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A Strategy for Synergistic Photothermal-Photocatalytic:
Contactless Photocatalytic Reactor for CO: Reduction with

Seawater or Wastewater into HCOOH

Kun Liu"" Anjie Shu'"*, Liang Zhao!, Bo Qiu', Jiefeng Wang'

!China Huaneng Group Energy Research Institute, Xiong'an, Hebei, China

Abstract

Photocatalytic reduction of CO: with H-O into value-added chemicals represents
one of the most promising routes for solar energy utilization. However, the intrinsic
disparity in mass transfer rates between gaseous CO: and liquid water on catalyst
surfaces, combined with the presence of impurities in water that readily trigger
competing side reactions, typically results in sluggish reduction kinetics and hinders
practical application. Herein, a synergistic photothermal-photocatalytic strategy is
developed by designing a contactless photocatalytic reactor that concurrently
synchronizes and enhances mass transfer while expanding the scope of usable water
sources. Specifically, heat radiation-induced evaporation is exploited to accelerate the
transport of both reactants and products, thereby relaxing the purity requirements for
the water feedstock and sustaining efficient CO: reduction rates even with seawater and

wastewater. Importantly, the diffusion rates of vaporized H.O and COs: reach the same

*Corresponding author.

E-mail addresses: kun_liu@chng.com.cn



order of magnitude, effectively eliminating the mass-transfer mismatch. Under full-
spectrum irradiation in a reactor with a 1 cm? irradiation area, the CO:-to-formic acid
production rates using pure water, simulated seawater, and simulated wastewater reach
680.7, 645.3, and 663.0 umol g ' h™', respectively. This work not only demonstrates the
valorization of wastewater resources but also opens a new avenue for integrated
photocatalysis and photothermal conversion.

Keywords: photocatalytic reactor, contactless, CO> reduction, heat radiation



Introduction

Photocatalysis represents one of the most important routes for converting solar
energy into chemical energy'?. The efficiency of photocatalytic processes is
fundamentally governed by light absorption-dictated by the bandgap—and charge
carrier dynamics, which are strongly influenced by surface properties*®. Consequently,
extensive efforts have been devoted to catalyst structural engineering, including
heterojunction construction, porous surface architecture, and elemental doping’-'°.
However, wide-bandgap semiconductors that often offer favorable selectivity are
inherently restricted to ultraviolet absorption'!, meaning that more than 50% of solar
energy is dissipated as heat through photothermal conversion!>!3. This has motivated
considerable interest in reactors that couple photothermal and photocatalytic effects
within a single device, particularly exploiting heat to accelerate electron migration and
reactant transport'#1®. Beyond these factors, mass transfer of reactants remains a critical
rate-limiting step in photocatalysis. Although capillary-force-driven transport can
enhance mass transfer, it still falls notably short of the performance achieved under
forced convection!”. More importantly, current photocatalytic reactor designs are
largely tailored to specific reactions—photocatalytic water splitting for hydrogen
production being a prominent example's, which limits their adaptability to other
processes. The development of universal photocatalytic reactors therefore constitutes a
critical challenge.

Currently, slurry-type photocatalytic reactors are the most widely adopted

configuration!®?°, However, light penetration through the bulk solution leads to photon



losses from refraction and reflection, and a portion of the absorbed photons is
subsequently dissipated as heat (Fig.1a)!7?!. Floating photocatalytic reactors*?, which
can focus light in a two-dimensional plane, avoid photon escape and reduce the large
heat loss caused by excessive solution contact with the catalyst (Fig.1b)!”. Nevertheless,
their practical deployment is limited by the need for forced convection, photocatalyst
leaching, and still substantial heat loss*. These heat losses primarily originate from the
temperature gradient between the catalyst and its surrounding medium, conductive heat
transfer from the 2D plane to excess reactants, and radiative exchange with the
environment. Against this backdrop, photocatalytic CO: reduction with H-O is an
attractive strategy to mitigate the greenhouse effect while producing valuable

24-26

chemicals®*?®, especially given the abundance and low cost of water’’. More

importantly, the CO>—H:O reaction is a gas—liquid system at room temperature and

representative of many chemosynthetic processes?®’.

Therefore, developing a
photocatalytic reactor with high mass transfer rates and low heat loss, using CO:
reduction as a model validation, is a logical and effective pathway.

Herein, a synergistic photothermal-photocatalytic strategy was employed to
design and construct a contactless photocatalytic reactor (Fig. 1c). Specifically, the
catalyst was directly loaded onto a 2D plane to minimize photon escape. Thermal
radiation from the photothermal effect was utilized to vaporize the liquid reactants, with
the resulting vapor subsequently transferred to the active sites by diffusion. This

contactless configuration reduces the temperature difference between the gas-phase

reactants and the catalyst, enabling reactant pre-activation, and simultaneously cuts off



conductive heat loss to the excess low-temperature liquid. Furthermore, the transport
paths and distances of the reactants can be controlled to achieve a balanced feed ratio.
Using CO: and H:O reduction to formic acid as a probe reaction, the production rate
reached 680.7 umol g'h™', far surpassing that of a conventional slurry reactor
(42.4 pmol g h™"). Remarkably, when simulated seawater and wastewater were used
as the reactant sources, the formic acid production rates still reached 645.3 pmol g' h™*
and 663.0 umol g ' h™', respectively. These results confirm that the contactless
photocatalytic reactor delivers superior performance, benefiting from enhanced mass
transfer, efficient light absorption, and reduced photon and heat losses. Moreover, by
leveraging the evaporation-driven transport mode, this reactor circumvents the need for
water purification and can directly utilize seawater or even wastewater when coupled
with water oxidation. Thus, this contactless photocatalytic reactor opens a new avenue
for gas—liquid reactions, eliminating the stringent requirements for water quality and

complex purification steps.

Results and Discussion
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Fig.1 Schematic diagrams of different photocatalytic reactors, (a) slurry photocatalytic



reactor, (b) floating photocatalytic reactor, and (c) contactless photocatalytic reactor.
The contactless photocatalytic reactor (CPR) forms a two-dimensional catalytic
plane (TCP) by loading a catalyst (TiO»/MXene) into a two-dimensional porous
medium that is directly exposed to solar irradiation to facilitate direct activation of the
catalyst. The wavelengths beyond the bandgap are directly converted into heat by
photothermal conversion and then diffused to the surroundings by heat conduction. The
TCP prevents heat loss due to its own heat resistance, so the heat is confined to the
catalyst surface. Even if the heat spreads to the lower interface of the TCP, the
separation from the liquid reactants prevents continuous heat consumption. Instead,
heat radiation transfers heat to the solution via electromagnetic waves, which induces
the vaporization of the lower solution, replacing the water purification step. In addition,
according to the Beer-Lambert law, the penetration depth of electromagnetic waves into
the solution depends on the wavelength, and the penetration depth of radiation
wavelengths into water is limited to the micrometer level, while the penetration depth
of sunlight wavelengths reaches the meter level. More importantly, the SPR requires
CO2 to be dissolved, and solubility is negatively correlated with temperature, i.e.,
photothermal action triggers a decrease in CO> concentration. In contrast, CPR is
unaffected because CO> no longer needs to be dissolved in water, and the ratio of
reactants CO> to H>O is no longer limited by solubility. It is well known that the feed
ratio affects the mass transfer resistance and the reduction rate, and when the ratio of
CO> to H2O is close to 1:1, it increases the reaction rate while adjusting the optimal

concentration and decreases the mass transfer resistance. Accordingly, CPR can be



realized by adjusting the distance of heat radiation transfer. The heat radiation transfer
not only isolates the heat consumption of the liquid phase reactants, but also increases
the mass transfer rate and internal energy of the reactants, since the mass transfer rate
of the gas phase reactants is much higher than that of the liquid phase reactants, which

also eliminates the need for additional energy input steps such as stirring.
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Fig.2 (a) Light absorbance of TiO2/MXene and TiO>/MXene-MF. (b) Temperature
response of different interfaces of TiO2/MXene-MF. (c¢) Penetration depth of the solar
spectrum. (d) TiO2/MXene-MF-induced mass change. (¢) Comparison of the optical
absorbance of TiO>/MXene after loading on MF or CMF substrates. (f) Temperature
response of TiO2/MXene-CMF.

The expansion of light absorption makes the temperature of CPR higher than that
of SPR, and also improves the efficiency of solar energy utilization. Most importantly,
the TiO,/Mxene loading on MF does not change the light absorption characteristics. As
shown in Fig.2a, the TiO>/Mxene powder has better light absorption performance

before 400 nm due to the limitation of catalyst band gap. And after loading on MF



(TiO2/Mxene MF), the TCP reduces the optical loss and exhibits broader full-spectrum
absorption characteristics. In particular, the absorption in the visible region (300-800
nm) shows stability, which compensates for the lack of absorbable photons in the
carbon substrate (MXene). At the same time, the two-dimensional interface is more
favorable for photothermal conversion, reducing heat loss and improving the stability
of photothermal conversion. For this purpose, the temperature trends at different
locations of the CPR were tested, where the temperature at the top surface of
TiO2/MXene-MF was Ti, the temperature at the bottom interface was T, the
temperature at the solution surface was T3, the temperature at the bottom surface of the
solution was T4, and the ambient temperature was Ts (Fig.2b). Under full-spectrum
irradiation, the photothermal temperature showed a steady increase, and the interfaces
in the heat transfer path also realized a steady temperature enhancement. And the
photothermal temperature of the surface increased rapidly and gradually leveled off in
a short time, and the rate of temperature increase was much higher than that of the SPR
(Fig.S1). Under the irradiation of UV light, the temperature of photothermal conversion
is lower (F1g.S2). Meanwhile, the temperature difference between the different surfaces
provide the impetus for the reactant transport. Specifically, the temperature difference
(T1-T2) between the upper and lower interfaces of TiO2/MXene-MF minimizes the heat
loss due to heat conduction. The temperature difference between the lower interface
and the solution (T2-T3) also applies heat radiation to trigger the vaporization of the
reactants, forcing the reactants to diffuse through the upper interface, which increases

the mass transfer rate and also reduces the energy consumption required for enhanced



mass transfer. Furthermore, according to Kirchhoff's law, the emissivity at the lower
interface is equal to the light absorption rate, i.e., a low absorption rate represents a low
radiation loss. The temperature difference between the bottom interface and the
reactants provides a temperature difference driving force for increasing the internal
energy of the reactants, which realizes the pre-activation of the reactants. According to
Beer-Lambert law, the penetration depth of solar radiation spectrum can reach 40 m,
while the penetration depth of infrared radiation wavelength is less than 300 um.
Therefore, CPR can maximize the conversion of low-content heat radiation loss into
heat, which is confined to the top of the solution. The temperature difference between
the top and bottom of the solution is further evidence of the photon penetration
properties (T3-T4). In addition, even in the UV spectrum, there are many photons that
cannot be absorbed and converted to heat e.g., (Fig.S3). Although the temperature under
UV radiation is lower and the temperature difference is significantly reduced, the
temperature difference between interfaces remains due to spatial isolation.

The reactant supply rate was then tested, i.e., the reactant vaporization mass was
tested under different light. As shown in the Fig.2d, the water transport rate reached
0.016 mg/s under the full spectrum, which ensured sufficient reactant supply. The fact
that there is still sufficient reactant supply (0.011 mg/s) even when relying on UV light
alone shows that UV light also induces photothermal effects and at the same time proves
that using the full spectrum improves the reactant supply rate. This also provides better
selectivity for feed ratio adjustment and expands the spectrum for photothermal

conversion. In addition, the exchange of heat radiation between two planes is positively



correlated with the viewing angle factor according to Planck's law *°. And the viewing
angle factor is determined by the distance between the planes, which means that
changing the gap between the lower interface of TiO2/MXene-MF and the water surface
can adjust the transport rate of reactants. In addition, the gap between the lower
interface and the water surface eliminates the influence of the water source on the
catalyst and also reduces the requirement of an aqueous solution, i.e., the purification
of pure water can be achieved by taking advantage of the non-vaporability of the solute.
For example, seawater solution is one of the best options. For this purpose, the rate of
reactant supply when seawater is used as the reactant was verified for both full and UV
spectra. As shown in Fig.2d, the product supply rate reached 0.021 mg/s for the full
spectrum and 0.011 mg/s for the UV spectrum, which proves that seawater can be a
direct substitute for pure water in CPR and the supply rate is also higher than that of
pure water. This is due to the dissolution of NaCl salts, which changes the absorption
properties of light. Therefore, when seawater is used as a reactant, the supply rate is
increased while the intermediate step of desalination is eliminated.

Secondly, the CPR can also achieve a higher temperature response by carbonizing
the surface to increase the light absorption of the surface. However, the reactant feed
rate increases accordingly, which tends to cause an imbalance in the feed ratio. As
shown in Fig.2e, TiO>-MXene loaded on CMF substrate forms TiO,-MXene/CMF,
which not only extends the light absorption range but also increases the light absorption
rate, especially compensating for the loss of visible spectrum. Especially in the spectral

range of 200-800 nm, a full spectrum of absorption is revealed. The temperature after



photothermal conversion is greatly improved, and T; can reach 91.5°C (Fig.2f).
Similarly, the temperature after photothermal conversion can reach 42°C even under
the irradiation of UV spectrum (Fig.S4). This also proves that most of the photons are
still directly converted into heat instead of being absorbed by the catalyst for catalysis.
According to Kirchhoff's law, the higher light absorption, the higher blackbody
emissivity, and the high mid-infrared absorption of TiO>-MXene-CMF determines its
high radiant energy. The high radiant flux improves the exchange of heat radiation with
the lower interface, which leads to a great increase in the reactant feed rate, and reaches
0.0157 mg/s under the condition of spectrally irradiated pure water. In addition, the
reactant feed rate reaches 0.0248 mg/s when seawater is used. Even under UV light, the
feed rate of seawater and water as reactants reaches 0.01 mg/s and 0.005 mg/s (Fig.S5).
It is proved that CPR can realize different reactant feed rates by regulating the
photothermal action, which greatly expands the application range of solar energy and
opens a new channel for the photothermal action of photocatalysis. Compared with the
low mass transfer rate of the SPR with excess reactants, CPR achieves an increase in
the mass transfer rate and a significant increase in the reaction temperature, which is
more conducive to accelerated electron migration, especially a significant increase in
the heating rate. When the spectral absorbance is increased, TiO>-MXene/CMF
achieves a heating rate of 0.46 K/s, which minimizes the heating time of the reaction
system. More importantly, the CPR will utilize the combined photothermal effect and

the rapid response of heat transfer to achieve the timely operation of photocatalysis.
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Fig.3 (a) Photocurrent test of TiO2/MXene under full spectrum and UV spectrum again.
(b) TEM diffraction pattern of TiO»/MXene containing elements O, Ti, and C. XPS
patterns of TiO2/MXene with (¢) Ti and (d) O elements.

The photoreduction rate of COx is still correlated with the current density after
surface electron excitation. TiO2/MXene was synthesized by an in-situ oxidation
strategy and applied to CO; reduction. Importantly, the choice of catalyst was
determined by the reaction characteristics. For CO2 reduction to formic acid (CO2+H20
—HCOOH+0,), the reaction characteristics limit the catalyst band gap (0.82 ev-0.61
eV).The low cost of TiOz is one of the best choices, and the synthesis strategy of MXene
oxidation improves the light absorption range. Therefore, TiO2/MXene was applied in

CO2 reduction experiments. The light absorption spectrum of TiO>/MXene revealed



that the absorption boundary is located at approximately 396 nm, and based on the
evaluation of Tauc plots (Fig.S6), the band gap energy of TiO2/MXene was determined
to be 2.1 eV. In addition, based on the Mott-Schottky test, it was elucidated that the flat
band potential of TiO2/MXene is -0.96 V vs. Ag/AgCl (i.e., -0.76 V vs. NHE, Fig.S7).
According to the equationE, = £, — E;, the valence band position was calculated to
be 1.34 V vs. NHE. Based on the valence and conduction band positions, it can be
concluded that TiO2/MXene is thermodynamically compatible with the photoreduction
of CO for the production of formic acid.

Furthermore, the photocurrent density represents the efficiency of electron-hole
photoexcitation and also determines the separation and migration behavior of electron-
hole pairs, which is one of the key conditions for achieving CO> reduction. The
photocurrent intensity test was carried out for TiO2/MXene samples using intermittent
light illumination (Fig.3a), and the photocurrent density reached 0.325 uA ¢cm™ under
full-spectrum light illumination. Based on electrochemical impedance spectroscopy
(EIS), TiO2/MXene exhibited a smaller semicircular diameter in the high-frequency
region in the Nyquist plot (Fig.S8), indicating the good performance for the separation
and transport of surface charge carriers. However, the absorption band edge of
TiO2/MXene is less than 420 nm, so most of the solar energy of the spectrum is
dissipated as heat. We tested the photocurrent response profile in the UV spectrum, as
shown in Fig.2a, with a photocurrent density of 0.168 uA cm™. Based on the light
absorption properties of the semiconductor, it is shown that the light absorption

threshold at 420 nm remains unchanged and the number of excited photoelectrons



remains unchanged. This indicates that the heat can reduce the photoelectron-hole
complexation rate and increase the relaxation time of photoelectrons, which is more
favorable for photocatalysis.

It is noteworthy that the multi-overlapping heating effect of TiO2/MXene is
beneficial to increase the optical current density response. Firstly, the MXene substrate
of TiO2/MXene is composed of material C, as evidenced by the XRD spectra (Fig.S9).
The characteristic peak of MXene is located at 26=7° (002), which is consistent with
what has been reported in the literature®!. In addition, TiO> was also generated
synchronously by an in-situ oxidation strategy, corresponding to a peak at 38.7°
(JCPDS No. 21-1272). The Ti-O bonds grown in-situ on the C substrate contribute to
the electron transfer. The TEM diffraction pattern shows that the Ti elements are
uniformly distributed around the O elements (Fig. 3b). The C elements are uniformly
distributed throughout the substrate, which again confirms the uniform mixing of the C
substrate and the Ti elements, and the wide distribution of the C elements. Furthermore,
there are obviously more C elements than O elements around Ti atoms, and Ti-O exists
mainly in the form of TiO2, which is consistent with the XPS results. As shown in Fig.3c,
the binding energies of Ti elements are 460.5, 457.1, 454.7, 452.1, and 450.7 eV, and
the corresponding characteristic peaks correspond to Ti-O, Ti-C 2p12, Ti-O, Ti-X, and
Ti-C 2p3.2. Detailly, the peaks for Ti-C bonding are the strongest, which also proves that
the cross-linking of Ti elements with C elements improves the light absorption
properties while increasing the electron transport properties. Based on the XPS spectra

of elemental O (Fig.3d), it was found that C-OH, C-Ti-Ox, and C-Ti-(OH)x correspond



to 529.3, 528, and 527.5 eV, respectively. Increasing the oxygen content improves the
catalytic performance and also changes the structure of the MXene substrate. The C
substrate is surrounded by F elements, as shown in Fig.S10, the C-F bond, C-O bond,
and C-C bond correspond to 284.7,282.4, and 280.9 eV, respectively. The high strength
of the C-C bond proves the high C content, and also confirms that the carbon-containing
substrate has the potential to improve the photothermal performance. Thus, the
superimposed C-Ti element not only thermodynamically favors the reduction of CO»,
but also promotes the electron transfer efficiency, while the presence of C further

enhances the photothermal effect.
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Fig.4 (a) Schematic diagram of the mechanism of action of CPR. (b) Schematic diagram
of reactant pre-activation and thermal stacking in CPR. (c¢) Heat transfer mechanism of
CPR.

The resistance to mass transfer between liquid phases replaces the resistance to
mass transfer between gas phases. Although the floatable photocatalytic reactor can
temporarily increase the mass transfer rate by relying on the capillary force, the

capillary force is limited by the magnitude to not be able to realize long-range transport



and growth rate. Meanwhile, the adhesive force of the liquid in the tiny pores increases
the difficulty of catalyst adsorption of reactants. The adsorption force between liquids
is much higher than that of gases, and it is very easy to form accumulated droplets?,
which affects the feed ratio of reactants. According to Fick's law >*, the diffusion rate
of the gas is much higher than that of the liquid, and CPR directly uses the free diffusion
of the gas to convert it into the driving force for the mass transfer of reactants. In
addition, the heat transfer process presents a temperature gradient, forcing the vaporized
reactants to gradually accelerate the diffusion into the high temperature region, i.e. from
the bottom layer to the surface of the catalyst. As shown in Fig.4a, the liquid water
source absorbs heat and vaporization. The water molecules are transported to the active
sites by free diffusion and undergo a reduction reaction with the CO; accumulated on
the surface. Due to the temperature gradient in the transport path of the reactants and
the continuous heat exchange of the water vapor during the heat transfer process, the
internal energy and mass transfer rate of the reactants eventually increases continuously.
In addition, the TCP of the CPR has intercepted photon escape, increased light
absorption and enhanced photothermal conversion. The carbon substrate of the catalyst,
increases the photothermal conversion, and the superimposed photothermal effect
raises the temperature of the material surface, facilitating the electron migration rate
(Fig.4b). The detailed heat transfer path is shown in Fig.4c, where the mode of heat
exchange changes as the distance to the bottom of the liquid surface increases. There
are three modes of heat conduction (A), heat convection (B) and heat radiation (C) in

the full path. In detail, in path 1, the most dominant mode of heat exchange is heat



conduction, which relies on the cross-linked skeleton inside the porous medium for
transmission. The heat continues to spread downward, and only water vapor after the
phase change exists in path 2, and the low heat conductivity of the gas makes the heat
transfer mainly rely on heat convection. The existence of temperature gradient
accelerates the diffusion rate and improves the heat transfer effect of heat convection.
The main heat transfer in path 3 is achieved by heat radiation from the CPR surface,
and the response distance is limited to the micrometer level. After that, the heat from
the upper solution is transferred downward by heat conduction (path 4), which
inevitably causes a small part of heat loss. In summary, the temperature shows a
decreasing gradient throughout the process, while the mass transfer rate, i.e. the

diffusion rate is gradually increasing.
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The multi-stage heat utilization and diffusion enhancement of CPR promoted the
CO2 reduction rate, and its photocatalytic properties were characterized by testing the
HCOOH yield. The reactor design is shown in Fig.5a, and the reaction products were

zero-condensed on the light-transmitting glass surface and refluxed to the product

collection tank, where the products were tested by 'H NMR (Fig.S11). The formic acid



yields of CPR (Experiments 1, 3, 5, 7, 9) and SPR (Experiments 2, 4, 6, 8, 10) in
different conditions were tested. First, in the no light condition, the results showed that
none of the products were generated (Fig.5b), indicating that light was the only driving
force to stimulate the reaction. In addition, the reduction rates under different substrates
were also compared, and as shown in Fig. Fig.S12, there was no gas generation under
the unloaded catalyst condition. Further, the CO2 rate after loading CMF was much
higher than that of MF, proving that the enhanced photothermal conversion contributes
to the photocatalytic efficiency. Therefore, the subsequent experimental tests were
completed on top of the CMF substrate. Translated with DeepL.com (free version)Next,
to verify the selectivity of the solar spectrum and the percentage of photothermal action,
the formic acid yield under UV light was tested. Comparisons showed that with UV
spectrum irradiation and application of pure water, the formic acid yield was 114.63 p
mol g'!' h'! for CPR (Fig.3c) and 8.49 pmol g! h'! for SPR. When the experiment was
completed with full spectrum and pure water (Fig.5d), the formic acid yield for CPR
was 680.7 pmol g h'!, the SPR yielded 42.4 umol g h''. Therefore, the photothermal
effect of the full spectrum was more advantageous, especially for accelerating the
electron migration, improving the mass transfer rate of reactants and products, and pre-
activating the reactants. Meanwhile, the source of CPR reactants can be more extensive,
and when simulated seawater was used as the reactant (Fig.5¢), a high yield of about
645.3 pmol g!' h'! was still maintained, while the yield was only 4.95 umol g h'!
when SPR was used. When sewage water was used (Fig.5f), i.e., when multiple ions

were doped, the CPR reaction rate was 663.02 pmol g h'! compared to 0 pmol g'!' h°



! for SPR. In addition, the light-absorbing area of CPR was only 1 cm?, i.e., the highest
reduction rate of CO> reached 68.07 mol/m?, which can be widely applied to direct
surface reduction. As a result, CPR no longer restricts the source of water, thus
expanding the range of applications that combine the direct use of seawater and solar

energy.

Conclusion

In summary, a contactless photocatalytic reactor based on a synergistic
photothermal-photocatalytic strategy has been developed and demonstrated to
substantially outperform conventional slurry reactors for CO: reduction. By physically
separating the reactant reservoir from the catalyst layer, this design eliminates the need
for reactant purification and converts otherwise wasted heat radiation into a driving
force that increases the internal energy of the reactants. The adjustable reactant supply
accommodates different stoichiometric feed ratios, enabling adaptation to a wide range
of catalytic reactions. More importantly, the multistage heat utilization of the reactor
decouples catalytic performance from water purity, allowing efficient CO: reduction
even when using seawater or wastewater. Accordingly, formic acid production rates of
680.7, 645.3, and 663.0 umol g ' h™! were achieved with pure water, simulated seawater,
and simulated wastewater, respectively. The reactor consistently maintains its high
performance across these diverse water sources, demonstrating remarkable robustness

and opening a new direction for practical photocatalytic applications.
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Experimental Section
Chemicals and materials.

All materials were commercially available and did not require further purification.
The TizAlC; powder and lithium fluoride (LiF), sodium chloride powder (NaCl), and
nan sulfate powder (Na;S0O4) were purchased from Aladdin (China).
Preparation of TiO2/MXene.

MXene (Ti3C2Tx) 1s prepared by etching Ti3AlC, with LiF and HCI. For example,
3.2 g LiF was mixed with HC1 (12 mol L) by stirring for 15 minutes. Subsequently,
2.00 g TizAIC, was slowly added to the mixed solution. The mixture was stirred
continuously at 40°C for 48 hours. The resulting acidic slurry was washed with
deionized water and centrifuged at 3500 rpm for 5 minutes, and then washed with
deionized water several times until the pH was = 6. MXene and water were then
combined in a ratio of 1:2, ultrasonically mixed, and added to a hydrothermal reactor,
and heated at 180 °C for 5 hours. The final solution was filtered and freeze-dried to
obtain a powder sample.
Preparation of TiO2/MXene-MF and TiO2/MXene-CMF.

The melamine foam (MF) was cut into 20x20x5 mm? pieces, added to the ethanol

solution, and then transferred to a tube furnace and vacuum-dried at 80°C for 300



minutes. Then, 30 mg of TiO2/MXene was added to 30 mL of water and mixed well,
and finally sprayed uniformly on the surface of the melamine foam to form
TiO2/MXene-MF. The MF was heated in a tube furnace at 500°C for 5 h with a heating
rate of 5°C/min to form CMF. After that, CMF was added to ethanol solution with
ultrasonic vibration and then transferred to a tube furnace for 300 min at 80°C. The
CMF was heated for 5 h with a temperature increase rate of 5°C/min to form CMF.
transferred to a tube furnace and dried under vacuum at 80°C for 300 min. Finally, 30
mg of TiO2/MXene was added to 30 mL of water and mixed well, and finally sprayed
uniformly on the surface of melamine foam to form TiO2/MXene-CMF.
Photocatalytic experiment for SPR.

The catalyst (10 mg) was dispersed in ultrapure water (30 mL) in a quartz reactor
(50 mL). Pure CO, gas was introduced into the mixture for 30 minutes. During the
reaction, the temperature of the reaction solution was controlled by an external water
stream to maintain a temperature of 25°C. The system was then irradiated under
simulated sunlight using a PLS-SXE300 Xe lamp with an AM 1.5 cutoff filter. In
addition, the liquid products in the liquid phase of the reactor were measured and
analyzed for HCOOH by ion chromatography, and the gaseous products were analyzed
by gas chromatography.
Photocatalytic experiment for CPR.

Ti02/MXene-MF or TiO2/MXene-CMF was placed in a reaction vessel and 10
mL of reaction volume solution (water, seawater, sewage water) was added, making

sure that the solution was about 1 cm away from the 2D catalytic layer, and pure CO2



gas was passed into the mixture for 30 minutes. During the reaction, the temperature of
the reaction solution is controlled by an external stream of water to maintain it at about
25°C. The temperature of the reaction solution is then controlled by an external stream
of water. The system was then irradiated under simulated sunlight using a PLS-SXE300
xenon lamp with an AM 1.5 cut-off filter. In addition, the liquid product HCOOH and
the gaseous product GC in the liquid phase of the reactor were measured and analyzed
using ion chromatography.
Electrochemical tests

Photocurrent, electrochemical impedance spectroscopy, and Mott Schottky
measurements were performed in a three-electrode electrochemical workstation system
(CHI 660¢) with an ITO glass substrate (1 cm x 1 cm) as the working electrode, a
platinum wire as the auxiliary electrode, and an Ag/AgCl electrode as the reference
electrode. The sample (5 mg) was dispersed in a solution (1 mL) containing Nafion
solution (60 uL, 0.5 wt%) and ethanol (940 uL). After sonication, the dispersed aqueous
slurry was drop-cast onto an ITO glass substrate. The working electrode was then dried
naturally at room temperature. A 0.2 M NaxSOs solution was used as the electrolyte.
Photocurrent measurements were performed using a 300 W xenon lamp with a cutoff
frequency of AM 1.5.
Characterization.

The crystal structure and phase composition of the samples were determined by
X-ray powder diffractometer using Cu Ka radiation at 40 KV and 40 mA (Bruker D8

ADVANCE). A transmission electron microscope was operated at 200 kV and TEM



images were obtained (Talos F200X). Diffuse reflectance spectra were recorded by a
UV-Vis-NIR spectrophotometer and a resolved infrared spectrometer (PE Lambda 950,
Bruker INVENIO X). XPS measurements were performed using an Al Ka

monochromatic X-ray radiation source (AXIS ULtrabld).
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