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In this study, a novel composite was engineered by integrating Zr-MOF (NH,-UIO-66) with MXene layers through
electrostatic self-assembly. Under simulated sunlight and at 80 °C, this composite material achieved nearly com-
plete conversion of low-concentration atmospheric CO, to CO and CH, without additional sacrificial agents
or alkaline absorption liquids, marking one of the few reports demonstrating near-complete reduction of low-
concentration CO, directly from the air. For high-concentration CO, in industrial flue gas, the composite utilized
residual heat at 80 °C without additional energy input, exhibiting excellent CO, reduction efficiency with CO and
CH4 production rates of 127 ymol-g?-h! and 330 ymol-g-h!, respectively, resulting in a total production rate
4.76 times higher than that in the air. Compared to most reports on thermocatalytic CO, reduction (>300 °C), this
material shows significant advantages below 100 °C. The performance improvement is attributed to the introduc-
tion of Zr-MOF, which provides additional active sites and reduces activation energy. Additionally, the localized
surface plasmon resonance (LSPR) effect of MXene facilitates the migration of thermal charge carriers to Zr** sites
within the MOF. Density Functional Theory (DFT) calculations validate these findings. Overall, Zr-MOF/MXene
composite holds potential for reducing CO, in air and industrial settings, advancing energy conversion and envi-

ronmental management.

1. Introduction

Since the Industrial Revolution, human activities have substan-
tially escalated the release of greenhouse gases into the atmosphere.
(Muringa Kandy et al., 2021; He and Janaky, 2020) This heightened
emission has resulted in an ongoing rise in greenhouse gas concentra-
tions, intensifying the greenhouse effect and precipitating a range of
global climate challenges, including global warming, glacier retreat, and
rising sea levels. (Zhao et al., 2021) Therefore, there is an urgent need
to explore effective ways to reduce carbon emissions or decrease CO,
concentration in the atmosphere. (Gong et al., 2022; Zhai et al., 2023)

In this context, developing CO, resource utilization technology has
become a key approach to addressing CO,_related environmental is-
sues and promoting the carbon cycle. (Shang et al., 2023; Guo et al.,
2022) Currently, the utilization of CO, mainly revolves around CO,
capture and storage, electrocatalysis, photocatalysis, and thermocataly-
sis technologies. (Dimitriou et al., 2015; Lim et al., 2022; Jiang et al.,
2020) However, while CO, capture and storage technology is effective,
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its high energy consumption, cost, and potential leakage risks limit its
widespread application. (Fang et al., 2023; Li et al., 2019) In contrast,
treating CO, as a renewable carbon resource and converting it into high-
value chemicals through electrocatalytic and photocatalytic reactions
not only reduces dependence on fossil fuels but also has significant eco-
nomic and environmental benefits. (Davis et al., 2020; Liu et al., 2022;
Rehman et al., 2022) Therefore, converting CO, into clean fuels through
catalytic reactions has become one of the important solutions for global
emissions reduction. (J. Wang et al., 2022; Xiong et al., 2018; Qi et al.,
2023) For example, Chen et al. demonstrated a hybrid approach by com-
bining MOF with organolead halide compounds, adjusting crystallinity
to merge the high surface area and porous structure of MOF with the ex-
cellent photocarrier transport properties of organolead halides. They de-
veloped the TMOF-10-NH, photocatalytic material, exhibiting remark-
able activity with a CO production rate of 78 ymol-g’l-h’! under pure
CO, conditions. (Chen et al., 2022) Wang et al. developed bimetallic
metal oxide nanosheets (Pd-CeO,) doped with positively charged noble
metals. The inclusion of Pd not only improved water activation, provid-

! These authors contributed equally to this work and should be considered co-first authors.

https://doi.org/10.1016/j.ccst.2024.100274

Received 22 June 2024; Received in revised form 6 August 2024; Accepted 6 August 2024
2772-6568/© 2024 The Author(s). Published by Elsevier Ltd on behalf of Institution of Chemical Engineers (IChemE). This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/)


https://doi.org/10.1016/j.ccst.2024.100274
http://www.ScienceDirect.com/science/journal/27726568
http://www.elsevier.com/locate/ccst
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ccst.2024.100274&domain=pdf
mailto:zhangxj@iccas.ac.cn
mailto:zhz@zzuli.edu.cn
https://doi.org/10.1016/j.ccst.2024.100274
http://creativecommons.org/licenses/by/4.0/

Y. Meng, F. Yue, S. Zhang et al.

ing more protons, but also enhanced the conductivity of material, facili-
tating the separation and transfer of photogenerated carriers. This inno-
vative approach resulted in a CH, production rate of 41.6 yumol-g1-h"!
under pure CO, conditions. (Z. Wang et al., 2022)

However, most current research on CO, reduction focuses on using
high-purity CO, or specific hydrogenation conditions, with relatively
fewer studies on the direct catalytic reduction of low-concentration CO,,
in the atmosphere. (Zhao et al., 2021; Chen et al., 2020; Wu et al., 2021;
Zhou et al., 2021; Crake et al., 2017; Z. Wang et al., 2022; Han et al.,
2022; Low et al., 2018) The atmospheric CO, concentration is approxi-
mately 0.04 %, which significantly increases the difficulty of activating
CO, and requires more active catalysts and precise reaction condition
control. (Ma et al., 2023; Yue et al., 2024) Moreover, the presence of
atmospheric components such as oxygen and nitrogen may affect the
selectivity of the catalytic reaction. (Schéppi et al., 2021; Zoller et al.,
2022) With increasing concern over climate change and the develop-
ment of green sustainable chemistry, directly capturing and catalytically
reducing CO, from the atmosphere has become an imperative trend,
aiming to improve the efficiency and economy of low-concentration CO,,
reduction. (Fang et al., 2023)

Industrial flue gas, as the main source of anthropogenic CO, emis-
sions, has varying CO, concentrations (2 %~29 %) in electricity, steel,
cement, and other industries’ flue gases. (Wang et al., 2021; Wu et al.,
2020; Yuan et al., 2021; Liao et al., 2021) Currently, the treatment of
CO, in industrial flue gas mainly relies on absorption, adsorption, mem-
brane separation, and cryogenic separation technologies, which mostly
focus on CO, separation and capture, rather than directly converting
CO, into valuable chemicals. (Liu et al., 2024; Gun et al., 2023) Fur-
thermore, industrial flue gas emissions often accompany residual heat.
Leveraging this energy to activate catalysts and facilitate CO, reduc-
tion in flue gases could present a novel and efficient approach to CO,
treatment.

Considering these challenges and opportunities, this study aims to
develop an innovative catalyst for the photothermocatalytic reduc-
tion of both low-concentration CO, in the atmosphere and higher-
concentration CO, in industrial flue gases. Through electrostatic self-
assembly methods, Zr-MOF (NH,-UIO-66) will be integrated into the
layered molecular structure of MXene. Under simulated sunlight condi-
tions at 80 °C, the Zr-MOF act as the catalytic active site, (Trickett et al.,
2017; Tian et al., 2019) utilizing the LSPR effect and high conduc-
tivity of MXene to photothermocatalytically reduce CO, in the atmo-
sphere and industrial flue gas, (Wu et al., 2021; Zhuang et al., 2023;
Venkateswarlu et al., 2023; Huang et al., 2023) effectively converting
it into valuable gaseous fuels such as CH, and CO. This research has
profound implications for addressing environmental challenges and the
energy crisis, offering significant opportunities for energy conservation,
emissions reduction, and the advancement of a low-carbon economy.

2. Experimental
2.1. Synthesis and characterization

See supplementary information for details.

2.2. Photothermal catalytic CO4 reduction process

Reduction of CO, in the atmosphere: The 5 mg Zr-MOF/MXene cat-
alyst sample was placed in a 160 mL reaction vessel, followed by the
addition of 1 mL of distilled water, and then the vessel was sealed. A
300 W Xe lamp, designed to mimic sunlight (AM 1.5 G), was employed
along with external water bath circulation to regulate the reaction tem-
perature (Fig. 1). The catalytic performance of the material was assessed
for CO, reduction under different conditions, including light irradiation,
varied temperatures, and photothermal synergistic conditions. Gas sam-
ples (1 mL) were withdrawn from the reaction vessel every hour using a
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gas-tight syringe and subjected to analysis by gas chromatography (GC-
7980) to measure the concentration of CO, reduction products.

Reduction of CO, in industrial flue gas: A mixture of gases with a
10 % CO, vol fraction was prepared using air as the background, simu-
lating industrial flue gas. The experimental steps were the same as those
for the reduction of CO, in the atmosphere.

2.3. Theoretical calculations

DFT calculations were utilized to delve deeper into the reac-
tion mechanism underlying the catalytic reduction of CO, by Zr-
MOF/MXene. The specific parameters employed in the DFT simulations
are outlined in the supplementary information.

3. Results and discussion
3.1. Structure and microscopic morphology analysis

XRD analysis was employed to investigate the crystal structure of Zr-
MOF, MXene, and MOF/MXene composites. As shown in Fig. 2A, two
diffraction peaks can be observed at around 19° and 62° for MXene,
corresponding to the (004) and (110) characteristic crystal planes of
MXene, respectively. (Huang et al., 2023) The MOF/MXene composites
with different MOF loadings display three diffraction peaks at 4.5°, 20°,
and 62°, which align with the diffraction peak of MOF near 5° and the
diffraction peaks of MXene at 19° and 62° This result indicates that MOF
and MXene have been successfully combined.

Given the high specific surface area and exceptional porosity of MOF
materials, they possess the capability to adsorb CO, from the atmo-
sphere to extent. (Pang et al., 2023) This implies that in our catalytic
reaction system, CO, sources can be categorized as CO, directly from
the air and CO, adsorbed by MOF/MXene composite materials. To ac-
curately evaluate the overall CO, content in the reaction system, we
examined the specific surface area and CO, adsorption-desorption prop-
erties of the 6 % MOF/MXene composite material (Fig. 2B). The results
show that under the conditions of 25 °C and a relative pressure P/Py=1
(standard atmospheric pressure), the adsorption capacity of the com-
posite material for CO, is 0.2539 cm?/g. Based on this, we calculated
that the 6 % MOF/MXene composite material provides 8 ppm of CO,
within the reaction apparatus, coupled with the inherent 410 ppm of
CO, in the air, the total concentration of CO, within the reaction sys-
tem amounted to 418 ppm. Moreover, the BET specific surface area of
the 6 % MOF/MXene composite material is 1.72 m?/g, notably lower
than that of pure Zr-MOF (Figure. S1). (Liu et al., 2021) This reduction
in surface area is mainly due to the lower MOF content in the composite
material, resulting in decreased specific surface area compared to pure
MOF, which in turn affects its CO, adsorption capacity.

Utilizing SEM, TEM, and EDS to further investigate the microstruc-
ture and elemental distribution on the surface of the material. The Zr-
MOF exhibits a porous structure formed by particulate aggregation,
while the MXene displays a characteristic 2D layered configuration with
a smooth surface devoid of impurity particles (Fig. 3A-B). Figs. 3C-D il-
lustrate the distribution of Zr-MOF particles on the surface and between
the layers of MXene. Additionally, the EDS point scan, line scan, and
mapping images (Figures. S2-3) reveal the presence of Zr, Ti, F, O, C,
and N elements in the composite material, all of which are uniformly dis-
tributed. Further examination using TEM imaging (Fig. 3E-F) confirms
the successful loading of MOF particles on the MXene surface and be-
tween its layers. High-resolution images reveal lattice fringes (marked
in yellow) of the MOF/MXene composite with a lattice spacing (d) of
0.26 nm, corresponding to the (110) crystal plane of MXene. These ob-
servations collectively confirm the effective embedding of MOF particles
into MXene 2D layered structure via electrostatic self-assembly, consis-
tent with XRD measurements.

XPS further characterized the composition and chemical states of
MOF, MXene, and the MOF/MXene composite. Characteristic peaks of
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Fig. 1. Preparation scheme of Zr MOF/MXene
and CO, reduction reaction scheme.
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Fig. 2. A. XRD patterns of MOF, MXene, and MOF/MXene; B. CO, adsorption-desorption curve of 6 % MOF/MXene.

Zr, N, O, and C are observed for MOF, while Ti, O, C, and F peaks
are present for MXene. The MOF/MXene composite exhibits all of these
peaks, albeit with variations in relative intensities (Fig. 4A). The C1s
spectrum (Fig. 4B) of the MOF/MXene composite exhibits distinct peaks
at 288.8 eV, 286.2 eV, 284.8 eV, and 281 eV, corresponding to various
bonds including C = O (288.7 eV) and C-O (286.2 eV) from MOF, and
C-C (284.8 eV), C-F (288.8 eV), and Ti-C (281 eV) from MXene. Notably,
the intensity of the Ti-C peak is slightly reduced compared to pure MX-

ene, potentially due to the introduction of MOF. In the Ti 2p spectrum
(Fig. 4C), six peaks at 454.8 eV, 456.3 eV, 458.5 eV, 460.7 eV, 462.1 eV,
and 463.9 eV indicate different orbitals of Ti in MXene, with slight shifts
compared to pure MXene due to MOF-MXene interactions. The O 1 s
spectrum (Fig. 4D) reveals peaks at 528.9 eV, 532 eV, and 533.3 eV,
corresponding to C-O and C = O from MOF, and Ti-O, C-Ti-Ox, and C-
Ti-OHx from MXene. The decrease in intensity and shift in the position
of the Ti-O peak indicate a slight alteration in the chemical environment
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Fig. 3. SEM images (A. MOF; B. MXene; C-D. 6 % MOF/MXene), HRTEM images of 6 % MOF/MXene (E-F).

of O atoms due to the combination of MOF and MXene. The F 1 s spec-
trum (Fig. 4E) displays peaks at 684.3 eV and 685.7 eV, attributed to
F-Ti and F-C bonds from MXene. In the Zr 3d and N 1 s spectra (Fig. 4F-
G), peaks at 182.9 eV, 185.4 eV, and 400.3 eV indicate Zr-O orbitals
and -NH, groups from MOF. The shift in the binding energy of Zr 3d
from 182.8 eV to 182.5 eV indicates an increase in the electron density
of Zr after loading the MOF onto the MXene structure. This change is
attributed to the transfer of electrons from MXene to the metal center
Zr** in the MOF. Overall, the XPS spectra of the MOF/MXene compos-
ite demonstrate a combination of characteristic features from both MOF
and MXene, as well as evidence of chemical interactions between the
two materials.

Fig. 5A shows the Raman spectra of MOF, MXene, and MOF/MXene
composites. It is evident that the MOF does not exhibit distinct charac-
teristic peaks. The strong peak at 149 cm~! is attributed to the resonant
peak of MXene. The peak at 390 cm~! corresponds to the E; mode vibra-
tions of MXene (in-plane vibrations, Ti-OH), while the peak at 503 cm~!
is related to out-of-plane bending vibrations associated with OH (Ti-
OH). The peak at 625 cm~' is due to vibrations related to the C element
in MXene (including E, and A;, modes). Peaks at 1376 and 1557 cm™!
are attributed to the D and G bands of carbon, also originating from the
C element in MXene. After compositing with Zr-MOF, the resonant peak
of MXene at 147 cm™! significantly weakens; the characteristic peaks
at 265, 402, and 608 cm~', representing in-plane bending vibrations
of titanium atoms with surface groups (E,) and vibrations of carbon
atoms (E, and A;,), are significantly enhanced. This suggests interac-
tions between Zr-MOF and MXene materials. No new distinct character-
istic peaks appear, indicating that the interactions are likely not due to
chemical bonding but rather electronic interactions.

The optical properties of different materials were tested using UV-
Vis. As shown in Fig. 5B, it can be observed that MOF exhibits a distinct
absorption edge at 447 nm. Furthermore, within the wavelength range
of 250 nm to 420 nm, the absorbance of MOF is significantly higher
than that of MXene and MOF/MXene composites. This indicates that
MOF has greater responsiveness to low-wavelength light. On the other
hand, MXene shows remarkable light absorption performance without
any clear absorption edge within the 250 nm to 800 nm wavelength
range, consistent with its metallic characteristics. For the MOF/MXene
composites of different ratios, it was noted that within the 250 nm to
420 nm wavelength range, the composite materials displayed slightly
superior light absorption performance compared to MXene alone. This

enhancement could be attributed to the introduction of MOF, increas-
ing light absorption in the lower wavelength segment of the composite,
aligning with the characteristic light responsiveness of MOF. However,
the overall light absorption profile of the composites remains similar to
MXene, with no significant absorption edges, suggesting that the intro-
duction of MOF does not alter the metallic-like properties of MXene.

These findings imply that while MOF/MXene composites may have
limited capability to generate photogenerated charge carriers under di-
rect illumination, the distinctive photothermal conversion characteris-
tics, high conductivity, and LSPR effect of MXene could facilitate the
rapid migration of thermal charge carriers to MOF and the adsorbed re-
actants when the external temperature is increased. (Huang et al., 2023)
This process is expected to provide more reactive sites for CO, reduction,
thereby enhancing the efficiency of photo-thermal synergistic reduction
of CO,.

3.2. Photothermal catalytic reduction of atmospheric CO,, performance

Fig. 6A-C present the evaluation performance of MOF, MXene, and
MOF/MXene composite materials with different proportions in the
photocatalytic reduction of atmospheric CO, under room temperature
(25 °C) and simulated sunlight illumination conditions (AM 1.5 G). The
findings reveal that pure MXene exhibits relatively weak CO, reduction
capabilities, and the catalytic product is a mixture of CO and CH,. Con-
versely, MOF demonstrates excellence catalytic reduction performance,
and the catalytic products show high selectivity for CO. The difference
in product selectivity is attributed to the difference in electronic proper-
ties between the two. For MOF/MXene composite materials, significant
CH, production was observed at low MOF loading, and the catalytic
ability was improved with increasing MOF loading. The optimal pho-
tocatalytic performance was achieved at 30 % MOF loading, producing
264 ymol-g! of CO within 6 h at a rate of 44 ymol-g'-h", surpassing the
reduction performance of MXene alone.

MXene possesses excellent thermal effects, the presence of heat en-
ergy can induce numerous charge carriers and increase charge trans-
fer rates. Additionally, the introduction of heat may alter the catalytic
reaction pathways on the MXene surface or lower the activation en-
ergy required for the reaction, further improving the catalytic perfor-
mance. (Xu et al., 2020) Therefore, we employed a thermostatic wa-
ter bath circulation method to assess the CO, reduction capabilities of
MOF, MXene, and MOF/MXene composites with different ratios at 80 °C
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without light irradiation, as shown in Fig. 7A-C. It was found that MOF
has no thermal catalytic performance, and pure MXene exhibited some
thermal catalytic ability. The catalytic activity is significantly enhanced
when a lower proportion of MOF is supported in the structure of MX-
ene. For example, the 6 % MOF/MXene composite exhibits the high-
est thermal catalytic performance, producing 201 ymol-g! of CO and
350 umol-g! of CH, within 6 h, with production rates of 34 ymol-g'l-h1
and 58 umol-gl'hl, respectively, achieving a total product genera-
tion rate of 92 ymol-g-h’l. In our experimental setup, with an initial
CO, concentration of 418 ppm, the resulting concentrations of CO and
CH, reached 140 ppm and 241 ppm, respectively. This suggests that
the composites at these ratios achieved nearly complete reduction of
low-concentration CO, from the air under thermal catalysis at 80 °C.
To our knowledge, this represents the first reported instance of near-
complete reduction of low-concentration CO, directly from the atmo-

sphere. In summary, the addition of an appropriate amount of MOF en-
ables MXene-based composites to exhibit exceptional thermal catalytic
CO, reduction performance. This is attributed to the increased avail-
ability of reactive sites provided by MOF for CO, reduction. Moreover,
under high-temperature conditions, the hot charge carriers excited by
the LSPR effect of MXene can rapidly transfer to the Zr*+ metal centers
of MOF and likely lowers the activation energy of the thermal catalytic
CO, reduction reaction, accelerating the catalytic process.

Combining with the sunlight illumination experiments, the 6 %
MOF/MXene composite material displayed the best CO, reduction per-
formance under both light and 80 °C conditions. Therefore, we further
tested the catalytic activity of this composite at a temperature gradients
(Fig. 7D). The catalytic performance of the 6 % MOF/MXene composite
significantly improved with increasing temperature, the total CO and
CH, production rate at 80 °C being 2.3 times that at 60 °C and 13.1
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times that at 40 °C, further confirming the thermal catalytic advantage
of MXene-based composite.

Photocatalytic and thermocatalytic tests of MOF, MXene, and
MOF/MXene composite materials reveal that MOF possesses superior
photocatalytic activity, while MXene excels in thermocatalytic reac-
tions. Building upon this, we conducted simulations on the photother-
mal synergistic catalytic reduction of CO, in ambient air and assessed
the catalytic stability of the 6 % MOF/MXene composite under 80 °C
and sunlight irradiation, as depicted in Fig. 8A-C. The experimental out-
comes illustrate a substantial enhancement in CO, reduction efficiency
under photothermal synergy, where the combined production rate of CO
and CH, exceeds that under individual sunlight or thermal conditions.
Within 6 h, the yield and production rate of CO reach 516 ymol-g! and
86 umol-g''-h'l, while CH, reaches 60 ymol-g"! and 10 ymol-g'-h’l, re-
spectively. The total product production rate amounts to 96 ymol-g'1-h1,
representing a 2.56-fold increase compared to sunlight irradiation alone
and a 1.04-fold increase compared to 80 °C thermal conditions. Con-
verted to the concentration within the reaction system, CO reaches
361 ppm and CH, reaches 42 ppm, the a total product concentration
of 403 ppm, indicating nearly complete reduction of CO, in the air.
Furthermore, comparing with the thermocatalytic results, a significant
shift in CO, reduction products is observed. The primary product in the
thermocatalytic process is CH,, with a CH4:CO molar ratio of 1.74:1.
In contrast, the main product in the photothermal synergistic catalysis
is CO, with a CH4:CO molar ratio of 1:8.6. This phenomenon indicates
the composite material excellent product selectivity under different ex-
perimental conditions. Through five consecutive cycles of reaction tests,
the composite material exhibits remarkable catalytic stability, with the
catalytic effect remaining above 90 % of the initial reaction, thereby pro-
viding solid experimental evidence for the application of this composite
material in the conversion of low-concentration atmospheric CO,.

To confirm the carbon source, we enforced three control experi-
ments: sunlight + 80 °C, atmosphere + water vapor, without catalyst
(Fig. 9A); sunlight + 80 °C, N, + water vapor, with catalyst (Fig. 9B);
and sunlight + 80 °C, O, + water vapor, with catalyst (Fig. 9C). No sig-
nificant product formation was observed under any of these conditions.
Additionally, we conducted a 13C isotope labeling experiment (Fig. 9D).
Using atmospheric CO, concentration as a baseline, a specific quantity
of 13C0O, was introduced into the reactor for testing, and a significant
amount of 13CH, and '3CO products were detected. These results con-
firm that the photothermal catalytic products CH, and CO are indeed
derived from the conversion of atmospheric CO,.

We further investigated the thermal stability of the material and ex-
amine the intermediates in the CO, reduction reaction process through
thermogravimetric-infrared (TG-IR) tests under atmospheric conditions.
The results indicate that 6 % MOF/MXene possesses excellent thermal
stability, with a weight loss rate of 3.89 % between 30 and 200 °C
(Fig. 9E). This loss is due to the evaporation of water and residual
solvents from the preparation process. In the in situ infrared spec-
trum (Fig. 9F-G), several characteristic peaks can be identified: the

3200-3600 cm™~! region corresponds to the stretching vibrations of O-H
bonds, while peaks in the 2850-3000 cm™! range are attributed to C-H
stretching vibrations. The peak around 2350 cm™! is indicative of the
asymmetric stretching of CO,, and the 2100-2140 cm~! range shows
the stretching vibrations of CO. Peaks between 1700 and 1750 cm™!
represent the stretching vibrations of C = O bonds. Additionally, the
1200-1400 cm~! range contains bending vibrations of O-H, and the
1000-1300 cm™! range corresponds to the stretching vibrations of C-O
bonds. These characteristic peaks suggest the presence of various inter-
mediates such as CH,*, CH3*, CO, COOH*, CHO*, COH*, and CHOH*
during the CO, reduction process. The concentration of these interme-
diates significantly increases with time and temperature, indicating the
progressive nature of the reduction reaction. These findings not only
underscore the stability of material under thermal conditions but also
provide critical support for our theoretical calculations, exploring the
CO, reduction reaction pathway.

3.3. Photothermal catalytic reduction performance of CO, in industrial
flue gas

Taking into account the residual heat carried by industrial flue gas
emissions, this study simulated the photothermal catalytic reduction
performance of MXene and MOF/MXene composites for CO, in indus-
trial flue gas (with a CO4vol fraction of 10 %) under 80 °C conditions
(Fig. 10A-C). The outcomes demonstrate that the 6 % MOF/MXene com-
posite exhibits the most outstanding performance, with CO and CH,
production rates far exceeding the reduction efficiency of CO, in air.
Within 6 h, CO production reached 759 ymol-g! with a production rate
of 127 ymol-g1-h"1, while CH, production was 1979 ymol-g'! with a pro-
duction rate of 330 yumol-g’l-h'l. This resulted in a total product pro-
duction rate of 457 ymol-g-h'!, marking a 4.97-fold increase in CO,
reduction efficiency compared to atmospheric conditions. Additionally,
to assess the composite material stability in catalyzing CO, reduction
in industrial flue gas, we conducted five cycling tests (Fig. 10D). Af-
ter five cycles, CO yield within 6 h was 685 ymol-g’! with a production
rate of 114 ymol-g'l-h'!, and CH, yield was 1810 ymol-g! with a pro-
duction rate of 301 ymol-g’1-h"l. The total product production rate was
415 ymol-g’-h'l, with catalytic performance at 90.8 % of the initial re-
duction, consistent with the cyclic stability observed in CO, reduction
from air.

Additionally, compared to most previous reports on thermocatalytic
CO, reduction (Table. 1), which typically require temperatures above
300 °C to activate CO, molecules, our MOF/MXene composite material
exhibits significant temperature advantages. These conventional meth-
ods necessitate substantial energy input to achieve the high tempera-
tures needed for CO, reduction. In contrast, our composite material can
efficiently utilize the residual heat from industrial flue gas emissions,
operating effectively below 100 °C. This demonstrates the remarkable
efficiency of the composite at lower temperatures.
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Fig. 10. Product evolution diagram: A. CH,; B. CO; C. CO and CH, evolution rate; D. Five-cycle stability diagram of 6 % MOF/MXene.

In summary, the 6 % MOF/MXene composite not only performs ex-
cellently in the reduction conversion of low-concentration CO, in the
air but also shows good thermocatalytic reduction and cyclic stability
for industrial flue gas with higher CO, concentrations. This discovery
offers a novel approach for effectively addressing CO, in both atmo-
spheric and industrial flue gas settings, potentially advancing carbon
cycle objectives.

3.4. Photothermal catalytic mechanism

Utilizing DFT, we explored the mechanism of thermocatalytic CO,
reduction using Zr-MOF/MXene composite materials. Due to current
technological limitations, we were unable to simulate the molecular con-
figuration of Zr-MOF/MXene. To more closely approximate the actual
configuration, we used the ZrOx structure present in the Zr-MOF molec-
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Table. 1
Recent literature reports on thermal catalytic CO, reduction.
Reaction
Catalyst temperatures ( °C) Production rate Ref
3DOM-LSCF 350 CH,: 71 umol-glh! (Ha et al., 2016)
Ni-CeO, 290 CH,: 1.28 mmol-g!-h?! (Yang et al., 2023)
Pt92-MOF 140 CH,: 188 pymol-g?h?! (Mon et al., 2018)
TiFe/C 375 CO: 3.08 mmol-g!-h? (Castells-Gil et al., 2021)
NiFe,0, 350 CH,: 71.52 mmol-gh! (Liu et al., 2016)
1.0-Ni-CeO, 300 CO: 14.82 mmol-g-h? (Shen et al., 2022)
ZrO,/Cu-ZnO 230 CO: 17.55 mmol-g-h? (Stangeland et al., 2021)
CH4OH: 15.61 mmol-g?h?!
Ru-TiO, 200 CH,: 7.38 mmol-g'-h? (Kim et al., 2019)
Cu-Al, 04 600 CO: 176.42 mmol-g-h? (Bahmanpour et al., 2019)
Cu/p-Mo,C 600 CO: 506.13 mmol-g!-h? (Zhang et al., 2016)
CH,: 5.11 mmol-g'-h?!
PtCo/TiO, 300 CO: 21.43 mmol-g'-h? (Kattel et al., 2016)
CH,: 0.22 mmol-g'-h?
Zr-MOF/MXene 80 CO: 127 ymol-gth?! This work
CH,: 330 ymol-g?h?!
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Fig. 11. Molecular structure: A. MXene; B. ZrOx/MXene. DOS: C. MXene; D. ZrOx/MXene. Calculated electrostatic potential: E. ZrOx; F. MXene.

ular configuration (Figure. S4) as a substitute model. Based on this,
we constructed the molecular structures of MXene and ZrOx/MXene
(Figs. 11A-B) and proceeded to calculate their density of states (DOS),
work functions, reaction pathways, and Gibbs free energy. Our findings
indicate that the DOS profiles of MXene and ZrOx/MXene are similar
(Fig. 11C-D), with the Fermi level electronic states being fully occupied,
demonstrating that the introduction of ZrOx does not alter the metallic-
like nature of MXene. This is consistent with UV-Vis spectroscopy re-
sults. The work functions for ZrOx and MXene were determined to be
3.068 eV and 2.317 eV respectively (Fig. 11E-F), suggesting that elec-
trons transfer from MXene to ZrOx, in agreement with the conclusions
from XPS and the LSPR effect of MXene.

The CO, reduction reaction pathway, depicted in Fig. 12A and Fig-
ure. S5, follows the sequence CO, + H* - COOH* — CO* — CHO* or
COH* - CHOH* - CH* — CH,* — CH3* — CHj. The primary distinc-
tion between Pathway 1 and Pathway 2 lies in the intermediates formed
during the fourth step of the reduction process, CHO* and COH*, respec-
tively. The Gibbs free energy change (AG) for all reaction steps is less

than zero, indicating that each reaction can spontaneously proceed. The
rate-determining step (RDS) for Pathway 1 is the formation of CHOH*,
with a AG of —0.505 eV, while for Pathway 2, it is the formation of
COH*, with a AG of —0.123 eV. This suggests that the reduction of CO,
to CH, is more favorable via Pathway 1 through the CHO* interme-
diate, due to its lower energy barrier for the RDS. Fig. 12B compares
the AG during the thermocatalytic reduction of CO, using MXene and
the ZrOx/MXene composite. The RDS for both MXene and ZrOx/MXene
is the step from CHO* + H* — CHOH*, but the AG decreases signif-
icantly from 1.834 eV to —0.505 eV upon the introduction of ZrOx.
This highlights the catalytic role of Zr** active sites provided by ZrOx,
which substantially lowers the activation energy required for CO, re-
duction, thereby enhancing the efficiency of the CO, reduction reaction
(CO,RR).

In summary, DFT calculations indicate that the introduction of Zr-
MOF not only provides additional Zr** catalytic active sites for the ther-
mocatalytic reduction of CO,, effectively lowering the activation energy
of the reaction, but also facilitates the transfer of thermally-generated
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charge carriers, produced by the LSPR effect in MXene, to these Zr#*
sites (Fig. 13).

4. Conclusion

In this study, we successfully prepared a composite material
with excellent photothermal catalytic performance by combining Zr-
MOF (NH,-UIO-66) with MXene nanosheets through electrostatic self-
assembly. This composite material effectively combines the localized
surface plasmon resonance (LSPR) effect and high conductivity of MX-
ene with the catalytic active sites of MOF, enabling nearly complete
conversion of low-concentration CO, in the air and efficient utilization
of excess heat from industrial flue gas for high-concentration CO, con-

10

version. Further cyclic stability tests also proved that the material has
good catalytic stability and can sustainably perform CO, reduction re-
actions. Moreover, the catalytic process, including electron transfer and
energy regulation mechanisms, is deeply understood through Density
Functional Theory (DFT) calculations, providing a solid theoretical foun-
dation for the high catalytic performance. Based on the above results,
the Zr-MOF (NH,-UIO-66)/MXene composite material not only exhibits
significant potential in energy conversion but also underscores its dis-
tinct value in carbon cycling and environmental stewardship, thereby
advancing the realization of a low-carbon economy. Finally, we are cur-
rently designing a novel experimental setup (Figure. S6) for the practi-
cal application of CO, reduction in atmospheric and industrial flue gas
streams, emphasizing the practical relevance and impact of our research.
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