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The current trend towards carbon footprint reduction and growing 
energy consumption requires the creation of new or modernization 
of existing energy production systems. This concept includes, 
among other things, development of renewable energy sources, 
reduction of greenhouse gas emissions, and improvement of 
energy efficiency.1,2 The reduction of CO2 with the formation of 
CH4, CO, CH3OH, HCHO, HCOOH, C2H5OH, etc., is of great 
interest not only for obtaining solar fuel and intermediates for the 
chemical industry but also for reducing the greenhouse effect.3–5

The main factor restraining the practical use of photocatalytic 
conversion of CO2 is the lack of efficient heterogeneous 
photocatalysts functioning under the action of sunlight.6 This is 
largely due to the weak absorption of irradiation in the visible 
region by photocatalysts and recombination of photogenerated 
charge carriers.7 The creation of composite materials based on 
a stable and safe material, titanium dioxide (TiO2), widely used 
as a photocatalyst, can solve the above problems.8 Promising 
cocatalysts that improve the activity of bulk TiO2 are various 
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The modification of TiO2-based photocatalysts with 5 wt% 
Ti3C2 (MXene) enhanced the reaction rate of CO2 reduction 
by a factor of 2.8. The MXene Ti3C2 is an effective cocatalyst 
for CO2 reduction to CH4 under visible light irradiation 
(400 nm). 

Figure  1  (a) XRD patterns of Ti3AlC2, Ti3C2, and 5% Ti3C2/TiO2; (b) diffuse reflectance spectra of TiO2, 0.5% Ti3C2/TiO2, and 5% Ti3C2/TiO2; (c) EDX 
mapping and (d) HRTEM image of Ti3C2; and (e) Ti 2p core-level spectra of Ti3AlC2, Ti3C2, and 5% Ti3C2/TiO2.
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2D layered materials such as MoS2,9 g-C3N4,10 h-BN,11 
borophene,12 and black phosphorous.13 These 2D materials attract 
enormous attention due to their unique electronic and catalytic 
properties.6 MXenes, a new type of 2D transition metal carbides 
(Mn + 1Cn, n = 1, 2, or 3), attracted much attention since the 
synthesis of 2D Ti3C2 in 2011.14,15 Ti3C2 MXenes have great 
prospects for use in photocatalysis due to their large specific 
surface area, high electrical conductivity, narrow band gap, and 
the possibility of surface functionalization by the introduction of 
terminal groups (–OH, –F, etc.).3 Recently, Ti3C2/TiO2 composites 
have been synthesized for photocatalytic carbon dioxide 
reduction,2 hydrogen production,16 and nitrogen photofixation.17 

We synthesized 0.5–5 wt% Ti3C2/TiO2 photocatalysts based 
on robust commercial TiO2 Evonik P25 (anatase/rutile) for 
photocatalytic CO2 reduction under visible light and determined 
the effect of MXene loading on the overall rate of carbon dioxide 
reduction and on selectivity for methane and carbon monoxide.

The synthesis of Ti3C2 MXenes was performed by classical 
etching of MAX phase Ti3AlC2 in an aqueous solution of LiF/
HCl. The deposition of Ti3C2 on the surface of P25 was carried 
out in a water suspension of MXene Ti3C2 and TiO2. The 
synthesized samples and starting TiO2 P25 were characterized 
by XRD analysis, UV-Vis spectroscopy, HRTEM with EDX 
analysis, and XPS (see Online Supplementary Materials for 
details). Figure 1 represents XRD patterns and UV-Vis and XPS 
spectra of a precursor MAX phase (Ti3AlC2), MXene (Ti3C2), 
and a 5% Ti3C2/TiO2 sample. According to XRD analysis, the 
precursor sample contained two MAX phases: (1) Ti3AlC2 with 
structural parameters close to published data18 and (2) Ti3AlC2, 
which had a predominant orientation along the (002), (004), and 
(008) planes and an increased crystalline size; a-Al2O3 and 
Al3Ti impurities were also found (Table S1). The XRD patterns 
of Ti3C2 are typical for MXenes.16 The MXene lattice was 
strongly distorted compared to that of the MAX phase, but the 
shift of the first peak corresponded to the (002) diffraction plane 
to lower angles could be attributed to the removal of Al from the 
MAX phase.2 Another evidence of the formation of MXene was 
the presence of a so-called hk-band (unresolved diffraction band) 
in the region of 2q ≈ 33.6 – 49.4°. The impurity Al2O3 phase 
remained unchanged after MXene formation, whereas the Al3Ti 
phase disappeared (Table S1). For the composite 5 wt% Ti3C2/
TiO2 sample, observed peaks of anatase and rutile corresponded 
to TiO2 P25;15 a low intensity peak at 10.1° corresponded to the 
interplanar distance (002) of Ti3C2 MXene. The deposition of 
MXenes also changed the textural properties of the photocatalyst. 
In composite photocatalysts, the specific surface area decreased 
compared to the TiO2 P25, but the pore volume increased  
(Table S2). The UV-Vis spectra of TiO2 P25 and 0.5–5 wt% 
Ti3C2/TiO2 samples are presented in Figure 1(b); the band gap 
energy (Eg) was calculated using a Tauc plot for indirect allowed 
transition (Table 1). The absorption in the visible range increased 
with the Ti3C2 content from 0.5 to 5 wt%, whereas the band gap 
energy slightly decreased from 3.01 eV for pristine P25 to 
2.87 eV for 5 wt% Ti3C2/TiO2. The TEM images of MXene 
(Ti3C2) confirmed uniform distribution of Ti, C, and F on the 
surface of MXene [Figure 1(c)]; EDX analysis (Table S3) 
showed the predominant content of titanium and carbon, and the 

atomic ratio F/Ti was approximately 1/2, which suggested the 
formation of Ti3C2Fx (x ~ 1.5). Concentrations of Al impurities 
did not exceed 1 at%. The HRTEM image [Figure 1(d)] showed 
a layered structure of the synthesized MXene, which is typical 
for this class of materials.6,15,19 The Ti 2p core-level spectrum of 
MAX phase [Figure 1(e)] was fitted by three Ti 2p3/2–Ti 2p1/2 
doublets with of Ti 2p3/2 binding energy peaks at 454.8, 456.1, 
and 457.1, and 459.5 eV corresponded to Ti–C, C–Ti2+, and C–
Ti3+ with O/OH terminal groups, the fourth peak corresponded 
to a TiO2 impurity.20–22 The increased Ti 2p3/2–Ti 2p1/2 doublet 
binding energy corresponded to a TiO2 impurity due to a charge 
effect of low-conductive phase; moreover, it is likely that TiO2 
was an amorphous phase, which could not be detected by XRD. 
The Ti 2p core-level spectrum of synthesized MXene was fitted 
by the same components, but the Ti 2p3/2 binding energy of  
455.2 eV corresponded to Ti– C to confirm the formation of 
MXene.20–22 Note that etching of a MAX phase in an aqueous 
solution of LiF/HCl could result in formation of  terminal –F 
groups. The Ti 2p core-level spectrum of 5% Ti3C2/TiO2 was 
fitted by two Ti 2p3/2–Ti 2p1/2 doublets with Ti 2p3/2 binding 
energy peaks at 457.0 and 458.7 eV due to C–Ti3+–F of MXene 
and Ti4+ of TiO2 P25, respectively.

The photocatalytic gas-phase CO2 reduction with H2O was 
carried out in a batch reactor under irradiation with a 400-nm 
LED; the reaction setup (Figure S1) was described elsewhere.23 
CO, CH4, and H2 were identified as the main reaction products 
(Table 1). Figure 2 shows the kinetic curves of CO and CH4 
formation, respectively. The total rate of electrons consumed for 
photocatalytic CO2 reduction (Table 1) was calculated according 
to the equation

ve(CO2) = 8v(CH4) + 2v(CO),	 (1)

where v(CH4) and v(CO) are the rates of CH4 and CO formation 
(μmol g–1 h–1).18,19 Figures 2(c),(d) and Table 1 show the rates of 
product formation and the overall CO2 reduction rate. The 
conversion of CO2 under exposure to visible light (l = 400 nm) 
was observed on TiO2 P25 and 0.5–5 wt% Ti3C2/TiO2 P25. 
However, the main reduction product was CO in the case of 
unmodified TiO2, while CH4 became the predominant product in 
the case of 0.5% Ti3C2/TiO2 P25 and 5% Ti3C2/TiO2 P25 
photocatalysts. Methane is an important product of CO2 
conversion under irradiation with solar light because solar energy 

Table  1  Properties and activity of 0.5 and 5 wt% Ti3C2/TiO2 photocatalysts 
and commercial TiO2 P25 in carbon dioxide reduction. Conditions: 101 kPa 
CO2 with saturated water vapor, m(cat) = 30 mg, 400-nm LED irradiation.

Entry Sample Eg/eV
v/μmol g–1 h–1 ve (CO2)/  

μmol g–1 h–1CH4 CO H2

1 TiO2 3.01 0.50 1.53 0.13 7.08

2 0.5% Ti3C2/TiO2 2.96 1.78 0.77 1.20 15.8
3 5% Ti3C2/TiO2 2.87 2.24 0.87 2.13 19.7
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Figure  2  Kinetic curves of (a) CO and (b) CH4 production over 
photocatalysts; (c) the rate of product formation, and (d) total electron 
consumption during CO2 reduction.
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can be stored in synthetic natural gas to be used as an energy 
carrier. Earlier, we observed a similar pattern when moving from 
TiO2 to photocatalysts with deposited noble metals like Pt/TiO2, 
Ag/TiO2, and CuOx/TiO2.18,19,24 Obviously, the formation of CH4 
rather than CO is thermodynamically more favorable; however, 
the formation of methane is a complex eight-electron process. For 
this process to proceed effectively, accumulation of electron 
density near the surface of metal nanoparticles is required. 18,19 
Thus, we can assume that, when Ti3C2 MXenes were deposited on 
the surface of titania, the same effect was observed as when TiO2 
was doped with metals due to unique properties of MXenes, such 
as high metal conductivity and the ability to accumulate high 
electron density.14 The metallic properties of supported MXenes 
were indirectly manifested in a large increase in the rate of 
hydrogen production (see Table 1). Previously, it was found that 
the deposition of MXene on the surface of TiO2 or other 
semiconductors increased the selectivity for methane,3,18 and this 
was also confirmed by quantum chemical calculations.25

It should be noted that the overall rate of CO2 reduction 
increased with the addition of MXene to TiO2 to reach  
19.7 μmol g–1 h–1 as the weight fraction was increased from 0.5 
to 5%. A comparison with recently published data on CO2 
reduction over MXene-containing photocatalysts (Table S4) 
showed that the activity of the 0.5–5 wt% Ti3C2/TiO2 
photocatalysts was at the same level or higher than the activity 
of similar systems. A higher activity was obtained when  
high-power xenon lamps without light filters were used as an 
irradiation source. Moreover, the activity of TiO2 modified 
with Ti3C2 MXene exceeded the activity of platinized TiO2 in 
photocatalytic CO2 reduction in similar conditions.23

Thus, we proposed active 0.5–5 wt% Ti3C2/TiO2 
photocatalysts for CO2 reduction under visible light with 
predominant methane formation. The deposition of MXenes on 
a titania surface had a similar effect to that of the deposition of 
metal cocatalysts. Note that the composites based on Ti3C2 
MXenes and commercially available TiO2 Evonik P25 were 
prepared for the first time for the CO2 reduction process using 
simple synthetic approaches. 

This work was supported by the Russian Science Foundation 
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Supplementary data associated with this article can be found 

in the online version at doi: 10.71267/mencom.7588.
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