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Photocatalytic reduction of CO- to valuable chemicals and fuels requires highly efficient
semiconductor materials, and most available photocatalysts are less efficient. Due to their
unique electrical properties, the new family of two-dimensional materials known as
MXenes has drawn much interest in photocatalytic applications. The vanadium carbide
(V2C) is one of the significant MXenes being considered because of its many advantages
over other materials. In this work, V2C-loaded TiO, composites were synthesized and tested
for photocatalytic reduction of CO, with H,O to produce value-added CO and CH, fuels in
a continuous flow photoreactor system. The optimized 10 % V,C-TiO, was responsible for
CO and CH4 formation of 1233.8 and 85.2 umol g h%, respectively, which were many-
fold higher than using pure TiO,. This enhanced photoactivity of the composite was due to
increased conductivity, many active sites, and higher light absorbance, which allowed for
the efficient separation of charge carriers and light absorbance. Thus, MXenes, particularly
2D V,C MXene, would be a promising cocatalyst to combine with a semiconductor to

maximize photocatalytic activity during CO2 reduction application.
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1. Introduction

The massive greenhouse gas carbon dioxide (CO2) emission
from fossil fuel combustion and human activities is responsible
for global warming. Recycling CO, through green and
sustainable processes to generate value-added products like
methane (CHj), carbon monoxide (CO), and methanol
(CH30H) is one of the key tactics to lessen the greenhouse
effect. Among the various technologies, the photocatalytic CO»
reduction reaction (PCO;R) with the use of solar energy is
promising to achieve sustainable development goals (SDGS),
given the renewable energy strategy and climate action [1]. This
approach of CO, reduction through photocatalysis will lower
CO; levels in the atmosphere and contribute to producing
renewable fuels as a feedstock for other processes [2].

Titanium dioxide (TiO2) semiconductor material, among other
metal oxide semiconductors, is a promising photocatalyst, has
been consistently investigated, and has become a research
hotspot for several photocatalytic applications [3]. Among the
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several benefits of using TiO,, such as lower cost, higher
stability, non-toxicity, and suitable oxidation band position, it
has some limitations, such as being workable only under
ultraviolet (UV) radiation and a higher charge recombination
rate. Several strategies are used to increase TiO photocatalytic
efficiency through reducing charge carrier recombination, such
as surface doping, modification, and constructing
heterojunctions [4], [5]. For instance, when TiO, was combined
with g-C3Ns and loaded with Ni active metal, more
photocatalytic H, generation was achieved. [6]. Similarly,
adding C/Ag to TiO; significantly improved CO; conversion to
CO and CHy4, with a higher molar ratio obtained [7]. In many
other reports, TiO, photocatalytic activity was increased by
coupling with other semiconductors or loading with metals such
as HCN/TiO [8], La-C/TiO; [9], Ni-MMT/TiO, [10], and
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In,03/TiO- [11], which were responsible for higher productivity
under UV and visible light irradiations.

In recent developments, MXenes with the general formula
Mi+1Xn, Where M represents early transition metals and X for C
or N, and n=1, 2, 3, with properties similar to graphene, have
been proposed to work as cocatalysts with other materials for
photocatalytic  efficiency. MXenes exhibit exceptional
photocatalytic properties due to their distinct 2D accordion-like
structure, remarkable light absorption capacity, high chemical
stability, and excellent electrical conductivity. TisC: is the most
studied and ancient MXene because of its excellent electrical
conductivity and structural stability [12]. In this perspective,
various TisCz-based composites such as Ru-TizCa/g-C3N4 [13]
and TiO/TisC; [14] have been tested for various photocatalytic
applications. Another intriguing substance is vanadium-based
MXene (V.C), which has drawn attention lately for several uses
such as energy storage, catalysis, and photocatalysis. V2C
MXenes have good mechanical strength, high electrical
conductivity, and excellent chemical stability. For instance,
recently, we investigated V,C potential as cocatalysts with g-
CsN4 and found promising results for photocatalytic water
splitting to produce hydrogen [15]. Another study investigated
oxygen evolution processes by coupling V.C-MXene with TiO;
more efficiently [16]. In a different study, photothermal CO,
reduction with Ni@NiO nanosheet-assisted VV.C composite was
evaluated, with the possible production of CH4 during the CO;
methanation reaction [16]. On the other hand, little research has
been done on using V.C as a cocatalyst with TiO, for
photocatalytic CO- reduction applications. Thus, utilizing 2D
V2C MXene as a cocatalyst with TiO, would be promising in
maximizing the photocatalytic efficiency for CO; reduction in
valuable products.

This work has studied using 2D V,C MXene in conjunction
with TiO; to produce V,C-TiO, composite for photocatalytic
CO; reduction applications. The process of CO; reduction was
conducted with water as the reducing agent over the V,C-TiO;
composite, which resulted in the production of CO and CHa.
The V,C-TiO, composite was synthesized using a self-
assembly technique, whereas V2C was produced through an HF
etching procedure.

2. Experimental
2.1. Synthesis of Vanadium Carbide

2D structured vanadium carbide (V.CTx) MXenes were
produced by wet chemical etching of vanadium aluminium
carbide (V-AIC), as shown in Fig. 1 and according to our
previous work [15]. 40 mL of 49% hydrogen fluoride and 1 g
of V>AIC MAX were mixed in a Teflon-lined reactor (HF). The
mixture was left to stir at room temperature for 24 hours. After
that, the suspension was centrifuged and washed multiple times
with deionized water until the pH increased over 6.5. After that,
V,C MXene, the end product, was dried for an entire night at
100 °C in an oven. Safety precautions must be strictly followed
when handling hydrofluoric acid (HF). Using HF-resistant
gloves and preparing samples in a fume hood under controlled
conditions is recommended. Before washing samples, HF

should be separated and collected in a designated container for
disposal, adhering to all established safety protocols.
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Figure 1. Synthesis of 2D V,C MXene through the HF
etching method.

2.2. Synthesis of V.C Supported TiO> Composite

The V>C/TiO, nanocomposite was synthesized using a simple
physical mixing approach as discussed in our previous work
[17]. Typically, 500 mg of TiO, was dispersed in 20 mL of
propanol and mixed for two hours. In parallel, while stirring the
suspension above, a specific amount of V,C dispersed in
propanol was added. After stirring the mixture for 4 hours, it
was dried at 100 degrees Celsius in an oven. By employing a
similar approach, various V,C-TiO, composite was synthesized
using 25, 50, and 75 mg of V,C MXene and designated 5V,C-

TiO,, 10V2C-TiOz, and 15V,C-TiO, respectively. The
schematic depiction of the synthesis of V.C-TiO;
nanocomposites is shown in Fig. 2.

TiO, \ “Z-Dropanol 2-propanol Ti02
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V,C (MXene)
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Figure 2. Synthesis of V,C-TiO, composite through self-
assembly approach.

2.3. Characterization of Materials
2.3.1 XRD analysis

The crystal structure of the catalyst was determined using X-ray
diffraction (XRD) analysis, which provides detailed
information about the material's phase composition and
crystallinity. The measurements were carried out on a Rigaku
Smart Lab diffractometer equipped with a Cu-Ko radiation
source, operating at a wavelength of 0.15406 nm. The X-ray
tube was set to a voltage of 40 kV and a current of 30 mA to
generate the radiation required for diffraction. The sample was
carefully prepared for the analysis by grinding it into a fine
powder to ensure homogeneity. The powdered sample was then
evenly spread onto a flat sample holder to facilitate accurate
diffraction measurements. The XRD patterns were collected

434



Journal of Engineering and Sustainable_Development. VVol. 29. No. 04, July 2025

ISSN 2520-0917

over a suitable 20 range (e.g., 10° to 80°) with an appropriate
step size and scanning speed to capture high-resolution data.

2.3.2 UV-visible analysis

The optical properties of the pure and composite materials were
evaluated by acquiring their UV-visible diffuse reflectance
(UV-Vis DR) absorption spectra using an Agilent Cary 100
spectrophotometer. Before measurement, the powder samples
were carefully loaded into the instrument's integrating sphere to
ensure uniform scattering and accurate reflectance data. The
spectrophotometer was calibrated by performing a baseline
correction. This was achieved by scanning the integrating
sphere without any sample over the 200 to 1000 nm wavelength
range to eliminate background noise and set the baseline to
zero. Following baseline correction, the spectra of the samples
were recorded under the same conditions. The instrument's
settings, including scanning speed and resolution, were adjusted
to optimize data quality and resolution.

2.3.3. Scanning electron microscopy (SEM) analysis

Scanning electron microscopy (SEM) analysis was conducted
using a Hitachi SU8020 field emission scanning electron
microscope (FESEM) to investigate the material’'s morphology
and structural features. Before imaging, the samples were
prepared by carefully dispersing fine particles of the material
onto a carbon tape mounted on an aluminum sample holder. The
samples were coated with a thin layer of gold to prevent
charging effects during analysis using a sputter coater. The
operating conditions, such as accelerating voltage and working
distance, were optimized to achieve high-resolution images.

2.4. Photocatalytic Activity Test

A fixed-bed photoreactor was used to assess the performance of
the photocatalytic system as reported in our previous work [18].
This system comprises an online product analysis system, light
fixtures with cooling fans, and mass flow controls (MFC). A
200 W Hg bulb provides illumination in the UV range. A water
saturator facilitates the transfer of CO,and water vapor into the
reactor. To be more precise, the bottom surface of the reactor
was filled with 150 mg of catalyst powder and was equally
distributed. Before testing, the catalyst surface was saturated for
thirty minutes by constantly running a mixture of CO; and H,O
through the reactor. All the experiments were conducted in a
continuous flow mode in which the feed mixture was constantly
flowing through the reactor during the experiments. The
product was examined using gas chromatography with Thermal
Conductivity Detector (TCD) and Flame lonization Detector
(FID) systems.

3. Results and Discussion
3.1. Characterization of Materials

Fig. 3 (a) shows the results of the XRD examination for the V,C
and V,C-TiO, composite samples. Al atoms were extracted
from their MAX phase to construct V,C MXene successfully.
The V,C was indicated by basal planes (0 0 2) and (0 0 6) with
20 of 13.29 ° and 41.24 °, respectively, and previously reported
similarly [19]. The layered structure of VX MXene was
responsible for the major peak, which was detected at 20 of

41.24 °. In the literature, when 24 hours of etching of V,AIC
MAX powder with HF solution was conducted, V,C MXene
was produced [20]. All these results show successful synthesis
of V,C/TiO, composite without the presence of the impurity,
and it would be beneficial to maximize the photocatalytic
activity.
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Figure 3. (a) XRD analysis of V,C and V,C-TiO, composites,
(b) UV-visible analysis of V,C and V,C-TiO,.

To learn more about the visible light absorption capacities of
V>C, TiO,, and V,C-TiO, composites, UV-visible analysis was
carried out, and the findings are displayed in Fig. 3 (b). Because
of its conductive properties and blackish color, pure V.C
exhibits a more substantial light absorbance than TiO,, which
exhibits light absorbance in the UV area, and similar
information has been reported in the literature [21]. The
absorbance band edge of TiO; was shifted towards the visible
area upon V,C loading. Therefore, the absorption of visible
light is improved when V,C is added to TiO, to form a V,C-
TiO, composite, as reported in the literature [22]. In previous
work, higher light absorbance was obtained when a V,AIC was

435



Journal of Engineering and Sustainable_Development. VVol. 29. No. 04, July 2025

ISSN 2520-0917

added to TiO, and g-CsNa4 [17]. In another work, when V,C was
added to V.0s/TiO,, a decrease in band gap energy was
obtained [23].

The FESEM examination of the TiO,, V>AIC, V,C MXenes,
and V,C-TiO, composite is displayed in Fig. 4. TiO;
nanoparticles with a consistent size and shape are seen in Fig.
4(a). The bulk phase of V,AIC is depicted in Fig. 4(b) when all
the layers are stacked with one another, with no interlayer gap.
After the HF etching of V,AIC MAX, a distinct gap between
the layers was observed in V,C MXene [24]. Fig. 4(c-d) depicts
the morphology of the V,C-TiO, composite, whereby TiO;
particles are evenly dispersed across V>C MXene to generate a
favorable interface contact. These results show that V,C-TiO;
composites may be synthesized effectively and have potential
applications in photocatalytic CO; reduction.

SEI 20kV WD13mmSS50

X6,000 2pm  —
Jan 03, 2024

Figure 4. FESEM analysis (a) TiO2, (b) V2AIC, (c) V2C, (d)
V2C-TiO; composite.

3.2. Photocatalytic Carbon Dioxide Reduction

To ensure that all of the photocatalyst samples were pure and
that no products were produced from the carbon inside the
photocatalysts, blank photocatalytic experiments were first
carried out. This was accomplished by conducting three control
experiments: one in which the photocatalyst and light source
were used in an inert atmosphere without a feed mixture;
another in which the photocatalyst and feed mixture were used
but the light source was absent; and a third in which the
photocatalyst and feed mixture were combined with the light
source. These early experiments produced no CO or CHs
compounds. This demonstrates that CO and CH4 were only
produced when the process took place under light irradiation
and in the presence of both photocatalysts and the feed, and it
validates the purity of the catalyst for photocatalytic CO,
reduction.

Furthermore, all the data presented in this manuscript represent
the average results obtained from multiple independent
experiments. To ensure the reproducibility and reliability of the
findings, each experiment was repeated at least three times
under identical conditions. The experimental error was
determined to be within a range of 5% to 10%.

Notably, higher errors were observed for the pure samples,
attributed to their lower measurement values and increased
sensitivity to minor variations. In contrast, the composite
samples exhibited reduced error margins, likely due to their
enhanced stability and consistent properties. The observed
errors are considered reasonable and are primarily attributed to
the inherent variability associated with the batch processing of
materials and the manual injection of samples during
experimental procedures. These factors were carefully
monitored and controlled to minimize their impact on the
accuracy of the reported data.

In a fixed bed photoreactor system, Fig. 5(a) illustrates the
performance of TiO, and V.C loaded (5 to 15%) TiO;
composites for photocatalytic CO, reduction with H,O to
produce CO and CH,4 under UV-light irradiation. CO was the
primary product of the photocatalytic reduction of CO, with
H20O, using all pure and composite materials. Pure TiO;
produced a lower rate of CO because of charges recombining
along its surface during the irradiation period. However, when
V,C and TiO, were combined, photocatalytic efficiency
significantly increased.
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Figure 5. Photocatalytic CO, reduction with H,O over various
V,C-TiO, composites: (a) CO and CH4 formation, (b)
performance analysis for selective CO and CH4 formation.
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After two hours of radiation, the CO yield rate was 654.77 pmol
g? hl; when 5% V.C was added to TiO,, the rate rose to
1113.13 pmol g h'l. Conversely, when 10% V,C was mixed
with TiO, the highest CO generation was achieved, yielding a
rate of 1233.84 umol g* h'l. The amount of CO generation with
10% V,C-TiO, composite was 1.7 and 1.9 times greater,
respectively, than with 5%V,C-TiO; and pure TiO, samples.
The reasons for the enhanced CO production photocatalytic
activity were increased light irradiation utilization and efficient
charge carrier separation.

In previous studies, the V>C/TiO, composite demonstrated
significantly higher hydrogen production, attributed to the
efficient generation and separation of charge carriers facilitated
by the presence of V,C. This enhanced performance can be
ascribed to the superior conductive properties of V,C MXene,
which promote effective charge transfer and reduce
recombination rates. The excellent electrical conductivity of
V2C enables rapid electron transport, thereby improving the
overall efficiency of the photocatalytic process and enhancing
hydrogen evolution [25].

As previously mentioned, V,C-TiO, composite samples have a
greater capacity for charge creation and separation, which
makes photocatalysis more effective at converting CO, to CO
[21]. However, any increase in V,C loading to TiO; led to
decreased photocatalytic effectiveness, which may have been
brought on by the composite structure's charge recombination
centers and shielding effects [26]. In several other reports,
similar observations have been reported. In our previous work,
we tested Ti,C2/g-CsNa, and the optimized TisC; loading of 10
% was obtained, in which the highest hydrogen production was
obtained [13].

Fig. 5 (a) also displays the outcomes of photocatalytic CO;
reduction to CH4 over TiO, and V2C-TiO, composites. The
results for CH4 production are similar to the evolution of CO
when the production rate is decreased. With a 27.1 umol gt h?
rate, the CH4 generation rate in V,C-TiO, composite samples
was much higher than that of pure TiO,. With 10% V,C-TiO,
composites, the greatest CH4 production of 85.2 umol g* h?
was attained. Compared to employing 15% V,C and pure TiO;
samples, this CH4 production is 1.8 and 3.12 times more.
Compared to pure TiO,, the photocatalytic CO, reduction to
CHj, increased in the presence of V,C because of the greater
exposed surface area and effective charge carrier separation. In
a recent study, Ag-NPs/V,CTx was found to have much
improved water-splitting efficiency due to its lower charge
recombination [27].

Fig. 5 (b) shows the CO and CH4 generation selectivity over
pure TiO; and V2C-TiO; composite samples. CO selectivity of
96.04% was measured using TiO.. The 10% V.C-TiO;
composite reduced somewhat to 93.60% but increased with 5%
and 15% V.C loading. This demonstrates that all photocatalysts
were selective for CO2 reduction under UV light irradiation.
Conversely, reduced CH4 generation relative to CO could be
caused by differences in electron production and redox
potentials. It takes two electrons to generate CO, but eight
electrons to form CHoa. It takes two electrons to generate CO,
but eight electrons to form CHa. Thus, the V.C MXene sheets'
conductive properties promote efficient electron transfer, which

437

raises photocatalytic efficiency [28]. These characteristics
support the notion that the well-designed V,C-TiO, may be a
potential non-noble photocatalyst for photocatalytic CO;
reduction applications.

The performance of the current work was further compared
with the similar work reported in the literature. In a recent work,
when V,C MXene was coupled with LaCoO3/g-CsN4 and was
tested for photocatalytic CO- reduction with H,O, a CH4 and
CO vyield rates of 332 and 171 umol g ™! h™! and their selectivity
of 34% and 66%, respectively, were obtained [29]. The results
reported in this work for CO and CH, production are lower than
those of V,C-TiO,. However, a higher production of CH4 was
obtained. In another work, V>AIC MAX/g-C3sN4 was tested for
photocatalytic dry reforming of methane and CO and H:
evolution rates of 118.74 and 89.52 pmole g h** with their
selectivity of 57.01 and 42.98%, respectively [30]. All these
findings confirm that V,C-TiO; is a promising composite for
the selective production of CO, which can be further used to
produce various useful products.

Fig. 6 illustrates the mechanism of photocatalytic CO;
reduction with H,O to create CO and CH. over V,C-TiO;
composite under UV light irradiation. Due to higher metallic
conductivity, it traps electrons from the semiconductors
because it forms a Schottky interface junction, resulting in
efficient separation of photoinduced charge carriers.

V,C MXene 710, (Reduction)
N eow e¥ eT-iofe-\ oo
. UU Cow - E 3.50 E_choz’ "
e ® ® ’ & ev Vo€
v ) e _© HY, 0,7 VB
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)
(Oxidation) /
H 0/

Figure 6. The schematic mechanism of producing CO and
CHa through photocatalytic CO; reduction using H-O over
V,C-TiO, composite under UV light irradiation.

Electrons and holes are produced over TiO; during the
photocatalysis process, as shown in (1). TiO, CB electrons were
moved to V-C, capturing and moving electrons from TiO,, as
shown in (2). In previous work, when V,C was coupled with g-
CsNa, hindered charge recombination and their proficient
separation were obtained during photocatalysis [15]. Equation
(3) demonstrates the utilization of holes for water oxidation to
produce protons and oxygen. According to the reaction in (5) —
(6), protons and electrons were used to produce CO and CHa,
respectively [31], [32].

TiO, +light —" e +h* 1)
V,CMxene+ e ——V,C(¢€) 2
H,0+2h™ ——2H"+1/20, @)
CO,+2H" +2¢ ——CO +2H,0 @
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CO+6H" +6e- ——CH, +2H,0 (5)
According to experimental results, a higher amount of CO was
produced than with the V,C-TiO, composite. According to
Equation (4), two electrons are required for CO production;
however, as shown in Equation (5), CH4 can only be produced
with the availability of six electrons. This shows that initially,
CO would be produced, which was further converted to CHa
during the photocatalysis process. This higher CO production
over the V,C-TiO, composite would result from an efficient
adsorption-desorption  process and hindered charge
recombination.

4. Conclusions

In conclusion, the photocatalytic CO, reduction process
benefited from successfully fabricating V.C MXene and V,C-
TiO, composite. Higher visible light absorbance was observed
with V>C and V,C-TiO, composite, whereas effective charge
carrier separation was caused by good surface interaction.
During photocatalytic CO; reduction with H.O, the main
products obtained were CO and CHa, whereas % 10%V,C-TiO,
composites yielded the highest production rate. Furthermore,
the pure and composite materials showed selectivity for
producing CO. V2C MXene can be utilized as a co-catalyst with
semiconductor materials to increase photocatalytic efficiency.
The findings offer significant new data that could aid in
photocatalyst research and design, increase process efficiency,
such as CO; reduction, and promote sustainable technologies
that support energy conservation and utilization.
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