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Modern society is faced with a pack of interconnected energy and environmental challenges, including rapid fossil
fuel exhaustion accompanied by rise of greenhouse gases emissions and contamination of water resources by indus-
trial waste and pharmaceuticals. All of this is aggravated by constantly increasing worldwide energy consumption
that makes it economically unfeasible to invest into solving aforementioned problems by traditional means. In such
context environmentally safe photocatalytic technologies that rely on sunlight energy are seen as a promising solu-
tion. Special attention is paid to composite photocatalysts with synergetic effects such as MXene/g-C;N,. These sys-
tems have an enhanced photocatalytic activity due to the combination of unique properties of the component:
graphitic carbon nitride’s excellent visible light absorption and MXene’s high electric conductivity and tunable sur-
face properties. The key advantage is formation of an effective 2D-2D interface with improved charge transfer and
separation to improve reaction kinetics and charge carrier lifetime. Modern researches are usually aimed at optimi-
zation of morphology to achieve close contact between components and to maximize the availability of active sites.
This review examines synthetic approaches to creating composite photocatalysts based on g-C;N,; and MXene and
summarizes data on photocatalyst activity in processes such as hydrogen production, carbon dioxide reduction, and
degradation of organic pollutants under light irradiation.
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Hosblie 2D-2D MaTepuaAbl Ha OCHOBE IrpapUTONMOAOOHOTO HUTPUAA
yraepojpa u MXene AAS (pOTOKATAAUTHYECKUX IIPUAOKEHUN
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Cospemennoe 06Wecmeo cmaiKugaemesi ¢ KOMIIEKCOM B3AUMOCEA3AHHBIX IHEPLEMUUECKUX U IKOTOSUYECKUX NpO-
bem, 6Km0Uas GbICMpoe UCMOWEHUE 3aNACO8 UCKONAEMO20 MONIUBA, CONPOBONCOAIOULEEC: POCIOM 8bIOPOCO8 NAPHUKO-
BbIX 24306 U 3A2PSI3HEHUE BOOHBIX PECYPCO8 NPOMBIUIEHHLIMIU OMX00aMu U apmayesmudeckumu npenapamamu. Bce
MO YCyeyOnsiemest ROCMOSAHHO PACMYUUM MUPOBLIM NOMpPeDIeHUeM IHep2Uull, Ymo oeidem 3KOHOMUYECKU Heyeneco-
06PA3HBLIM UHEECMUPOBAHUE 8 PeUleHUe IMUX NPodIeM MPAOUYUOHHBIMU cnocobamu. B smom konmexcme sKonocuyecku
besonacuvle omoxamanumuueckue mexHoI02Ul, UCHOMb3YIOWUE IHEPSUIO COTHEUHO20 C8emd, PACCMAMPUBAIOMCS KAK
nepcnexmuenoe pewenue. Ocoboe gnumanue yoensiemest KOMRO3UMHbIM (YOMOKAMAIUZAMOPAM C CUHEPLeMUYECKUM
agpgpexmom, maxum xax MXene/g-C3N,. Dmu cucmemvt 061a0ar0m nogululeHHOU POmMoKamaiumuyeckou aKmugHo-
cmbio 671a200aps COYEMAHUIO YHUKATLHBIX C80UCME KOMNOHEHMO08: NPE6OCXOOH020 NO2NOWEHUS BUOUMO20 C8emd
2paghumono006HbIM HUMPUOOM Y2iepoO0a U GbICOKOU INEKMPONPOBOOHOCIU U Pe2yIUPYEMbIX CEOUCHE NOBEPXHOCIU
MXene. Kniouesbim npeumyuiecmeom sensemcs popmuposanue sgppexmuernoco 2D-2D unmepgeiica ¢ yiayuuieHHbIM
nepenocom U pasoeieHuem 3apaoa 015 YayuuleHus KUHeMUKU peakyuu U yeeauyenus 6pemMery JiCU3Hy Hocumenell 3a-
paoa. Cospemennvie UCCIe006anUs, KAK NPABUILO, HANPAGIEHbI HA ONMUMU3AYUIO MOPHONo2UU 015l OOCMUdICEHUS
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NJIOMHO20 KOHMAKMA MeHCOY KOMNOHEHMAMU U MAKCUMATLHOU O0CMYNHOCIU AKMUBHbIX YeHMpos. B dannom 0630-
pe paccmompensvi cuHmemuyeckue nooxoovl K CO30AHUI0 KOMNO3UMHbIX pomoxamanuzamopos Ha ochose g-C3;Ny u
MXene, a makdce cymmuposanvl OaHHvle N0 AKMUBHOCMU YOMOKAMATUIAMOPO8 8 MAKUX NPOYECccax KaK NoayyeHue
68000p00a, 80CCMAHOBIEHUE Y2IEeKUCI020 2a3a U pa3pyuleHue opeanuieckKux 3azpasHumenei noo oelicmeuem ceemd.

KutoueBble ciaoBa: ['papurononoOHbIi HUTpUA yriiepona, MXene, (poTokaTanus, TOJydeHUE BOJOPOMA, BOCCTa-

HOBJICHUEC YTJICKHCJIOTO ra3a.

Introduction

The global energy crisis and environmental problems
define the increasing significance of photocatalytic tech-
nologies in modern science.'*! Continued growth of fossil
energy resources consumption is accompanied by a number
of critical problems, including increase of greenhouse gas-
es concentration in the atmosphere, accumulation of stable
organic contaminants in water ecosystems and exhaustion
of natural resources.”) Considering this, development of
effective approaches for solar energy conversion for envi-
ronmentally friendly chemical processes becomes a clear
necessity for sustainable development.

The fundamental principles of photocatalysis involve
three consecutive steps: photoexcitation where semicon-
ductor materials absorb photons with energy equal to or
greater than their bandgap, generating electron-hole pairs;
charge separation and migration of these photogenerated
carriers to the catalyst surface; and surface redox reactions
where electrons and holes participate in reduction and oxi-
dation processes, respectively.*! This mechanism enables
photocatalysis to offer a complex solution for producing
valuable synthetic fuels, neutralizing harmful emissions
and cleaning the environment.'**!

However, the main limitation for practical implemen-
tation of photocatalytic processes is the lack of effective
photocatalysts that could function efficiently under
sunlight. This is primarily caused by three fundamental chal-
lenges: a weak visible light absorption, rapid recombination
of photogenerated electron-hole pairs, and slow surface
reaction kinetics.”® Graphitic carbon nitride (g-C5Nj)
stands out among other modern photocatalysts due to its
unique combination of properties: metal-free nature, great
chemical stability, ability to absorb visible light and simple
synthesis routes from accessible precursors.””! However,
the drawbacks of fast charge carriers’ recombination, insuf-
ficient surface area and limited electron conductivity sig-
nificantly reduce the effectiveness of this material.

MXenes are a class of 2D materials that includes car-
bides and nitrides of transition metals.'"” They can be
viewed as excellent partners for g-CsN, for construction of
new generation composite photocatalysts.'"! Owing to
their exceptional electronic conductivity, tunable surface
properties with different terminal groups (-OH, -O, -F) and
high surface area, MXenes can form effective hetero-
structures with g-C;Ny, leading to a synergetic effect that
radically improves photocatalytic activity.'>'*! The
wide spectrum of applications for MXene/g-C;N4 compo-
sites, such as hydrogen production, CO, reduction and pol-
lutant degradation show their universal effectiveness for
different photocatalytic areas.!'"!

The aim of this review is to systematically summarize
recent achievements in the synthesis and application of
MXene/g-C;N,-based photocatalytic systems for different
processes. This work summarizes modern synthesis meth-
ods as well as electron transfer mechanisms, and also dis-
cusses the potential applications of these materials for
environmental and energy purposes. This comprehensive
approach allows to fairly demonstrate the potential of
MXene/g-C;Ny-based composites as new generation
photocatalysts to make a contribution to the development
of sustainable technologies. To fully understand these
composites, it is essential first to examine the properties of
the individual components, beginning with graphitic car-
bon nitride.

Graphitic carbon nitride

Graphitic carbon nitride is a metal-free polymeric
semiconductor with a macroheterocycle structure (Figure 1)
that leads to outstanding photocatalytic properties.'*"!
Structurally, g-C;N4 resembles graphene and has a two-
dimensional delocalized conjugated structure that is pri-
marily composed of tri-s-triazine fragments (C¢N;) linked
by tertiary amines to form layered planes that are stacked
onto each other by the formation of weak Van-der-Waals
interactions.!'® In-plane structure contains various func-
tional fragments, such as NH, and NH groups that can act
as sites for CO, activation and conversion."”’ The unique
structure of g-C;Ny leads to the average band gap of ~2.7
eV, which is suitable for visible light absorption and effec-
tive sunlight usage."™ The positions of conduction and
valence bands also lead to high enough red-ox potentials of
photoinduced electron-hole pairs, so this material can be
used for the whole variety of photocatalytic applications, as
mentioned earlier.!"”*” Moreover, stable intraplane cova-
lent bonds lead to high chemical and thermal stability of g-
C;N;, sheets (up to 600°C in air).*"!

Traditionally, g-C;N; is synthesized by thermal
polycondensation of nitrogen-rich precursors, such as urea,
dicyandiamide and melamine.”? This process is usually
conducted in temperatures around 500-600 °C in air or in
inert atmosphere.!**) It is established that under high tem-
peratures polymerization occurs with the formation of dif-
ferent intermediates.”* However, these intermediates
cannot be fully removed from the forming g-C;N, due to
incomplete polymerization, which in turn leads to a disor-
der in crystal structure. Consequentially, this leads to fast
recombination of photogenerated charge carriers and limits
photocatalytic activity. To solve this problem, more com-
plicated synthesis routes may be utilized.
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Figure 1. In-plane structure of g-C5N, with various functional fragments.

An additional way to boost photocatalytic properties
of g-C;N, is exfoliation. Similar to graphite, g-C;N,4 can be
exfoliated to single two-dimensional nanosheets by differ-
ent means like thermal oxidation or acoustic energy of ul-
trasonic waves to overcome Van-der-Waals forces but to
keep the C-N bonds intact.****! Obtained nanosheets could
be stored in acids or alkali to keep them from forming
bonds with each other again. Interestingly, g-CsN,; nano-
sheets have a better in-plane electron mobility and bigger
band gap than the bulk g-CsN,; due to the quantum size
effect.”” Consequentially, photogenerated charge carriers
are less likely to recombine and have higher lifetime. The
obvious drawback of this method is instability of exfoliated
nanosheets that are very likely to come back to the multi-
layered structure if not kept in proper conditions.

A significant problem of the bulk g-C;N, is poor
charge separation and transfer.’' Naturally, weak Van-der-
Waals interactions between the layers impede the inter-
planar charge transfer.") But on top of it, incomplete
polymerization leads to some heptazine rings being con-
nected by hydrogen bonds, with the terminal amino groups
acting as charge centers, thereby also hindering intraplanar
charge transmission.”” To circumvent this issue creating
heterojunctions with other semiconductors or with conduc-
tors to add alternative electron transfer routes is an effec-
tive way to boost charge separation and increase the
quantum efficiency.

Figure 2. MXenes’ general formula and structure.!'"?
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H-bonding motif

[15]

Synthetic approaches to creating MXene/g-C;N,
composites

Among a wide variety of different types of materials
that can be used for creating composite photocatalysts,
MXenes are a relatively new class of materials that was
first reported in literature in 2011 by Naguib et al.®* This
class consists of metal carbides, nitrides and carbonitrides
(Figure 2) that are generally produced by MAX-phase (e.g.
Ti;AlC,) etching, usually with HF solution or with in situ
HF (LiF+HCI).””! Important to note that different synthesis
methods lead to different surface terminations (e.g. -O, -F,
-OH, -Cl) which can heavily influence the properties of
MXenes, including band gap size.*> " Generally, MXenes’
high conductivity, hydrophilicity, ordered layered structure
and tunable functional groups make them a very attractive
material for photocatalyst design.’®* Moreover, MXenes
usually have a high work function that makes them suitable
for creating heterojunctions with g-C;N,.[*!

Quality and photocatalytic properties of g-C;Ny/MXene
composites are critically dependent on synthesis methods.
The main goal when creating such heterostructure lies in
ensuring the closest possible interaction for effective elec-
tron transfer. Presently used synthesis approaches can
mostly be divided in three main types.
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Figure 3. Schematic synthesis route of physical mixing method.
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Figure 4. Schematic synthesis route of electrostatic self-assembly.
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Physical mixing

The most straightforward approach is to mix two pre-
prepared components in a liquid medium with subsequent
evaporation of a solvent (Figure 3). Multi-layered MXene
is dispersed together with g-C;Ny in a polar solvent (water,
ethanol, isopropanol), usually with ultrasound treatment,
and a uniform suspension is obtained."*'*! Then this sus-
pension is either simply stirred or ultrasound is applied for
longer periods of time. Since MXenes are not stable, sol-
vent should be evaporated in a vacuum oven at 60-80 °C
or via freeze drying. The main advantages of this method
are its simplicity, reproducibility, precise control over
component ratios and minimal influence on original struc-
ture of the components. However, the contact between
components is relatively weak since chemical bonds are
unlikely to be formed.

Electrostatic self-assembly

This is one of the most popular methods that is based
on physically mixing the pre-synthesized components
modified with charged surface groups in a solution.**!
Basically, multi-layered MXene with negatively charged
surface groups (-O, -OH, -F) is dispersed in a polar solvent
by ultrasound treatment to obtain a stable colloid suspen-
sion (Figure 4). Separately the surface of g-C;N, is func-
tionalized with positively charged groups (e.g. via proto-
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Figure 5. Schematic synthesis route of in situ thermal polymerizaiton.

nating with HCl). When slowly mixing these two suspen-
sions in an environment with a controlled pH, electrostatic
attraction between oppositely charged surfaces leads to a
spontaneous self-assembly of components. Afterwards, the
resulting suspension should be washed to remove side ions
and dried in a careful manner as described earlier. This
method allows for tight contact between components and
ordered structure with controlled morphology. On the other
hand, synthesis conditions should be tightly controlled
since otherwise an undesirable aggregation of components
may occur.

Thermal polymerization in situ

This approach implies synthesis of g-C;N, in pres-
ence of prepared MXene (Figure 5). Basically, MXene is
mixed with a g-C;N, precursor (e.g. melamine or urea) and
is subjected to calcination at usual temperatures of 500—
550 °C. However, high temperatures may lead to partial
oxidation of MXenes, so using inert atmosphere, such as
nitrogen or argon, is highly preferable."**! During
polymerization, layers of g-C;N, form on top of MXene’s
surface resulting in a close contact with a possibility of
chemical bonding. Although, this method makes it harder
to control the degree of polymerization and limits the pre-
cursors that can be used for synthesis. Moreover, MXene
degradation can still happen even in inert atmosphere, in-
fluencing the electronic structure of the resulting compo-
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site. However, this influence can sometimes be beneficial.
For example, multiple papers have shown that calcination
of Ti;C, leads to formation of in situ TiO,/Ti;C, junction
that greatly increases photocatalytic activity.**®"

Main photocatalytic applications of MXene/g-C;N,4
composites

Composites based on MXenes and g-C;N4 can open
up new possibilities for different photocatalytic applica-
tions demonstrating promising effectiveness for various
reactions.'"! Thanks to synergetic interaction of these
components: semiconductor properties of g-C;N, for gen-
erating electron-hole pairs under visible light combined
with metallic and surface properties of MXenes acting as
an effective electron acceptor or mediator.'*** This inter-
action not only hinders the recombination of photogener-
ated charge carriers but also creates new active centres for
catalytic transformations. This chapter covers three
photocatalytic applications that are reported the most in
literature: H, generation, pollutant degradation and CO,
reduction.

Hydrogen production

Molecular hydrogen possesses the highest known
energy density among chemical fuels (120 MJ/kg) and
thanks to its environmentally clean burning process it can
be viewed as one of the key elements for sustainable ener-
getics.m] Today, however, H, is usually obtained through
steam-methane reforming, which is a process followed by
significant CO, emissions.!”"" This is why photocatalytic
water splitting under sunlight would be a perfect alterna-
tive that would allow to directly transform solar energy
into chemical energy. Theoretically, energy of 1.23 eV is
enough to split water into H, and O, (Equations 1-2, po-
tentials at pH=7) but on practice a certain overpotential is
required to drive the photoinduced electrons and holes
through the interface and promote the red-ox reactions.””’

2H,0 > O, +4H +4e E°=1.23 Vyur (1)

2H'+2¢ — H, E’=0 Ve )

Traditionally, metal cocatalysts like Pt have been used
to boost H, and O, generation efﬁciency.m] However,
MXene-based composites aside from aforementioned advan-
tages can also exhibit hydrophilic properties, which would
substantially boost wettability and mass transfer of reagents
to active centres.”” Comparison of binary MXene/g-C;N,
photocatalysts with different synthesis methods, reaction
conditions and photocatalytic activity in H, production reac-
tion reported in recent years is presented in Table 1.

Potapenko et al. synthesized Ti;C,T,/g-C;Ny by a
simple method of mixing pre-prepared g-C;N, with Ti;C,
“ink” suspension obtained during Ti;C, synthesis.”) The
effect of different organic electron donors (TEOA, ethanol,
glucose) on activity under visible light irradiation was in-
vestigated. For all donors the addition of MXenes led to a
significant increase in H, generation activity up to 98.4
umol-g'h™" for TEOA solution, which is a 37.8-times boost
compared to pristine g-C;Ny4. This increase was explained
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by formation of a Schottky barrier between the two com-
ponents, with Ti;C, effectively acting as a metal co-
catalyst. Ti3C, has a higher work function than g-C;Ny, so
the contact would lead to electron diffusion in the direction
of Ti3C, and the energy bands would bend upwards at the
interface (Figure 6).°"*”) Thus, photogenerated electrons
would accumulate on the surface of MXenes and partici-
pate in the H'" reduction while as holes would remain on g-
C3N, and partake in oxidation reactions with electron do-
nors. This way effective charge separation is achieved and
charge recombination rate is reduced.®™

Xu et al. employed protonation of g-C;Ny by dispers-
ing it in HCI and then mixed it with Ti;C, MXenes with
ultrasonic treatment.**! This approach allowed to alter both
surface morphology of g-C;N, and its band structure lead-
ing to H, production rate of 727 pumol-g"'h™. Another ef-
fective way of modifying g-C;N, structure is non-metallic
doping. Introducing impurities is a common way to reduce
band gap in semiconductors and improve conductivity.* In
particular, doping with P, B and S elements has been shown
to be effective in increasing activity of g-C3;N4/Ti3C,
photocatalysts. 50528

Especially high activity can be achieved if another co-
catalyst is introduced into the system. A number of works
describes a method of in-situ Pt photo-deposition by add-
ing H,PtClg to a solution of electron donor.[79:82:83.85.86]
When light is turned on, Pt particles are reduced on the sur-
face of the photocatalyst and start influencing the electron
transfer schemes. Xu et al. prepared Ti;CN MXenes and
defective g-CsN, to synthesize Ti;CN/g-C;N4 composites via
electrostatic self-assembly. With in-situ deposited Pt the rate
of photocatalytic H, generation reached 7630.5 pmol-g"h™,
and authors highlighted high conductivity of Ti;CN and
strong interfacial coupling of the two components.

Pollutant degradation

Another serious environmental threat in modern world
is water pollution by persistent organic pollutants, such as
synthetic dyes, pharmaceuticals and antibiotics.”” Tradi-
tional water purification methods are often not effective
enough to cause complete degradation of these stable com-
pounds, so they tend to accumulate in the environment and
become a part of food chains leading to detrimental effect
for human health.”"**! Photocatalytic oxidation under the
sunlight can be viewed as a perspective cost-effective and
ecologically sustainable alternative.””****) The mechanism
for this process involves oxidation of a contaminant by reac-
tive oxygen species that are produced with photogenerated
electrons and holes in accordance to Equations 3—4.

H,0+h" - OH +H" 3)
02 +e — 02_ (4)

Thus, both holes and electrons can directly influence
the activity in a target degradation reaction, making charge
separation very important. Comparison of binary MXene/g-
C3N, photocatalysts with different synthesis methods, reac-
tion conditions and removal efficiencies for various types of
organic pollutants reported in recent years is presented in
Table 2.
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Table 1. Comparison of MXene/g-C;N, photocatalytic systems for H, generation reported in recent years.

Photocatalyst

Composite synthesis

Light source

Reaction medium

H, formation rate, Ref.

method pmol-g'h™!

30 vol% TEOA 98.4
TiyCa/g-C3Ny Physical mixing 430 nm LED 10 vol% C,H;OH 24.0 73]

0.2M CeH,04 7.9
3D/2D TisCylg-CsN, Polymerization insita 00" Xeé‘i‘t‘:f A200m -4 001% TEOA 116 rre]
. Electrostatic 200W Hg lamp, 400 nm o 7]

2D/2D Ti3Cy/g-C3Ny self-assembly filter 10 vol% TEOA 72.3
Ti3C, T, with oxidized surface Mechanical mixing 350W Xe lamp, 400 nm 10 vol% TEOA 88 [78]

groups/g-C3Ny filter

Plasma-treated Ti;C,T,/g-C3N, Mechanical mixing 350w Xef}lir: rp’ 400 nm 10 vol% TEOA 17.8 2
. Ultrasound-assisted 300W Xe lamp, o [43]

Ti;Cy/protonated g-CsN, mixing 420 nm filter 10 vol% TEOA 727
. Electrostatic 10 vol% TEOA + [79]

2D/2D Ti;CN/g-C3Ny self-assembly 300W Xe lamp H,P(Cl, 7630
. Electrostatic o [80]

2D/1D Ti;Cy/P-doped g-C3N, self-assembly 300W Xe lamp 20 vol% CH;0H 565
. .. 35W Xe HID lamp, 420 nm o [81]

2D/2D V,C/g-C3Ny Physical mixing filter, 20 mW em2 5 vol% CH;0H 360
. Ultrasound-assisted 300W Xe lamp, 420 nm 10 vol% TEOA + [82]

2D/2D TiyCy/S-doped g-C5Na mixing filter, 100 mW cm™ H,PtClg 3180
. Electrostatic 300W Xe lamp, 10 vol% CH;0H 1831

2D/2D Ti;C,/B-doped g-C:N, self-assembly 400 nm filter + H,PtClg 1990
. Electrostatic 300W Xe lamp, o [84]

Ti5C,Cl/g-CsN, self-assembly 420 nm filter 10 vol% TEOA 156
. Electrostatic 300W Xe lamp, 10 vol% TEOA + 1851

2D/3D TisCa/g-C3Ny self-assembly 420 nm filter H,PtClg 1950
. . Ultrasound-assisted 300W Xe lamp, 10 vol% TEOA + 1861

Ti;C,T/erystalline g-CsNy mixing 420 nm filter H,PtCl¢ 2650

e®=3.53 eV

VB

PTCN
Before contact

e®=4.08eV
e®=4.20 eV %

J PTCN

+_
+-
SN
+_
+-

After contact

Figure 6. Proposed electron transfer mechanism for g-C;N,/Ti;C, junction in photocatalytic H, production. PTCN — P-doped tubular

g-C3N4.[80]
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Ya et al. developed an effective approach for degrada-
tion of Rhodamine B by regulating the vapor pressure in the
autoclave via discontinuing the hydrothermal process to
achieve high porosity of g—C3N4‘[103] Obtained g-C;N, micro-
tubes with an extremely high surface area of 153 m/g were
coupled with Ti;C,Ty via electrostatic self-assembly and
tested under visible light. Thanks to the morphology of
g-C;Ny and the formation of efficient heterojunction, 98%
removal of Rhodamine B under visible light irradiation
could be achieved in 1 hour. Another effective approach was
employed by Liu et al., who synthesized 3D interconnected
porous g-C;N, via one-step thermal polymerization of
melamine and cyanuric acid, and combined it with Ti;C,
MXenes via electrostatic self-assembly.®! Using a 500W
halide lamp with a visible light filter, complete removal of
Rhodamine B is reported to be achieved in only 25 minutes
of irradiation time. Supposed scheme of photocatalytic pol-
lutant degradation is shown in Figure 7.1"*!
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Figure 7. Proposed electron transfer route for Ti3C,/g-C3N,
during photocatalytic pollutant degradation.!'%%

Table 2. Comparison of MXene/g-C;N, photocatalytic systems for pollutant degradation reported in recent years.

€O, +H,0

E=-053V

Composite . Irradiation ~ Photocatalyst ~ Pollutant, initial Removal,
Photocatalyst synthesis method Light source time concentration concentration % Ref.
El . 500 W halide lamp, Rhodamine B
2D/3D TisCa/g-CsN, cctrostatic 420 nm filter, 25 min 0.5gL! odamine B, 100 B
self-assembly ) 20 mg-L
30 mW- cm’
. 300 W Xe lamp, .
2DD ThCyS-doped - Ultrasound- 420 nm filter, Ih R S (O
LR g 100 mW-cm &
. . .. 500 W halogen el Methylene blue, [95]
Ti3C,/g-C3N, Physical mixing Jamp 3h SgL 10 mgL"! 69.4
. Electrostatic self- 300 W Xe lamp, . Tetracycline
2D Ti;Cy/g-C3N. lh Not specified a0 93.9 196
T2l assembly 420 nm filter P 20 mg-L"!
. Ultrasound- 300 W Xe lamp, B Ciprofloxacin, 7]
Ti5Cy/g-CsNy assisted mixing 400 nm filter 3.5h 2glL 10 mg-L"! 9738
Arbidol
Ti3Cy/supramolecular Ultrasound- 300 W Xe lamp, 25h 01 oL’ . 99 [98]
g-C;Ny assisted mixing 420 nm filter : 18 hydrochlo_rllde,
10 gL
Magnetic Ti;C,T,/g- . .. 150W high-pressure el Clindamycin, [99]
C:N, Physical mixing Jamp, 100 mW-cm’ 2h 10 mg-L 125 mg-L! 92
Ultrasound- g Methyl orange, [100]
V,C/g-C3Ny assisted mixing 300 W Xe lamp 2h 1gL 10 mg-L”! 94.5
Tetracycline
. Ultrasound- 7l . [101]
Ti3C,-SO;H/g-C3N, assisted mixing 35 W Xe lamp 2h 0.6 g'L hydrochloride, 75.4
10 mg-L™!
. . .. 500 W halogen el Methylene blue, [102]
g-C3N,/Ti5C, Physical mixing Jamp 25h 2¢gL 30 ppm 100
: 300 W Xe lamy
i . Electrostatic P, i
2D/ IDCTECZTX/ g 420 nm filter, 1h 02gL" ha%d;mf’iiB’ 98 [103)
304 self-assembly 100 mW-cm2 g
. Ultrasound- 300W Xe lamp, . B Levofloxacin, [104]
Ti3Cy/g-CiN; assisted mixing 420 nm filter 30 min 0.4gL 20 mg'L'1 7
. Polymerization 300W Xe lamp, . g Tetracycline 105
Ti;Cy/g-CsN. L 40 min 02gL e 90.1 (103
S In situ 420 nm filter g 15mgL’!
Maxpoeemepoyurnvt / Macroheterocycles 2026 19(1) 3-13 9



New Materials Based on g-C;N4 and MXene for Photocatalytic Applications

Table 3. Comparison of MXene/g-C;N, photocatalytic systems for CO, reduction reported in recent years.

Composite synthesis

Photocatalyst method Light source Conditions Product formation rate, pmol-g'h™' Ref.
. Ultrasound-assisted 300W Xe lamp, Gas phase, CO, 10.7 [104]
T13C2/g-C3N4 ..

mixing 420 nm filter CO,+H,0 CH,, 4.19

Ti;C,T,/mesoporous . Gas phase, [10]
a-CiN, Co-annealing 300W Xe lamp CO, + H,0 CHy, 2.11
i _ _assi CO, 0.73

2D/1D TisC,T /g Ultrasoupsi assisted 300W Xe lamp Gas phase, [
C3Ny mixing CO, + H,O CH,, 1.4

2D Ti;Cy/porous g- Electrostatic self- 300W Xe lamp, Gas phase, [12]
G3N. assembly 420 nm filter CO, (0.6 MPa) + CH,, 0.99

34 H,0, 60°C
Gas phase, flow
2D/2D V,C/g-C3Ny Physical mixing 1an§5“2/oH IL%VXCTnZ reactor, gg’ 2Z§ (113]
P> CO, +H,0 420

. . . 300W Xe lamp, Gas phase, CO, 11.2 [114]
Ti3C,(OH),/g-C5Ny Physical mixing 420 nm filter CO, + 0,0 CH,, 020

2D/2D Ti;Cy/g- Polymerization in 300W Xe lamp, Gas phase, Na- CO, 5.19 [1s]
C3N4 situ 420 nm filter HCO3 + HzSO4 CH4, 0.04

Xu et al. used a simple sonication-assisted mixing to
modify g-CsN, with V,C MXene for degradation of methyl
orange.“oo] Despite receiving a lot less attention than Ti;C,,
V,C has a similar morphology but a higher specific surface
area with more active centres.!'"”) V,C also has a suitable
electronic structure to accept photogenerated electrons
from g-C;N,4 in a similar manner to Ti;C,. Utilizing the
synergistic effect of this heterojunction, 94.5% removal of
methyl orange in 2 hours could be achieved. Saafie et al.
prepared g-C;N4/Ti;C, by wet impregnation for degrada-
tion of methylene blue.'™ Usually, Ti;C, is reported to
exhibit metallic properties and is used as a modifying com-
ponent with weight ratios less than 10%, however in this
paper MXene had a calculated band gap of 1.23 eV and
was used as a main component, with 0.4 wt% of g-C;N,. In
this scheme Ti;C, can be viewed as a semiconductor with a
narrow band gap and would also be generating excited
electrons under irradiation. With such heterostructure
photocatalyst complete removal of methylene blue was
achieved after 2.5 hours of reaction.

CO; reduction

In the context of constantly increasing CO, emissions
development of environmentally safe and energy-effective
means of CO, conversion to valuable chemical products is
one of the most relevant modern problems."”!
Photocatalytic CO, reduction imitates natural photosynthe-
sis and allows not only to decrease the CO, concentration
in the atmosphere but also obtain a variety of different or-
ganic compounds, such as formic acid, CO, formaldehyde,
methanol, methane or even ethane (Equations 5-10, poten-
tials at pH=7 ), that could be used for synthetic purposes
and in chemical industry.['**'"}

CO,+2H" + 2¢° — HCOOH E’=-0.66 Ve (5)

CO,+2H +2¢ - CO+H,0  E’=-0.52 Vyur (6)

10

CO,+4H" + 4¢" — CH,0 + H,0 E'=-0.49 Vaue (7)
CO,+ 6H" + 6¢" — CH;OH + H,O E°=-0.40 Vygie  (8)
CO,+8H' + 8¢ — CH, +2H,0 E’=-0.25 Ve (9)

2C02+ 141‘1Jr + 14e — C2H6 + 4H20 E'0 =-0.27 VNHE (10)

However, as can be seen in Table 3, for binary
MXene/g-C;N, photocatalysts only two products were re-
ported: CO and CHj,. Still, when using these photocatalysts
as a base for novel tertiary composites in future studies,
selectivity along with activity could change dramatically.

Among all possible surface functional groups on
MXenes, the hydroxyl ones are probably the most attrac-
tive for photocatalytic CO, reduction since they heavily
improve effectiveness of adsorption of CO, molecules.!"'®!
Hence, Tang et al. mixed the alkalized Ti;C, with g-C5Ny
in aqueous solution to obtain composite photocatalysts for
CO, reduction.*" The highest obtained CO production rate
was 11.2 pmol-g'h™ which is 5.9 times higher compared
to unmodified g-C;N,. This increase in activity is ex-
plained by excellent electric conductivity of Ti;C,(OH),
and a huge difference in Fermi level positions of the com-
ponents (-2.69 V for Ti;Cy(OH), and -0.223 V for g-C;N,),
which leads to a reliable charge separation. Madi et al.
prepared V,C/g-C;N4 nanosheet photocatalyst for testing in
CO, reduction reaction in a fixed-bed reactor and achieved
production rates of 37.8 and 51.3 umol-g'lh'1 for CO and
CH, respectively.l'®) They also compared the activity of
V,AIC/g-C;Ny and it turned out to be only slightly lower
(37.0 and 46.3 for CO and CH, respectively). This indi-
cates that while etching of MAX-phases does lead to im-
provement of photocatalytic properties, they are not very
significant. It is also worth noting that despite seemingly
high activity most photocatalytic experiments are usually
conducted in static reactors and when comparing the re-
sults with flow reactors caution should be exercised.
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Conclusions

Conducted analysis of modern researches clearly in-
dicates that composites based on MXenes and g-C;N, are a
highly perspective class of photocatalytic materials with
potential for a wide variety of applications. Combination of
special properties of these components, such as the ability
of g-C3N, to effectively absorb visible light to generate
excited electron-hole pairs, together with high electric con-
ductivity and surface area of MXenes, leads to a great syner-
getic effect boosting photocatalytic activity. Main advantages
of MXene/g-CsN, composites include effective separation
of photoinduced charge carriers due to formation of a het-
erojunction (usually Schottky junction) leading to in-
creased lifetime of electrons and holes and the possibility
of controlling electric and surface properties of MXenes by
varying synthesis approaches to better fit the needed proc-
ess. In particular, the main discussed synthesis methods —
physical mixing, electrostatic self-assembly and in situ
polymerization — are all viable methods to obtain different
morphologies of composites with all kinds of combinations
of 1D, 2D and 3D materials.

Probably the most promising direction for future re-
search is creation of ternary photocatalytic systems with
the addition of other popular photocatalytic materials, such
as metal oxides, metals or metal organic frameworks, to
further increase the spectrum of absorbed light and to in-
crease the effectiveness of catalytic active sites. It could either
be a system MXene/g-CsNy/semiconductor or MXene/g-
Cs;Ny/metal nanoparticles, as both variants would open new
possibilities for engineering complex electron transfer
schemes and enhancing the synergetic effect. Other important
goals for future research are still development of scalable
synthesis methods, increase of photocatalyst stability in
real application conditions and deeper investigation of re-
action mechanisms and interaction of components on
atomic scale. Use of modern methods of in situ characteri-
zation and computer modelling could allow to determine
precise dependencies between structure and properties to
clearly reveal a way to create new generations of highly
effective photocatalysts to solve relevant energetical and
environmental problems.
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