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Preparation, activity and mechanism of a metallic
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drying method for photothermal CO, reduction
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Photocatalytic reduction of CO, with solar energy can realize a carbon cycle and ultimately this could solve
the CO, emission problem, while the reported results often suffer a low energy conversion efficiency. In
this paper, we report how metallic Cu was loaded on to TiO, nanotube arrays by a chemical reduction -
solar drying method, and it showed high activity and efficiency in the photothermal environment created
by concentrating solar light. With outdoor solar light as the energy source, the maximum yield rate of the
total hydrocarbons reaches several thousand of pmol g h™?, including a large amount of C, products such
as 650.9 umol gt h™t CoHa, 240.2 umol gt h™t CoHg, and 59.4 pmol g h™t C,H,. The maximum solar to
chemical energy efficiency reaches 0.20%. A carbene path for the CO, photoreduction is then inferred
based upon the products’ distribution. According to Newton's Second Law, the reasons for such a high
reaction rate are simplified into the contribution of the Cu cocatalyst and the strengthening of the
concentrating light induced reaction conditions. The results indicate the advantages and potential of the
concentrating technology in the CO, photoreduction and catalyst preparation, and the deconvolution of
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1 Introduction

Increasing amounts of CO, in the atmosphere is severely
influencing the global climate. Reducing the CO, content has
become a hot topic for many decades. To realize carbon
neutrality, either reducing the CO, emission or accelerating
the CO, transformation can work, and involves reducing the
use of fossil fuel energy, obtained from the capture and
storage of CO,, or by using green plants."™ Green plants can
transform CO, into hydrocarbons and O, by photosynthesis,
which is a completely natural process. The only disadvantage
is that the transformation rate is too slow.

Learning from green plants, researchers are developing
different photocatalysts to accelerate the CO, transformation and
these yield CO, photoreduction or artificial photosynthesis.*”
The key problem is considered to be to find a more efficient
catalyst system than the chlorophyll of the plant. Numerous
systems have been reported to achieve the goal,”® however, the
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the contribution provides a solution for the in depth understanding of photothermal catalysis.

progress has been limited until now.’ There are many reasons for
this, and one of them is that CO, is one of the most stable
compounds from the thermodynamic viewpoint, and its
reduction goes through a long and critical reaction process, in
which only a limited number of photons can be efficiently
utilized, and most of the incident photons are annihilated and
converted into low-grade thermal energy.

In order to improve the general efficiency of solar energy
utilization in artificial photosynthesis, a photothermal catalytic
reduction method has been put forward in recent years.'*™?
Interestingly, the photothermal reaction environment can be
achieved conveniently by concentrating solar light technology,
further improving its practical significance."® Of course, the
concentrating solar light only yields a new reaction environment
with high light intensity and temperature, and finding a new
catalyst system that can survive the environment is still the key
factor.

Titanium dioxide (TiO,) is the most widely used
semiconductor catalyst for the photocatalysis processes.
Different morphologies of TiO, such as nanotubes, nanorods,
and nanosheets have been studied, and it has been proved
that copper can act as an efficient cocatalyst for TiO, and
other semiconductors."*® Among them, TiO, nanotube
arrays (NTA) are considered to be better than some other
nanocomposites with their ordered pore structure, large
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surface area, and they are easier to recycle. Researchers have
envisioned using them as a membrane or microchannel
reactor to realize the photoreduction of CO, to CH,."
However, the vision is far from being realized due to the
limited activity improvement in the last few decades (Table
S17). Recently, the valence state of Cu-based cocatalysts has
attracted significant research interest. Some researchers
prefer Cu’ or Cu,O, whereas some consider Cu® to be better,
and some others think that the cooperation of Cu*-Cu® can
yield a high efficiency. This uncertainty is mainly due to the
flexibility of the copper valence state. The Cu®>' and Cu' is
easily reduced to Cu® in a reducing reaction atmosphere and
Cu’ is also easily oxidized during preparation or in an
oxidizing environment. Nonetheless, the lower valence is
believed to be favorable for the CO, photoreduction, either
Cu’ or Cu®>? therefore, it is ideal for forming a Cu/TiO,
catalyst with a nanotube array structure and metal valence
copper species with new preparation methods, which will be
helpful in the future.

As most of the previous studies concerning Cu-based TiO,
catalysts are carried out at mild reaction conditions, and
these are not sufficient to fully understand their behavior
under a photothermal environment,*®*”*" the effects of the Cu
cocatalyst and the reaction environment on the reaction
behavior of the photocatalytic reduction of CO, was
systematically investigated using the concentrating solar light
reactor system reported in this paper, with a TiO, nanotube
array supported Cu catalyst. More interestingly, the catalyst
was also prepared using a fast solar drying method via
concentrating light technology.

2 Experimental
2.1 Preparation of TiO, NTA supported cu catalysts

The schematic diagram of the TiO, NTA supported Cu catalysts
preparation is shown in Fig. 1. The TiO, NTA and Cu
nanocluster solutions are prepared separately, and then the Cu
nanoclusters are loaded and quickly stabilized on the TiO, NTA
by using concentrated solar light to form the target catalyst. The
TiO, NTA was prepared with a classic anodization method.**
The procedure for the Cu nanocluster preparation uses a
chemical reduction method.>® The detailed procedure:
preparation of TiO, NTAs supported Cu nanoclusters catalysts
can be seen in the ESL}

Fig. 1 A diagram of the Cu/TiO, NTA catalyst preparation.
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The Cu nanoclusters were loaded on the TiO, NTA by a
fast solar drying method. The core of the method is using the
concentrating light with a high temperature to quickly
remove the water in the Cu nanocluster liquid. The
equipment is the same as that used for the concentrating
solar light reactor system, which is described in detail in:
detailed illustration of the home-made concentrating light
reactor system in the ESLt When preparing the catalyst, the
TiO, NTA was placed in a watch glass that was then placed
on the focal point of the Fresnel lens, which was
approximately 20 cm below the Fresnel lens. The solution
was loaded into a glass bottle and sprayed quickly onto the
upper surface of the TiO, NTA, and then it was irradiated
with a 1000 W light source for various amounts of time. The
high temperature on the spot could heat the sample to about
500 °C in few seconds. The water can be evaporated in few
minutes and the Cu nanoclusters were loaded on the TiO,
NTA. The obtained catalysts were labelled as Cuy,m,/TiO,,
where x nm indicated the size of Cu nanoclusters in the
solution.

2.2 Tests of CO, photoreduction

The home-made concentrating light systems can be seen in
Fig. S1 and S2,f and a detailed description can be seen in:
detailed illustration of the home-made concentrating light
reactor system of the ESL} The concentrating light system is
a fixed bed reactor system with a light source and a
concentrating lens. The catalyst disc, which is about 0.01 g,
was fixed in the stainless reactor with a holder. A certain
amount of deionized water was added into the reactor using
a needle. The CO, was purged through a pipe on the wall of
the reactor. To guarantee the purity of the CO,, the reactor
was flushed 3-4 times before the reaction. The maximum
temperature, ie., the temperature at the center of the catalyst
disc was measured with a WRNK-191 K thermocouple, and a
pressure gauge was installed to detect the changes in the
pressure inside the reactor. The light irradiation was
measured with a light intensity meter. The products were
analyzed by a gas chromatography (GC) (GC-2014, Shimadzu)
with an FID detector.

2.3 Catalysts characterization

An X-ray diffractometer (X'Pert PRO, PANalytical) was used
for the determination of the crystalline structure of the
sample. The parameters were as follows: Cu target, Ko X-ray
source, a scanning angle (26) range of 10-80°, and a scanning
step length of 0.0167°.

Cold field emission scanning electron microscopy (FE-
SEM, Hitachi S-4700), was used for determining the surface
morphology of the catalysts. The secondary imaging
resolution at 15 kV was 1.5 nm, and the magnification was
500 000.

The microstructure, element distribution, and electronic
structure of the catalysts were characterized using a transmission
electron microscope (TEM, Tecnai G2 F30 S-Twin), with an
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acceleration voltage of 300 kV and an EDX energy resolution of
126 eV.

The elemental composition of the sample was characterized
using a photoelectron spectrometer (VG Scientific ESCALAB
220i-XL). The excitation obtained from a Al Ko X-ray source,
and the power was 300 W. In the analysis, the vacuum was 300
GPa, and the carbon peak of C 1s (284.6 eV) was used for the
calibration of the electronic binding energy.

The photoluminescence (PL) spectra under different
temperatures were recorded using a fluorescence spectrometer
(FLS980, Edinburgh Instruments) with an exciting wavelength
of 215 nm.

3 Results and discussions

The preparation procedure is to first reduce the Cu®" ions to
Cu’ nanoclusters, and then the Cu® nanoclusters were loaded
onto the TiO, nanotubes with the least amount of oxidation
by a fast drying method using the concentrating light to
obtain a Cu/TiO, NTA catalyst with the main Cu® species, or
at least, the lower valence Cu species.

Because different sizes of the Cu® nanoclusters can easily
be obtained by changing the amount of reduction time spent
in the solution, and the Cu particle size is considered to be
one of the factors influencing the CO, photoreduction activity
of Cu/TiO, catalysts, and the Cu/TiO, NTA catalysts and so
the catalysts were prepared with mainly 1 nm, 3 nm, 5 nm,
or 7 nm sized Cu nanoparticles, and their catalytic
performances were tested subsequently.

3.1 The CO, photoreduction activity of the Cu/TiO, NTA
catalysts in the photothermal environment created by the
concentrating simulated light

To create an efficient photothermal environment, a 1000 W
Xe lamp was used as the light source. The original output
light intensity by the lamp was about 220 mW cm™>. After
concentration, it yielded a much stronger light intensity and
high temperature. It is necessary to mention the definition of
the concentrating ratio (CR). Concentrating ratio (CR) refers
to the ratio of the concentrated light intensity per unit area
to the original incident light intensity, which is equal to the
ratio of the total incident light area to the catalyst disc area
or focus area.

Fig. 2 displays the typical CO, photoreduction activity of
Cu/TiO, NTA catalysts with different sizes of Cu°
nanoparticles. The concentrating ratio (CR) is set to at 16,
which yields a photothermal environment of about 3000 mW
cm? light intensity and a temperature of about 290 °C. Fig. 3
further displays the CO, photoreduction activity via the
product distribution of Cuyp,/TiO, NTA under different
concentrating ratios (CR).

From the results in Fig. 2, both the Cu loading and Cu
nanoparticles sizes had a clear effect on the CO, photoreduction,
which is in agreement with the results obtained before.*® On the
Cuynm/TiO, NTA catalyst, the hydrocarbon yield reaches about
559.5 umol g " after a 5 h reaction, which is about four times

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 The total hydrocarbon yield on Cu/TiO, NTA catalysts in the
photothermal environment created using a 1000 W Xe lamp. The
concentrating ratio (CR, the ratio of the total incident light area to the
catalyst disc area or focus area): 16; CO,: 0.1 MPa; H,O: 0.5 mL; and
temperature: 290 * 20 °C.

larger than that of the pure TiO, NTA. This means that the
performance of the CO, photoreduction has been further
improved by the Cu loading. The particle sizes of the Cu
nanoclusters also had an effect. With the size increases, the
hydrocarbon yield decreases. When the size of the Cu
nanoclusters reaches 7 nm, the yield decreases to be close to the
parent TiO, NTA.

Fig. 3 shows that the concentrating ratio has another
important effect. Under different concentrating ratios, both
the hydrocarbon yield and the product distributions are
different. When the CR is 6, the product is single CH,, no
ethylene or ethane are detected; when the CR is 11, the types
of products, ethylene and ethane, increase, but the main
product is still CH,4, with a total yield of 780 pmol g~*. When
the CR is 16, the ethylene content increases rapidly and
becomes the main product. When the CR is 25, the product
is mainly CH4 again, and the ethane yield is clearly higher
than that of the others. In general, as the concentrating ratio

HIC, Hy
.

400

Yields (umol/g)

200

0 5 10 15 20 25 30
Concentrating ratio

Fig. 3 The hydrocarbon yield on the Cuj,,/TiO, NTA catalyst at
different concentration ratios (CR) under a 1000 W Xe lamp (H,O: 0.5
mL; CO,: 0.1 MPa).
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increases, the total yield of the product is also increased first,
and then decreased.

3.2 The CO, photoreduction activity of Cu/TiO, NTA catalysts
in the photothermal environment created using concentrated
natural solar light

The Cu/TiO, NTA catalysts with different sizes of Cu
nanoclusters were subsequently tested in outdoor (real) solar
light and the results are shown in Fig. 4. The order of activity
of each catalyst under real natural light is similar to that of
the simulated light source, and the catalyst that has the
highest activity is the one that supported 1 nm Cu
nanoclusters, which was about 1054 pmol g h™ of methane,
9.9 umol g* h™" of ethene and 18.9 umol g* h™" of ethane.
The difference between these values is because the
performances of catalysts with slightly larger Cu nanoclusters
are relatively close to each other, and the overall activity is
slightly lower than that of the pure TiO, NTA. For the product
distribution, methane is the mainstay, with a small amount
of ethylene and ethane.

Fig. 5 is the Cuyp,y/TiO, NTA catalyst under natural light with
different concentrating ratios (CR). Up to a CR of 800, the
concentrating ratio still has a positive effect on the products.
The general yield rate increased to above 3300 including 2418.9
umol ¢ h™ of methane, 650.9 umol g* h™ of ethene, and
240.2 umol g h™ of ethane, and even a small amount, 59.4
umol g h™, of ethyne, at a CR of 800. The main product was
still methane, but the proportion of C, products also increases
at a CR of 400 and a CR of 600. At the same time, the yield with
a low concentrating ratio (or CR 1) was quite poor, about 0.3
umol g h™ of methane, which could be barely seen, and thus
it is not included in Fig. 5.

Table 1 calculates the solar to chemical energy efficiency
(STC) based on the active results, according to the formula:

STC — Output energy as a chemical  rxAG; (1)
- Energy of incident solar light T Pan XS

1200
__ 1000 j CHg
= N CyHy
‘= 800}
o __[eTh
€
=
o 600F
©
g 400 |
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200 f
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TiO,NTA Cu, TiO, Cu, TiO, Cug TiO, Cu, TiO,

3nm

Fig. 4 Hydrocarbon yield rate on the Cu/TiO, NTA catalysts in the
photothermal environment created by concentrated natural solar light
(CR: 400; H,O: 0.5 mL; CO,: 0.1 MPa; temperature: 500 * 20 °C).
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Fig. 5 Hydrocarbon yield rate on the Cuj,n/TiO, NTA catalyst at
different concentrating ratios under natural solar light.

This equation shows that the enthalpy of the products forms
the energy stores in the product, where r represents the
formation rate of the hydrocarbons, AG, represents Gibbs
free energy, Pg,, represents solar light intensity, and S
represents the incident area. The Gibbs free energies at 298
K, are CH,: +818 kJ mol™, C,H,: +1472 kJ mol™*, C,H,: +1331
k] mol™, and C,Hs: +1467 k] mol™. The solar radiation
intensity of 60 mW cm® was determined using a strong
optical power meter. Finally, the measured data and the
generation rate of the product were substituted into the STC
formula. Then it was seen that the maximum STC efficiency
can reach 0.20%, which was obtained at a CR of 800.

3.3 Characterization of the Cu/TiO, NTA catalysts

Fig. 6 displays the morphology of TiO, NTA obtained using
SEM. It shows the typical characteristics of TiO, NTA
prepared by the anodization method. From top view it can be
seen that the pore diameters are about 70 nm, and the
thickness of the wall is about 18 nm. From the side view, the
length is over 3 pm.

After confirming the structural formation of the TiO,
nanotube arrays, the other important thing is the status of
the Cu species on the TiO, nanotube arrays. As shown in
Fig. 7 and S3,f the results indicate that the Cu species are
well dispersed on the surface of the TiO, nanotubes without
size growth. Except for on the Cu,,,/TiO, sample (Fig. 7d),

Table 1 The STC efficiencies on the Cuy,,/TiO, NTA under natural solar
light

Product yield/umol g* h™ Absolute STC/%
CR CH, CH, C,H; C,Hg Yield/umol Total UV
400 890.7 0 10.0 20.2 9.20 0.05 0.97
600 1809.8 0 12.7 18.8 18.41 0.09 2.32
800 2418.9 59.4 650.0 833.0 39.61 0.20 2.96

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Morphology of TiO, NTA. Left: top view; right: side view.

where the Cu nanoparticles can be clearly seen, the other
samples hardly show any Cu particles. Even for the Cuyyy,/
TiO, sample, the average size is smaller than 7 nm. To
ensure the Cu elements are loaded, EDX characterization
was carried out (Fig. 8). Although the Cu particles were
barely seen on the TEM image, there was a Cu species in
the sample.

The valence state of Cu in the Cuy,,/TiO, NTA sample was
determined by XPS, and the results are shown in Fig. 9. Fig. 9a
is the Cu 2p spectrum of the fresh Cu;,m/TiO, NTA. There are
two distinct peaks at 932.5 and 953.2 eV in the spectrum, which
can be attributed to the 2p*? and 2p** electron binding energy
absorption peaks of Cu’, respectively. No clear peak appeared at
other sites such as 942.0 eV, indicating that only trial or even no
oxidized Cu species exist on the catalyst. After the reaction
(Fig. 9b), the peak at 932.5 is still very strong, whereas the peak
at 942.0 eV is clearer. This means that most of the Cu® species
are kept. However, the shoulder peak at 934.3 eV indicates the

formation of Cu**.** Fig. 9c and d show the Ti 2p spectra of the

Fig. 7 The TEM images of fresh Cu/TiO, NTA catalysts with different
Cu sizes. (a and ¢) 1 nm; (b and d) 7 nm.

This journal is © The Royal Society of Chemistry 2024
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fresh and used samples. The binding energies of 458.8 eV and
464.4 eV correspond to Ti**, indicating that the Ti element was
also stable during the course of the experiment.

The long range ordered structure of Cuyn,/TiO, NTA
before and after reaction was characterized by XRD and the
patterns are shown in Fig. 10. The TiO, support shows a
typical anatase phase. The characteristic diffraction peaks of
TiO, anatase at 26 of 25.28°, 53.9° and 55.0° corresponded to
the crystal planes of (101), (105) and (211), respectively, and
the diffraction peaks at 26 of 37.80° and 38.58° corresponded
to the crystal planes of (004) and (112), respectively, and can
be distinguished clearly on the patterns. No Cu species peaks
were observed. After reaction under a 1000 W light source,
there was no clear change after reaction except at CR16, and
it seems that there was a weak peak from Cu’. This result
together with the EDX result confirmed the existence of the
Cu® species. Meanwhile, it also means that the Cu® species
have a chance to aggregate under some special situations.

3.4 Discussion

The characterizations confirm the formation of a Cu/TiO,
catalyst with the main Cu® species supported on TiO,
nanotube arrays via a chemical reduction and a fast solar
drying method. The concentrating light can quickly dry and
heat the sample in a few minutes, which avoids the growth
and oxidation of the Cu species on the TiO, support during
the drying and aging steps. The Cu/TiO, catalysts show a
good catalytic performance in the CO, photoreduction in the
photothermal environment created by the concentrating solar
technology, with both the 1000 W Xe lamp and real solar
light as the sources. All the reaction rates were much larger
than that obtained at room temperature, which illustrates
the effect of the Cu cocatalyst and the photothermal
environment. Furthermore, it seems that the size of the Cu
nanoparticles has an influence on the activity of Cu/TiO,,
and smaller is better. It is the sample loaded with 1 nm Cu
nanoclusters in the solution that shows the highest activity.
This might indicate that there is possibility, if a single Cu
atom catalyst can be prepared, that it might show an even
higher activity in the future, as some reports mentioned
before.>’* In addition, because no clear Cu particles are
observed on the TEM images, except on Cuy,,,/TiO,, there is

Catal. Sci. Technol,, 2024, 14, 4187-4197 | 4191
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Fig. 8 The TEM images and element distribution spectra of the Cu;,,/TiO; catalyst. (a and b) the TEM images at different scales; (c-f) EDX images.
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Fig. 9 The XPS spectra of the fresh and used Cuj,,/TiO, NTA. (a) and (b) Cu 2p, (c) and (d) Ti 2p.

a possibility that Cu clusters with different sizes in the
solution have undergone a redistribution on the surface of

4192 | Catal Sci. Technol., 2024, 14, 4187-4197

the TiO,, which improves the dispersion of the copper
species, and thus facilitates its activity, and it would also be
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Fig. 10 The XRD patterns of Cu;,m/TiO, NTA before and after
reaction under a 1000 W light source.

reasonable if it happened. Copper is a very popular catalyst
in many reactions, the dispersion and redistribution on the
different supports often happens and has been greatly
investigated.’*™*° The redispersion process is also able to
happen here. The fast solar drying method used here can be
considered as another way for the catalyst preparation, just
like the photodeposition method.

The particle size effect has been investigated in CO,
photoreduction. Kar et al*' have prepared TiO, NTA
supported Au, Ru and ZnPd nanoparticles for CO,
photoreduction. An enhanced CH, yield was obtained and
the reasons for this were determined to be: excellent reactant
adsorption, efficient charge transfer to adsorbates, and low
recombination losses. Zhang et al** have found that the
particle size of Cu nanoparticles is the key factor to improve
the catalytic activity and stability because of the improved
transfer and separation of photogenerated charges with the
small Cu nanoparticles. Here, although Cu nanoparticles
were not be observed clearly, a good dispersion of the Cu
species can be ensured.

[2]
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Next, an important thing to do was to deconvolute the
contribution of the different factors such as the reaction
environment and the catalyst property on the CO,
photoreduction numerically. Concentrating solar light brings a
photothermal environment, which increases the incident light,
the temperature and even the pressure together. This situation
is different from that found using the common photothermal
catalysis apparatus. When we try to discuss the effect of the
catalyst, the influence of the reaction conditions shall be
considered and separated out. However, it is not an easy thing
to do. In particular, the light intensity and the temperature
effect almost cannot be decoupled as is it is very easy to
simultaneously convert the light energy into heat and to change
the temperature. A higher light intensity naturally brings about
a higher temperature. Single factor experiments are hard to
design, and particular factor contributions are hard to
determine, so many factors have to be involved. To solve the
problem, here we put forward simple tactics to choose the
concentration ratio as an axis and the cocatalyst as another axis
to decompose Newton's Second Law.

As shown in the schematic in Fig. 11a, under incident
light without concentration, the reaction conditions are fixed
and do not change, and all the contributions to the reaction
rate would be from the catalyst property (horizontal level),
which is the main research method. However, if we change
the concentration ratio, the reaction conditions would also
change, and impose an effect on the vertical level. The
reaction rate improvement from the concentration is from
both the contribution of the reaction conditions and the
catalyst, and the contributions can be decomposed. In
particular, if we record a parent catalyst and a modified
sample, for example, the pure TiO, nanotube arrays and the
Cu/TiO, NTA, then the distance between the reaction rates of
the two samples could be seen as the contribution of the
cocatalyst, Cu.

Fig. 11b displays the results of the CO, photoreduction
reaction rate decomposition of the Cu/TiO, catalyst. It can be
seen that the main contribution to the reaction rate is from
the Cu/TiO, catalyst property, meanwhile, the concentration

(Strengthened conditions) (b)

Concentrating ratio

—=—TiO, NTA
—e— Cu/TiO, NTA
(Mild conditions)

Catalyst

Fig. 11 Contribution deconvolution of different factors on the reaction rate of the Cu/TiO, NTA catalysts. a) Schematic illustration, and b)

practical results.

This journal is © The Royal Society of Chemistry 2024
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Fig. 12 Photoluminescence spectra of the cu/TiO, at different
temperatures. From bottom to top: Room temperature, 363 K, 483 K.

ratio (reaction conditions) also had a clear effect on the
reaction rate. With the reaction rates of the TiO, nanotube
arrays (NTA) as the reference, the effect of the Cu cocatalyst
can be further disclosed. At lower concentration ratios
(<400), the reaction rate of TiO, is close to that of Cu/TiO,,
and the main contribution to the CO, photoreduction
reaction rate improvement is from the change of the
concentration ratio in the range. Whereas at an even higher
concentration ratio, the Cu cocatalyst plays a vital role in
further improving the reaction rate. Without Cu, the CO,
photoreduction reaction rate decreases to about 404 umol g™
h™ while with Cu, it would increase to be above 3300 umol
g’ h™. The results are reasonable, because a larger
concentrating ratio means a high light intensity and more
generation of charge carriers, as shown in Fig. 12, although
the Cu species had no local plasma effect to generate thermal
electrons. At a high temperature, the photoluminescence
intensity is largely enhanced, which can be a proof of the
increment of the electron generation.

Therefore, by the analysis from Fig. 11 and 12, it can be
inferred that the concentrating light technology generates
more charge carriers, and the Cu species can efficiently use
these charge carriers, and play a major role in the promotion
of the reaction rate by improving the charge carriers' transfer.
Without the Cu species, the charge carriers would recombine
faster, because the recombination rate is proportional to the
product of e~ and h™.

*+hy —e +h' (2)

e +h" — *+heat r.=ke[e]h'] (3)

The recombination of the pairs may already be very serious at
natural light intensity, according to previous studies, and the
recombination is possible to be even severe under concentrating

light. Nonetheless, the light intensity increase is still favorable
for the production yield with the aid of Cu cocatalyst.
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Fig. 13 The proposed mechanism of Cu/TiO, under concentrating
solar light.

Not only that, the co-effect of Cu and concentrating light
also greatly changes the distribution of the products'
distribution of the CO, photoreduction. Besides CH,, C,H,
and C,Hg clearly appear in the products, and even a trace
amount of C,H, is formed under outdoor solar light. As far
as is known, the coexistence of so many types of C, products
is very scarce in all the previous reports.®***™*° To find the
reason for this, the catalytic mechanism of Cu/TiO, and the
reaction path needs to be clarified to some extent.

Cu is a very popular cocatalyst for semiconductors in
artificial photosynthesis according to many previous
reports. All the Cu®"O, Cu,"O and Cu® have been reported
to show excellent performances. Different catalytic
mechanisms have been put forward for the Cu species
with different valences, such as the suggestion that the
CuO and Cu,O can form heterojunctions with the
semiconductor, or Cu0 can transfer the electrons
efficiently and act as a cocatalyst.”” Here, the results show
that Cu’ is the main active species, as shown in Fig. 13.
Electrons will be transferred from the semiconductor to
Cu’ and join the reduction reaction.”®*™® Under the
concentrating light, more charge carriers may generate
and assemble on the TiO, surface, whereas the Cu’ can
drain more electrons to the Cu nanoparticles and as a
good conductor participates in the chemical reaction.

The mechanism implies the tendency of the reaction
pathway, that is, that despite the presence of so many types of
products, none of the products are oxygen-containing, all of
them are aliphatic hydrocarbons. The CO, photoreduction is a
very long reaction process, several different reaction pathways
have been put forward, such as the formaldehyde pathway, the
glyoxal pathway, the enollike pathway and the carbene
pathway.® In the gas-solid phase, CO, reduction may follow a
carbene pathway and yield only aliphatic hydrocarbons.

CO, — CO — C — CH — CH, — CH; — CH, (4)

CH + CH — C,H, (5)

This journal is © The Royal Society of Chemistry 2024
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CH, + CH, — C,H, (6)
CH; + CH; — C,H, 7)

With this path, C; products may form at some point in the
near future.

Finally, as the concentrating ratio induced reaction
conditions may be reflected by reaction kinetics, therefore,
together with the data recorded in Fig. S4 and S5, a reaction
rate law was formulated as:
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3.29 x 10* Vi Py oP
~Tco, = 1.01 x 107 exp(— > _ H,0Pco, i
RT 1 + 4.00VI(1 + 0.60Pu,0 + 4.18Pco,) ®)
The obtained active energy was about 33 KkJ mol ™, which is Refel’ences

in agreement with a “photothermal coeffect” range, i.e., it is
bigger than the value of photocatalysis and smaller than that
of thermal catalysis. Thereby, effect of the concentrating ratio
is further devolved into more detailed reaction conditions.

In summary, the concentrating light provides a
photothermal catalytic effect for the CO, photoreduction
reaction. The improvement is from the temperature increase of
the whole reactor system, and the enrichment of electrons,
which are more likely to be from the increment of the incident
light intensity, than from the thermal electrons of the local
plasma effect. Besides, a high temperature also turn more water
into vapor which raises the partial pressure of H,O. Meanwhile,
the fast-drying method keeps the cocatalyst Cu at zero valence
and can efficiently transfer the electrons from the surface of
TiO, and to the CO, reduction reaction. The cocatalyst effect is
even clearer as the concentrating ratio increases.

4 Conclusions

The Cu/TiO, catalyst with a nanotube TiO, structure and the
main Cu’ species was prepared using a fast solar drying
process for the chemical reduction with concentrating light
technology. The chemical reduction method can be used to
obtain metallic Cu species of different sizes, and the fast
solar drying process can guarantee that the Cu are loaded
onto the TiO, nanotube arrays without a valence increment.
The Cu/TiO, catalyst then showed a high catalytic activity in
the photothermal reaction environment created by the
concentrating light. The hydrocarbons yield increases to
thousands of umol g h™ and more C,, products are
formed. The typical product distribution is helpful to infer
that the CO, reduction reaction may follow a carbene path.
The main contribution to the catalytic performance is
simplified into the two parts of the strengthened reaction
conditions created by the concentrating light and the
cocatalyst effect of the Cu species. The results indicate the
potential of the concentrating technology for the CO,
photoreduction and catalyst preparation, and the
contribution deconvolution provides a solution for an in
depth understanding of photothermal catalysis.

This journal is © The Royal Society of Chemistry 2024
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