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A strategy to use high-temperature semiconductor photocatalyst dealing with artificial
photosynthesis for CO> photothermal reduction with concentrated sunlight was proposed. A
CuO/SiC catalyst was accordingly designed and showed extremely high CO2 photoreduction
activity with H,O at high temperature. The CH yield reached 2041 umol”-~g<M-1 at
3507°C with maximum solar energy conversion efficiency of 2.3"%.

Artificial photosynthesis can convert CO and H2O into hydrocarbons via solar energy.

However, the extremely low process efficiency is a major obstacle to this application. The
photocatalyst is considered to be the key factor to raise the overall solar energy conversion



efficiency. Much research focused on co-catalysts, but less attention has been paid on the
high-temperature semiconductor. Herein, a strategy is proposed involving high-temperature
semiconductor to design target photocatalyst dealing with the artificial photosynthesis at high
temperature. Based upon this strategy, a CuO/SiC catalyst with single atom characteristic was
designed, prepared and the activity of CO. photoreduction with H,O was tested in a high
temperature environment. Above 1507°C, the catalyst activity was boosted and unprecedented
performance values were attained. Under the irradiation condition delivered by a 1000"W
Xe light and at 350"°C, the obtained yields of CH4, C2Ha, and CoHs were
2041.4"umolr-AgM=>1 115 24 umol N Ag™M>1 and 63.6"M umolAg<M>1 respectively. The
overall CO; conversion reached 24.6"% and the maximum solar energy conversion efficiency
was 2.3"% without any sacrificed agents. This strategy will be helpful to overcome the
current limitations for the industrialization of artificial photosynthesis and accelerate the
related research on photothermal catalysis.

CO2 photoreduction
photothermal
photocatalysis

solar fuel

green chemistry

1. Introduction

Fossil fuels combustion produces large amounts of CO». As a greenhouse gas, the
emission of COz in the air contributes greatly to the global warming. Therefore, CO2 emission
reduction has become a common concern in the scientific community and society. Reducing
fossil fuels utilization can directly reduce CO2 emission, which is the reason why renewable
energies are developed in the world.[ Moreover, harnessing the carbon cycle from renewable
energy sources such as solar energy, and transforming CO. to hydrocarbons, as plants have
always done in the nature by photosynthesis, might solve the CO2 emission problem entirely.
The process has been put forward for a long time and is well known as the CO>

photoreduction or artificial photosynthesis.> 3l



After the original idea of CO> photoreduction was proposed by Japanese scientists in
the 1970s,! it has stimulated great enthusiasm in the scientific community.-° Unfortunately,
the efficiency of artificial photosynthesis is still kept at a very poor level and the process is far
from industrialization,™ %' which cannot fulfil the urgent need for carbon recycling at
present. In the meantime, with the continuous technology improvement, the photovoltaic
efficiency has reached above 30"%. In the recent years, a preferential process has been
promoted consisting of the “PV+EC” (photovoltaic+electrolysis) path, which first converts
solar energy to produce electricity and then uses the green electricity to either reduce CO: or
split water to generate Hz and then use H; as reducing agent or in fuel cells.[*28 Although
the path has been extended to two or even more steps, it seems to be faster and easier for the
near to mid-term industrialization than direct CO2 photoreduction with H»O in the near future.
If the direct artificial photosynthesis aims to increase its competitiveness and attractivity,

significant breakthrough would thus be required.

To solve the low energy conversion efficiency of artificial photosynthesis, it is
necessary to acknowledge the bottlenecks. CO. photoreduction involves a series of steps
including light harvesting, charge excitation, charge separation and transport, and surface

catalytic reaction, with the following global efficiency.<ffr1>

I
<ffl>n = Lo NLENCENCsNscrR<ZS>(1)

Any step efficiency promotion can raise the global efficiency, while research studies
are more concerned with light absorption and charge transfer steps at present. The former
intends to use more light with different wavelengths, while the latter aims to reduce the
recombination of photogenerated carriers, as most of them shall be consumed and converted

into heat in this step due to the electron hole pairs recombination.[*°l<ffr2>

<ff2>e~ + h* - heat r, = k.[e"][h*] <ZS>(2)



The higher the charge carrier concentration, the larger the recombination rate. It
weakens the effect of broadening the light absorption band and limits the effort to increase the
charge carrier concentration, i."e., by increasing the incident light intensity. It brings another
tricky shortcoming. The absolute amount of CO> reduction products is generally poor. The
analytical process is so complex that it is often necessary to confirm the product formation

with isotope element reagents, which greatly increases the experimental cost.

Traditionally, most researches consider that the artificial photosynthesis is mainly
driven by light and they are more focused on the photoelectric effect while expecting to avoid
the heat effects during the process. The reaction is thus carefully controlled at room
temperature. However, from the thermodynamics viewpoint, there might be no pure light
driven reaction without molecular thermal motion. The artificial photosynthesis is naturally a
photothermal reaction at room temperature and the effects of heat should never be ignored.
Especially in recent years, it was found that some noble metal nanoparticles can broaden the
visible absorption region, enhance the local electromagnetic field and simultaneously produce
a thermal effect due to local surface plasmon resonance (LSPR) effect, which can clearly
improve the efficiency of CO. photoreduction process. It represents a breakthrough in the
usual idea of photocatalysis and yields a new research field, namely, photothermal

catalysis.[20-22]

The photothermal catalysis can be further exploited. The thermal effect from LSPR is
confined on the local surface of the catalyst. In addition, the absorbed light energy can raise
not only the temperature of the catalyst surface, but also the entire blackbody reactor cavity,
ruled by the following expression:<ffr3>

I

<ff3>T = (;)1/4<zs>(3)



Where o is the Stefan-Boltzmann constant and | the incident light intensity. The
temperature rising is very slight when the light intensity is not too high, but it would be very
significant under elevated light. In fact, this is the basis of some other paths for solar energy
utilization and conversion, such as solar thermochemical processes.!?*-24 Regarding the
photothermal catalysis, the main question is whether this overall temperature rising is
favorable to the reaction results. Under this consideration, we tested the performance of
commercial P25 TiO2 under high temperature and light conditions created by concentrating
solar light, and recorded a remarkably high yield rates of different hydrocarbon products
(CH4": 73157 27 umolr-AgsM>1nap<M=>1 oA 751167 umolA - AgsM>1aansM=>1 g g
CoHs™:" 1346.07 pumol”-Ag<M>1n.Ap<M->1y [251 \\jthout cocatalysts or noble metal
nanoparticles, the good performance can be mainly originated from the whole reactor
temperature rising. Therefore, although the concept of “photothermal catalysis™ has been
accepted, its connotations are actually very large and not so easy to be fully understood.
Nonetheless, these different photothermal catalysis routes may be distinguished from the
reaction systems, which may merely use light as the energy source or alternatively use

auxiliary heat or electricity sources, as shown in Figure™1<figrl>.

The difference is that a global reactor temperature rising needs high light intensity
irradiation without any requirement of noble metal nanoparticles. Obviously, this does not
mean that there are no requirements for catalysts. Theoretically, it seems that photothermal
catalysis requires a thermally-stable semiconductor, or a high-temperature semiconductor
other than TiO>. This is essential to the photothermal catalysis, as some semiconductors may
lose their properties with temperature rising. In this study, a strategy that uses high-
temperature semiconductor as a basis for high temperature artificial photosynthesis was
proposed. The photocatalytic activity limitation was tackled by raising the incident light
energy for a period of time, and focusing on the catalyst surface, to improve the product yield

by increasing the light intensity. In addition, the reaction efficiency was further improved by
5



developing new catalyst systems. As SiC is a well-known high-temperature semiconductor
with proven activity and Cu is an outstanding cocatalyst in CO, photoreduction,?6-2°]
CuO/Cu/SiC catalyst was designed and the activity was investigated in a photothermal reactor
at different temperatures. The results showed that under the high temperature environment,
the catalyst exhibits a remarkably high activity for CO> photoreduction with H->O, and solar
energy conversion efficiency has been enhanced greatly. A great step forward in artificial

photosynthesis has thereby been achieved.

2. Results and Discussion

2.1. Catalytic Performance of CuO/SiC Catalyst

The CO- photoreduction behavior of the raw SiC and different transition metals
supported SiC was tested first. Unexpectedly, these samples did not show very high activity,
as displayed in FigureS1, which may indicate that SiC does not share the same process and
mechanism as TiO,. Fortunately, a CuO/SiC catalyst exhibits better CO> photoreduction

performance.

Figure~2<figr2>a shows the results of hydrocarbons yields on the CuO/SiC catalyst.
To highlight the influence of temperature, a temperature programmed reaction process was
executed. It can be seen that below 1507°C, the hydrocarbons yield is very poor as observed
usually, whereas at 150"°C, the hydrocarbons yield suddenly increases. After the temperature
was raised to 260"°C, the yield of methane reached 787.8"umol/g, and the yields of ethylene
and ethane reached 3.5""umol/g and 6.0"umol/g, respectively. This result confirms that

high-temperature photothermal conditions promote the artificial photosynthesis.

To further confirm the results, another test (Figure™"2<xfigr2>b) was carried out and
the reaction temperature was further raised to 350"°C. After 5*hours of reaction, the yield of

methane reached an even higher value of 2041.4""umol/g, and the yields of ethylene and



ethane reached 15.2""umol/g and 63.6"*umol/g, respectively. Calculated with these values,
the total CO> conversion in the reactor reached 24.6"%, the maximum solar to chemical
energy efficiency (STC) reached 2.3"% and the average STC of the incident light was over
1.1"% without considering the energy input of the heating unit in 5*h (Table™1<tabr1>). In
a second run, the catalyst was still active with a measured methane yield of 840.2*umol/g,

while the ethylene and ethane yields reached 3.2"*umol/g and 8.6"*umol/g, respectively.

These results prove that the high-temperature semiconductor strategy is very
promising. It appears that there is a switch around 150*°C for the CuO/SiC activity. The
CuO/SiC only shows poor activity at low temperature (about 90"°C), whereas above 150"°C

it offers a very high CO; photoreduction activity.

Then the performance of the CuO/SiC catalyst under real concentrating solar light was
tested in a summer sunny day in Hangzhou China. The concentrating ratio was set at 160,
while the temperature of the catalyst surface reached 420"°C and the gas temperature 220"°C
(the direct daily sunlight during one day is often limited to 3--5"*hours). Under these
conditions, the yield of CH4 reached about 591~ umol/g in 3"*h, as shown in
Figure™3<figr3>. The results indicate that the Cu/SiC catalyst can operate under real solar

light.

From the above results, it can be concluded that the temperature rising is favorable for
the CO2 photoreduction on the SiC based catalysts. Furthermore, a cocatalyst is essential for

the activity.

2.2. Catalyst Characterization and Analysis

SiC is a very stable semiconductor, and the typical synthesis temperature is above

1300--15007°C. It is thus difficult to synthesize it, so commercial samples were used here.



A series of materials characterizations were performed (including XRD, BET, TEM,

XPS, TG, and FT-IR) and necessary reference tests were carried out to explain the results.

Figure4<figrd> displays the XRD patterns of the SiC and CuO/SiC catalyst. The
SiC for both samples is a typical 3C-SiC phase with a little amount of 6H-SiC (reference card
No. 29--1129). The strongest peak at 2theta=35.6° is from the plane (111) and 2theta=60°
from the plane (220). There are no copper related peaks appearing on the diffractogram. Part
of the reason is the very low Cu loading of 0.3"wt"%, and it also indicates that Cu species

are well dispersed on the SiC.

Figure™b<figr5> displays the TEM images of CuO/SiC catalyst before and after
reaction. The fresh catalyst shows an average particle size around 40”*nm, which is consistent
with the product datasheet from the manufacturer. No Cu particles can be observed on the
HR-TEM images before and after reaction on the different scales, which indicates that Cu
atoms are highly dispersed on the SiC support. Further, based on the EDS mapping image of
Figurer6<figr6> and previous reports,*%-%21 Cu species might exist in the form of sub-nano

and even single atom at such a low loading amount (<0.3"wt"%).

FigureS3 shows the XPS spectra of 0.3"wt"% CuO/SiC catalyst. Unfortunately, the
Cu species are not detected on the full spectra, which indicates that the actual Cu loading is
very low, and suggests that Cu species are highly dispersed on the surface of SiC. Nonetheless,
the binding energy of Si 2p ensures that Si is mainly existing as SiC. In order to provide some
comparable information for Cu species, the spectra of another sample with a higher Cu
content were recorded, as shown in Figure™7<figr7>. Among them, the peaks at binding
energies of 934.0"eV and 953.7”eV are corresponding to Cu?*, and the characteristic peaks
of 932.6"eV and 952.5"eV are from Cu®, indicating that the Cu species may consist of both

elemental Cu and CuO. After deconvolution, the amount of Cu® is slightly smaller than Cu?*.



These characterizations show that the sample is a highly dispersed CuO/SiC or
CuO/Cu/SiC catalyst. However, the analyses were all carried out at room temperature, which
thus may not allow to unravel the influence of temperature. Therefore, the UV-Vis,
photoluminescence and decay spectra of the catalyst at different temperatures were recorded,

and the results are displayed in Figure”8<figr8> and 9<figr9>.

On the UV-vis spectra, two main absorption bands around 270"nm and 400°"nm
appear, and with temperature increasing, the band intensity increases, which is beneficial to
the photothermal catalytic reduction of CO». Furthermore, according to the Kubelka-Munk
formula ohv=C(hv—Eq)*?, taking the tangent at the first turn of the curve, the size of the band
gap of the CuO/SiC catalyst can be obtained. As can be seen from Figure™8<xfigr8> (right),
the band gaps are 2.54"eV, 2.45"eV, and 2.42"eV at room temperature, 100"°C, and
2007°C, respectively, indicating that the band gap gradually decreases with the increase of
temperature. Meanwhile, the charge carriers decay rate and the photoluminescence band of
CuO/SiC are not changed at different temperatures, while the photoluminescence strength is
clearly enhanced when the temperature rises from 293K to 483"K, as shown in
Figure™9<xfigr9>. It means that the semiconductor properties of SiC are kept in the
evaluated temperature range and it is a thermally stable semiconductor, while more charge
carriers can be generated at higher temperature, which shall be beneficial to the catalytic

activity.

The presence of CuO/Cu also plays a major role under this situation. Without the
cocatalyst, the increase of charge carriers can hardly occur, because the single SiC has no
activity and the different cocatalysts bring significant activity. This was confirmed by
reference tests, which showed that pure SiC has no activity whatever the temperature,

indicating that it needs the addition of a co-catalyst to catalyze CO; reaction with H20. Cu
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species play this role efficiently, with a better activity than for some other metals such as Ag,

Fe, and Ni, as shown in Figure™S1.

In summary, under the guidance of the idea that photothermal catalysis requires a
thermally stable semiconductor-based catalyst, a high-temperature semiconductor catalyst
system was designed, and a highly dispersed CuO/Cu/SiC catalyst was obtained by a simple
impregnation method. The characterization and reaction results showed that the higher
temperature was conducive to the generation of charge carriers, while the Cu cocatalyst was
also an essential component of the catalyst. Indeed, the system showed high activity in CO>
photoreduction only with the synergistic effect of Cu. As for the reason that CuO/Cu can
exhibit higher performance than other cocatalysts, previous studies have reported that Cu-
based catalyst exhibits superior activity in CO> reduction. Manipulation of band structures,
sizes, compositions, atom arrangements, morphologies and mechanism of Cu-based catalyst
has been extensively discussed and summarized.*-71 Generally, Cu species can be a bridge
to transform the charge carriers to the surface of the semiconductor and join the subsequent
reaction. Promoting the Cu species with lower valence is beneficial during the process. Here,
a full CO2 photoreduction process on the CuO/SiC catalyst can be proposed in
Figure™10<figr10>, which mainly emphasizes the charge carrier generation by temperature

rising besides the classic photocatalysis mechanism.
3. Conclusions

This study addressed artificial photosynthesis and photothermal catalysis by
considering a new strategy to solve the low efficiency issue of CO2 photoreduction. Artificial
photosynthesis is a well-known process but most of the currently reported hydrocarbon yields
do not exceed a few dozens of**umol”-~g<M->1 especially for the representative photocatalyst
TiO, (P25). A strategy consisting in using a high-temperature semiconductor as the catalyst
basis for the artificial photosynthesis was proposed and was specifically achieved with a SiC-

10
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based catalyst in a photothermal reactor. A CuO/SiC catalyst was designed, prepared, and
tested in a photothermal reactor system for CO> photoreduction with H.O. Above 150"°C, the
catalyst activity was boosted and unprecedented performance values were attained for a direct
artificial photosynthesis process without any sacrificed agents. The global hydrocarbons yield
and the solar to chemical energy conversion efficiency were greatly enhanced. This study thus
demonstrated the feasibility of artificial photosynthesis for CO> photothermal reduction at
high temperature using semiconductor photocatalyst, with noteworthy production yields and
performance achieved. Following this strategy, this study could be extended to identify even
better catalytic systems. This work will help paving the way to the future industrialization of
the artificial photosynthesis. Meanwhile, comparing the clear activity improvement, the
anticipated mechanism can be generally attributed to the photothermal effect, and the more
detailed distinction of any individual effects will be beneficial for deeper understanding and

further developing of the process.

4. Experimental Set-Up and Methods

Catalyst Preparation

The SiC was purchased from Aladdin Company. It is made up of spherical particles with an
average particle size of 40"nm. The catalyst was prepared with a simple impregnation method.
2.5"mL of Cu(NOs), solution with 0.01”*"*mol/L concentration was slowly dropped on 0.6"g SiC.
The calculated Cu loading weight amount was about 0.3"%. The sample was then dried at 110°°C
overnight and calcined at 500"°C for 2"h. Before using, the purchased SiC was already calcined in a

muffle furnace at 8007°C for 2”h in air atmosphere to remove excess carbon impurities.

Catalyst characterization

11



12

In order to investigate the structure and crystallinity of the samples, powder X-ray diffraction
(XRD, X Pert PRO) was performed using Cu Ko radiation. The scanning rate was 0.0167°min<M>!

from 10° to 80°.

The texture properties were determined by using a 3-flex physical adsorption apparatus

(Micromeritics).

Ultraviolet—visible absorption spectra of the samples were collected with a UV-Vis-NIR

spectrophotometer (UV-vis, UV-2600).
IR absorption spectra of the sample were recorded by a Bruker vertex70 instrument.

Thermogravimetric (TG) analysis was performed with a NETZSCH STA 449F3 in air

atmosphere from room temperature (RT) to 10007°C with a 10MK/min temperature rising rate.

High-resolution transmission electron microscopy (HRTEM) images were taken by a Tecnai
G2 F30 S-Twin electron microscope operating at an accelerating voltage of 300"kV. The dispersion

of the Cu was detected by an energy dispersive X-ray spectrometer (EDX) at the same time.

X-ray photoelectron spectroscopy (XPS) spectra were recorded on a Kratos AXIS Ultra DLD

clutches spectrophotometer.

A FLS 1000 spectrometer was used to test the fluorescence spectroscopy of the catalyst at

different temperatures.

Catalytic Activity Tests

The photothermal reactor systems were custom-made. One set-up is indoor with a simulated
light source; while another is outdoor with natural solar light. The scheme and photos can be seen in
Figure™11<figrl1> and 12<figr12>. In general, the indoor system is similar with a classic
heterogenous reactor system. The main difference is that the energy source is delivered by a 1000MW

Xe light, which is higher than the common 300"W Xe light, and a Fresnel lens is used to concentrate

12
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the light into the reactor. The reactor is composed of a 100”*mL stainless steel batch reactor with a
quartz glass window to let the light enter in. The outdoor system consists of a large Fresnel lens
(diameter=1""m), a solar light tracking system, and a reactor. The Fresnel lens is used to focus the
solar light into the reactor. The solar tracking system is composed of a light sensor probe and a mortar
to keep the solar light perpendicular to the reactor. Both of them are powered by a solar-PV module

fixed on the reactor system.

The global light intensity was recorded by a CEL-NP2000-2 Optical power meter. Around
0.5"g of catalyst is pressed into a disc and loaded into the reactor. A type K thermocouple is then
placed on the surface of the catalyst. The reactor is well sealed, and the absence of leakage was tested
at 1*MPa before test. CO- (99.99"%, Jingong) flow-rate was regulated by a mass flow controller
(MFC) and 0.5"mL de-ionized water was flowed into and out the reactor by the openings on the
reactor wall. The gas outlet concentration was measured every hour by a GC-2014 (Shimadzu) with a
flame-ionized detector (FID) and an HT-PLOT Q capillary column (Hychrom, 30~m, ID 0.32""mm,
Filme 20" um). The FID detector was suitable for detection of C:-Cs hydrocarbons. The yield of
hydrocarbons (HCs) was determined by an external standard curve method. A standard curve of CH4

was obtained.

The solar energy conversion efficiency was calculated by the following equation.<ffr4>

Output chemical energy ~_ rXAGy

<ff4>STC =

ZS>(4)

Energy of incident solar light - Psun XS

where r, AG;, Psun and S are the production rate of the chemical compound of interest (mol/s),

the Gibbs energy of the related products (J/mol), the solar intensity (W/m?), and the incident light area

(m?).

5. Supporting Information
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The Supporting Information available for this article includes reference tests of CO;

reduction activity of different SiC-supported metals and additional characterization data of the

photocatalyst (BET, TG, and XPS).
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Figure™1 Scheme of different photothermal reaction systems.

Figure™2 (a) Hydrocarbons yields as a function of temperature and (b) hydrocarbons
yields evolution with reaction time at 350°°C measured on the CuO/SiC catalyst.

Figure™3 Hydrocarbons yields evolution with reaction time under real solar light.
Figure4 XRD patterns of SiC (up) and CuO/SiC (down).
Figure™5 TEM of CuQO/SiC before (left) and after (right) reaction.

Figure™6 EDS mapping image of Cu atoms (right) on the fresh CuO/SiC catalyst.
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Figure™7 Cu 2p XPS spectra of a CuO/SiC catalyst.
Figure™8 UV-Vis spectra (left) and calculated band gap (right) of CuO/SiC at different
temperatures.
Figure™9 Decay (left) and photoluminescence (right) spectra of CuO/SiC at different
temperatures.
Figure™10  Schematic diagram of CO> photoreduction process on the CuO/SiC catalyst.
Figure™11  Picture and scheme of the photothermal reactor system with Xe lamp
irradiation.
Figure™12  Picture of the photothermal reactor system with natural solar light irradiation.
TableM1 STC efficiencies of CuO/SiC at 350"°C.<W=3>

Time Products yield/umol Total CO2 Stored | STC/%

(h) Conversion/% | Energy

CHa CoHs | CoHs A

1 20.8 0.3 0.3 0.5 19.6 0.1

2 450.8 3.7 10.6 | 10.7 4253 |23

3 725.6 5.2 20.1 174 688.1 15

4 906.39 6.49 | 2785 |218 8635 |1.0

5 1020.8 7.6 318 [246 9735 |0.6

Note: 1. The CO, conversion was obtained from the ratio of the total amount of C

contained in the hydrocarbon species (as CHa, C2H4, C2He) to the CO2 amount injected in the

reactor.

2. The stored chemical energy was calculated based upon the combustion enthalpy of

the products. The incident light energy was calculated by the equation: E=P.S.t; with
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P=250"mW/cm?, which was measured by a photo power meter. S is the incident light area,

which equals to the glass window (ID=5"*cm) of the reactor. t is the reaction time.
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