer through the
metal-support interfaces was proposed. The hot electrons on Cu and ZnO synergistically
facilitated the activation of reaction intermediates, leading to photo-promoted methanol
synthesis. This work opens up a new route to promote liquid fuel synthesis from CO>
reduction and provides new insights into photochemical transformations on plasmonic

nanostructures.
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