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The development of well-designed all-solid-state Z-scheme hybrid architectures with highly active
distinct functional materials has received huge attention due to their great potential for solar-to-fuel
energy production. However, delicately constructing a multiphase heterojunction with a high-flux
charge shuttle through material design strategies remains a challenge. Herein, we demonstrate a unique
protocol involving a bio-inspired multivariate mediator-based Z-scheme TiO,/TizC,—-TiC and mixed
metal Ce/Zr-UiO-66-NH, (CZUNH) heterostructure (TiO,/TizC,—TiC/CZUNH) by an interfacial engineer-
ing approach for highly promoted photocatalytic H,O, and H, production. The structural analysis of the
TiO,/TizC,-TiIC/CZUNH composite revealed that CZUNH accumulated on the surface of TiO,/TizC,—TiC
nanosheets, providing dense active sites for enhanced photocatalytic reactions. The HRTEM and XPS
characterization distinctly clarified the close interfacial interaction between CZUNH and TiO,/TizC,-TiC.
Mechanistic investigation showed that the TizC,-TiC nanosheets act as a solid-state electron mediator,
constructing an electron-shuttling route between CZUNH and TiO, and thus extending the lifetime of
photo-induced charge carriers generated on CZUNH and TiO,, respectively. Specifically, the transfer
channel pathway of the Z-scheme-based TiO,/TizC,—TiC/CZUNH-20 composite with a tremendous
driving force provides an optimum H,O, production capacity of 1575 pmol h™t gfl, which is approxi-

Received 27th December 2023, mately 3.5- and 2.8-fold higher than those of neat TiO,/TizC,—TiC and CZUNH, respectively. Moreover,

Accepted 4th April 2024 the optimal visible light H, evolution rate of 570 pmol h™! (with ACE 9.1%) is four and three times higher

DOI: 10.1039/d3ma01176¢ than those of pristine TiO,/TisC,-TiC and CZUNH, respectively. This research provides deep under-
standing of the design of a highly active mediator-based Z-scheme heterojunction interface for improv-

rsc.li/materials-advances ing the catalytic performance of MXene-derived photocatalysts.

1. Introduction massive consumption of non-renewable fossil fuels."> There-

fore, scientific communities are seeking for an immutable
In recent years, the energy crisis and environmental pollution and sustainable solution to achieve a greener society without
have become global threats to human society owing to the any consumption of non-renewable feedstocks. Nowadays,
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1 Electronic supplementary information (ESI) available: Physical characterizations; photoelectrochemical experiments; photocatalytic H,O, production; photocatalytic
water splitting experiment for hydrogen evolution reaction; apparent conversion efficiency for H, evolution; Fig. S1: (a) XRD patterns of CZUNH and ZUNH. (b) Zoomed
XRD patterns of CZUNH and ZUNH. (c) XRD patterns of CUNH. (d) FTIR spectra of all the as-synthesized heterostructures; Fig. S2: BET surface area for (a) TiO»/Ti3C,—
TiC, (b) CZUNH (c) and TiO,/Ti;C,-TiC/CZUNH-20. The inset images show the pore size distribution of (a) TiO,/Ti;C,-TiC, (b) CZUNH and (c) TiO,/Ti;C,-TiC/CZUNH-
20; Fig. S3: (a) XPS survey scan of CZUNH, TiO,/Ti;C,-TiC and the TiO,/Ti;C,-TiC/CZUNH-20 composite. XPS spectra of (b) C 1s, (c) O 1s and (d) N 1s for TiO,/Ti;C,-
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photocatalytic H,O, production ability over the ternary composite TiO,/Ti;C,-TiC/CZUNH-20; Fig. S8: (a) NBT and (b) TA tests for CZUNH, TiO,/Ti;C,-TiC and the TiO,/
TizC,-TiC/CZUNH-20 composite; Table S1: comparison of photocatalytic H,O, production by various photocatalysts; Table S2: comparison of photocatalytic H,
evolution by various photocatalysts. See DOI: https://doi.org/10.1039/d3ma01176¢

4452 | Mater. Adv, 2024, 5, 4452-4466 © 2024 The Author(s). Published by the Royal Society of Chemistry


https://orcid.org/0000-0003-3611-4619
https://orcid.org/0000-0001-7807-5561
http://crossmark.crossref.org/dialog/?doi=10.1039/d3ma01176c&domain=pdf&date_stamp=2024-04-18
https://doi.org/10.1039/d3ma01176c
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma01176c
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA005010

Open Access Article. Published on 18 April 2024. Downloaded on 4/21/2026 3:10:41 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

hydrogen peroxide (H,0,) is considered as leading prospective
energy transporter for the future owing to its versatile nature,
such as eco-friendly, clean, facile storage, easy conveyance,
multifunctional oxidation and release of H,O as a by-
product.’ Therefore, it is widely used in the food and paper
manufacturing industry, pulp bleaching, medical pasteuriza-
tion, waste water treatment, organic synthesis and chemical
industry with an annual demand of 3 million tons.®™® Moreover,
H,0, can be restored safely and easily transferred owing to its
good water solubility. Currently, H,0O, is produced in industry
through several techniques, for example, the traditional anthra-
quinone process, alcohol oxidation, electrochemical fabrication
and direct synthesis by mixing H, and O, gas.” Application of
these processes is restricted by their elevated temperature,
intense energy input, complicated routes, high manufacturing
costs and toxic by-products.'® However, direct preparation of
H,0, from H, and O, through noble metal catalysis is also
being intensively investigated, but the usage use of costly rare
earth metals and potentially explosive nature of related gases
hinder the synthesis process. Therefore, a safe, efficient, envir-
onmentally friendly and low-cost method for H,0, production
is urgently needed. Recently, photocatalytic H,O, generation
from H,O and O, using a sustainable semiconductor-based
artificial photocatalyst, whereby the reaction can proceed
through several reaction pathways, such as (i) direct single-
step (2 e7), (ii) indirect two-step (1 e”) and (iii) addition of
two °*OH radicals, has been receiving extensive attention
from the research community."*™'* However, it is still diffi-
cult to achieve large industrial H,O, production using photo-
catalysts. Additionally, in the era of energy crisis, hydrogen
(H,) has been receiving massive attention as a substitute for
non-renewable energy sources due to its clean and sustain-
able nature. Since the inventive discoveries of Fujishima and
Honda, H, generation via photocatalytic water splitting over
a semiconductor has been recognised as an advantageous
strategy for addressing aforementioned concerns.” In this
regard, various semiconductors have been used for the gen-
eration of H,O, and H,. Among them, TiO, is the most
promising photocatalyst owing to its appropriate band align-
ment, strong redox ability, low cost, non-toxicity, and excel-
lent thermal and chemical stability.'® Nevertheless, the
photocatalytic application of TiO, is severely restricted by
intrinsic shortcomings, such as the wide band gap (3.0-
3.2 eV), quick charge recombination, poor visible light har-
vesting, and low kinetic energy for H, production.'”*®
Furthermore, TiO, exhibits low efficiency in H,O, production
under solar light, which can be attributed to the higher rate
of decomposition of adsorbed H,0, on the TiO, surface in
the form of Ti~-OOH complexes by photogenerated holes."®
Hence, various methods, such as elemental doping, surface
modification, loading of a co-catalyst and constructing a
heterojunction, have been adopted to promote charge carrier
separation for improved photocatalytic applications. How-
ever, heterojunction engineering with effective interfacial
charge transportation and co-catalyst modification strategies
are considered to be particularly promising methods for
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lowering the recombination rate and improving the lifespan
of the photoinduced charge carriers.

In this context, the use of MXene, a transition metal carbide
and carbonitride, synthesized by selectively etching the Al layer
from the parent precursor MAX phase, has attracted intensive
attention for its unique properties, such as metallic conductiv-
ity, specific surface area, tuneable surface termination groups,
flexible elemental composition and low Fermi level.**™’
Recently, Ti;C, (titanium carbide), a widely studied MXene,
has been used as a robust co-catalyst in photocatalysis, espe-
cially when modified with semiconductors such as TiO,, g-
C;3N,4, CdS and ZnlIn,S,, to boost the exciton lifespan and
separation efficiency.”®" Ti,C, MXene provides a natural Ti
source to evolve TiO, and establish an atomic-scale interface
hybrid structure between TiO, and Ti;C, owing to thermody-
namically metastable marginal Ti atoms in Ti;C,. Moreover, the
Ti electron orbitals changed significantly during the slight
oxidation process, establishing substantial chemical bonding
and ensuring a strong electronic interaction that enhances the
transportation and separation of photoinduced excitons.*?
Additionally, metallic Ti;C,T, has the capacity to capture
photoexcited electrons, regulating the flow of photogenerated
charge carriers. So far, various MXene-derived TiO, hybrid
structures have been reported with superior spatial separation
and transfer of photoinduced charge carriers, including TiO,/
TizC,/MIS, Cu/TiO,@Ti;C,T,, TizC,/TiO,/BiOCl, Ni,P/TiO,/
Ti;C,, Ti;C,/TiO,/ZnCdS and Ru/MXene/TiO,.**° However,
conventional type-II heterojunction photocatalysts display
restricted performance because of lower redox potentials
needed to produce reactive species during the photocatalytic
process.

Owing to above-mentioned aspects, multivariate solid-state
Z-scheme heterojunctions, which were influenced by the uni-
versal photosynthesis process, have emerged as a substitute to
traditional type-II heterojunctions owing to their superior exci-
ton pair segregation and incredible redox ability of the charge
carriers. When constructing a Z-scheme heterojunction, the
selection of two different types of semiconductor is quite
important to couple their energy bands with superior interfa-
cial charge transfer channels. Metal-organic frameworks
(MOFs) are porous hybrid crystalline materials with a high
specific surface area, tuneable porosity, flexible functionaliza-
tion and tailorable compositions for the metal centre and
organic linker, which makes them exemplar for various
applications.?™*> Unfortunately, pristine MOFs show some
inherent drawbacks, such as quick charge recombination, low
stability in aqueous conditions and low light-harvesting capa-
city, which hinder them from becoming robust photocatalysts.
To overcome aforementioned issues, numerous mixed metallic
MOFs for example UiO-66-NH, (Zr-Hf), MIL-125 (Fe-Co), UiO-66
(Ti-Ce) and Ui0O-66 (Ce-Zr), have been considered.***® More-
over, MOFs containing Ce are considered to be an ideal choice,
because of their easy availability and interconvertible flexible
Ce**/Ce*" oxidation state. However, the major drawback of
cerium-based MOFs is their low thermal stability and exciton
segregation.””*® The abovementioned problem can be tackled
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by inserting Ce ions into the visible-light-responsive UiO-66
family of Zr-based MOFs, i.e., (Zr) UiO-66-NH, (ZUNH), in the
same aqueous stable framework cluster for enhanced stability
and photocatalytic performance.’® However, ZUNH has some
inherent flaws that reduce its effectiveness in several photo-
catalytic applications, such as rapid exciton recombination,
photo-corrosion, and poor stability.**™* To overcome these
flaws, the construction of heterojunctions has been considered
as a remarkable way of enhancing the photocatalytic ability
with controlled charge carrier separation. Meanwhile, TiO, is
favourable for constructing multivariate Z-scheme heterostruc-
tures because of the wide-ranging bandgap, robust stability,
appropriate band structure and effective photocatalytic perfor-
mance. MXene is a noble-metal-free solid-state electron med-
iator with superior electrical conductivity and metallic nature,
which encourages the construction of an interfacial electron-
shuttling path in Z-scheme hybrids. Therefore, multivariate Z-
scheme ternary heterostructure exhibit better separation of
charge carriers, which boosts the photocatalytic H,O, and H,
production. However, the construction of ternary Z-scheme
hybrids with Ti;C, MXene as the electron mediator has received
very little attention for various photocatalytic applications.

Inspired by above considerations, we explored a novel ternary
TiO,/TizC,-TiC/CZUNH Z-scheme heterostructure towards visible-
light-driven H,O, and hydrogen production. A two-step oxidation
strategy was used to fabricate a unique type of heterojunction,
TiO,/Ti;C,-TiC/CZUNH, where metallic Ti;C, MXene acts as the
solid-state electron channelizer to develop an electron-shuttling
route between CZUNH and TiO,. A series of analytical techniques
were used to explore the structural, morphological, optical and
photo-electrochemical properties of the hybrid structure. Further-
more, the mechanism underlying the enhanced photocatalytic
performance was explored. The current work provides a blueprint
for the design of non-metal-mediator-based Z-scheme heterojunc-
tions for several energy and environmental applications.

2. Experimental section

2.1. Chemicals used

Titanium aluminium carbide MAX phase powder (TizAlC,,
purity >98%, ~200 mesh) was procured from Xiamen Tob
New Energy Technology. Co. Ltd China. Zirconium chloride
(zrCly), cerium(ur) chloride heptahydrate (CeCl;-7H,0), 2-
amino terephthalic acid (ATA), potassium bromide (KBr),
Nafion solution, hydrofluoric acid (HF, 40%) and hydrochloric
acid (HCI) were purchased from Sigma-Aldrich. Additionally,
sodium tetrafluoroborate (NaBF,), methanol (MeOH), sodium
sulfate (Na,SO,), and N,N-dimethyl formamide (DMF) were
procured from Merck. All chemicals were used without any
additional purification. Throughout the reaction process, deio-
nized water (DI) was used.

2.2 Preparation of Ti;C,-TiC MXene nanosheets

The Ti;C,T,-TiC nanosheets were synthesized by following the
previously reported route via etching the Al layer from the
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Ti;AlC, MAX phase using HF solution.>® In this typical synth-
esis, 1 g of powder TizAIC, was gradually added to 20 mL of HF
(40%) solution. Then, the suspension was subjected to stirring
at room temperature (RT) for 24 h. After that, the resultant
solution was centrifuged many times with DI to reach neutral
pH. Then, the obtained slurry was subjected to drying by
vacuum oven (50 °C in for 12 h) to obtain multi-layered
TizC,-TiC nanosheets.

2.3 Preparation of Ti;C,-TiC MXene-derived TiO,

The Ti;C,-TiC derived TiO, nanohybrid was obtained by a
facile hydrothermal approach. Ti;C,-TiC nanosheets (0.1 g)
and NaBF, (0.165 g) were added to 1 M HCI (15 mL) aqueous
solution, followed by ultrasonication for 30 min. Then, the
dispersed solution was subjected to 30 min of stirring. The
resultant solution was transferred into a stainless-steel Teflon-
lined autoclave and heated at 160 °C for 12 h. When the
reaction was over, the autoclave was cooled down under ambi-
ent conditions. Thereafter, the suspension was repeatedly
centrifuged with DI and ethanol until decants reached neutral
pH. Then, the obtained slurry was dried in a vacuum oven
(60 °C, 12 h) (labelled as TiO,/TizC,-TiC).

2.4 Preparation of TiO,/Ti;C,-TiC/Mixed metallic CZUNH
(Ce/Zr-UiO-66-NH,) nanocomposite (TiO,/Ti;C,-TiC/CZUNH)

The TiO,/Ti;C,-TiC/CZUNH nanocomposite was fabricated via
a facile solvothermal method by taking certain molar ratios of
metal sources ZrCl, (2.4 mmol) and CeCl;-7H,0 (0.6 mmol) and
the linker 2-ammino-1,4-benzene dicarboxylic acid (3 mmol).
As shown in Scheme 1, the metal salt and linker were dissolved
separately in 40 mL of DMF under vigorous stirring for 1 h.
Later, resultant suspensions were added together and stirred
for 1 h. An adequate amount of pre-synthesized TiO,/TizC,-TiC
powder was added to the above-mentioned solution through
sonication and stirring for 1 h. The obtained suspension was
transferred into a Teflon-lined vessel, which was solvothermally
heated for 24 h at 120 °C. Thereafter, the autoclave was cooled
to room temperature, and the materials were obtained by
centrifugation. Subsequently, the pore activation process was
carried out with methanol to activate the pores of the MOF
composite, followed by drying in a vacuum oven at 70 °C for
24 h. The dried samples were named as TiO,/TizC,-TiC/
CZUNH-X, where X is the wt% of CZUNH (10, 20, and 30).
Several wt% of TiO,/Ti;C,-TiC/CZUNH nanocomposites (TiO,/
Ti;C,-TiC/CZUNH-10, TiO,/TizC,-TiC/CZUNH-20, and TiO,/
TizC,-TiC/CZUNH-30) were synthesized by changing the
amount of the precursor CZUNH relative to the fixed TiO,/
TizC,-TiC content. The bimetallic Ce/Zr-UiO-66-NH, (CZUNH)
was also synthesized using the above mention procedure but
without adding TiO,/Ti;C,-TiC. Moreover, in a similar method,
monometallic Zr-UiO-66-NH, (ZUNH) was prepared solvother-
mally by heating equimolar amounts of ZrCl, (3 mmol) and the
2-ammino-1,4-benzene dicarboxylic acid linker (3 mmol) at
120 °C for 24 h. Likewise, monometallic Ce-UiO-66-NH,
(CUNH) was prepared by following the same method and
heating equimolar amounts of CeCl;-7H,O (3 mmol) and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Preparation of TizC,T,—TiC MXene, the TiO,/TizC,-TiC nanosheets, and the TiO,/TizC,—-TiC/CZUNH-X composite.

2-ammino-1,4-benzene dicarboxylic acid linker (3 mmol) at TiO,/Ti;C,T,~TiC, ZUNH, CUNH, CZUNH and TiO,/Ti;C,-TiC/
120 °C for 24 h. The materials prepared were thoroughly CZUNH-X composites) were carried out using powder X-ray
characterized, studied and their procedures are discussed in diffraction (PXRD), as shown in Fig. 1(a) and (b). Following

the ESIf section. HF etching, the intense peak (104) obtained at 39° for Ti;AIC,
was completely removed in the etched Tiz;C, MXene, which
3. Results and discussion signifies the effective removal of the Al interlayer from the
parent precursor MAX phase. Meanwhile, lower angle peaks for
3.1 Structural characterization the (002) and (004) planes of Ti;AlC, at 9.5° and 19.5°, respec-

Phase identification and crystal structure determination  tively, broadened due to the formation of the 2D Ti;C, multi-
of the as-synthesized nanomaterials (Ti;C,T,-TiC MXene, layer and introduction of surface moiety groups (represented
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Fig. 1 XRD patterns for (a) TizAlC,, TizC,—TiC, TiO,/TizC,-TiC, and (b) all of the synthesized TiO,/TizC,—TiC/CZUNH-X composites.
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by T, e.g., -F, -0, and ~OH) (Fig. 1(a)).** Second, from the XRD
analysis, it was also found that low-intensity peaks at around
35° and 42° are still present in Ti;C,T,, which indicates the
existence of a small amount of TiC. After the hydrothermal
oxidation, the obvious characteristic diffraction peaks of Ti;C,
were weaker, while some new strong acicular peaks emerged at
25°, 37°, 48°, 53° and 62° for the Ti;C,/TiO, sample, which are
associated with the (101), (004), (200), (105) and (206) crystal
planes of the anatase phase of TiO, (JCPDS no. 21-1271),
respectively. This analysis confirms the partial transformation
of anatase TiO, from the TizC,-TiC hybrid.** Additionally, the
CZUNH (Ce/Zr-UiO-66-NH,) bimetallic MOF displays analogous
diffraction patterns to those of pristine ZUNH (Zr) and CUNH
(Ce) frameworks, which suggests the higher crystallinity and
phase purity of the materials (Fig. S1(a)-(c), ESIT). However, the
(111) and (200) peaks for CZUNH located at 7.5° and 8.5°
slightly shifted to the lower angle side as compared to pristine
ZUNH, which may be ascribed to the integration of Ce ions into
the MOF grid by expanding the unit cell with higher lattice
parameters (Fig. S1(b), ESIt). The larger ionic radius of the Ce
atom (Ce** =1.143 and Ce"* = 0.97) in comparison to that of the
Zr atom (Zr*" = 0.84) results in larger lattice parameters and
expanded unit cell by infiltrating the Zr®" cluster.”>*® There-
fore, decreased in height along with broadening of the XRD
peak for CZUNH as compared to that of neat ZUNH suggested
the insertion of a Ce atom into the MOF framework lattice and
eventually promoted a lowering in Zr-oxy clusters. For the
hybrid composite TiO,/Ti;C,-TiC/CZUNH-X, the diffraction
peaks assigned to CZUNH are also observed. Interestingly,
when the precursor loading amount is increased from 10 to
30 wt%, the intensity of the CZUNH diffraction peak strength-
ened, and it became dominant, which might be due to the
increasing amount of MOF in the nanohybrids (Fig. 1(b)).
Furthermore, XRD patterns for ternary hybrid TiO,/TizC,-TiC/
CZUNH composites easily revealed the existence of the char-
acteristic peaks of anatase TiO,, Ti;C,-TiC and CZUNH,
demonstrating the successful synthesis of the ternary hybrid
nanostructure.

To reveal different functional groups, chemical composition
and bonding structure of the as-prepared samples, Fourier
transform infrared (FTIR) spectroscopic analysis was carried
out. The related outcomes are illustrated in Fig. S1(c) (ESIt). For
TiO,/Ti;C,-TiC, the intense peak at 550 cm ™' represents the O-
Ti-O vibration, which suggests the partial transformation of
anatase TiO, from Ti;C,. The peaks for the asymmetric and
symmetric stretching vibrational modes of amine functional
groups in pristine CZUNH were centred at 3475 and 3340 cm ™%,
respectively. Likewise, the peak at 1245-1640 cm ' was
ascribed to the stretching of C-N bond and N-H bending,
respectively, due to -NH, groups present in the linkers.>’
Furthermore, the small peak obtained at around 1510 cm*
represents the vibration of the C—C moiety of the aromatic
ring. The vibration peaks at 485, 667 and 760 cm™* were caused
by the asymmetric stretching of metal-(OC), bending of
0—C=O0 and stretching of C=C, respectively.>® The spectra
for the TiO,/Ti;C,-TiC/CZUNH composites with different wt%
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of MOF contain all the characteristic bands for TiO,/Ti;C,-TiC
and CZUNH, signifying an analogous chemical bonding
environment and similar functional groups formed in the
ternary hybrid framework. This analysis was accordance with
previous XRD results.

In addition, Brunauer-Emmett-Teller (BET) and the Barrett-
Joyner-Halenda (BJH) analysis were carried out to determine
textural features, encompassing surface area and pore volume,
of pristine TiO,/Ti;C,-TiC and CZUNH and the TiO,/Ti3;C,-TiC/
CZUNH-20 composite using the N, adsorption-desorption iso-
therm method (Fig. S2(a)-(c), ESIT). The BET plot of the TiO,/
TizC,~TiC/CZUNH-20 sample demonstrated a type-IV isotherm
with a typical H3 hysteresis loop, demonstrating the meso-
porous nature of the hybrid material. In our previous work, the
surface area for pristine TiO,/Ti;C,-TiC was found to be
28.3098 m”> g~ ', while on modifying TiO,/Ti;C,-TiC with
CZUNH (348.29 m> g~ '), the BET surface area increased to
72.054 m* g~ *.** In brief, the increased BET surface area of the
TiO,/TizC,-TiC/CZUNH-20 composite showed a highly active
surface, which is an important factor in the enhanced photo-
catalytic performance.

The surface chemical composition and elemental valence
state in the fabricated samples were investigated by X-ray
photoelectron spectra (XPS). The full-scale XPS survey spectra
of the TiO,/Ti;C,-TiC/CZUNH hybrid presented in Fig. S3(a)
(ESIY) revealed that Ti, C, O, Ce, Zr, and N are predominant
elements, which suggests that TiO,, Ti;C, and CZUNH are
present in the TiO,/Ti;C,-TiC/CZUNH nanocomposite. The
survey result coincides with the elemental mapping and EDX
outcomes. Meanwhile, it should be noted that F~ ions that are
physically decorated on the MXene surface during the etching
process are quite discernible.*® Moreover, during the two-step
hydrothermal process the intensity of the peak for F element
was decreased in the ternary hybrid due to the substitution of
the -F terminal group by the -O terminal group. The high-
resolution XPS spectrum of Ti 2p is deconvoluted into four
peaks as illustrated in Fig. 2(a). Among them, two strong peaks
situated at binding energies (BE) of 459.1 eV (Ti 2ps,) and
464.9 eV (Ti 2pys) correspond to the Ti-O lattice in TiO,.
Meanwhile, another two peaks located at BE of 454.8 eV
(Ti 2ps/2) and 461 eV (Ti 2p4,,) are ascribed to the Ti-C lattice
in Tiz;C,-TiC. In addition, deconvoluted peaks at 455.6 and
462.2 eV are attributed to Ti-X from titanium oxycarbides or
substoichiometric TiC, (X < 1). The peaks at 456.9 and 463.5 eV
could result from Ti,O, (Ti species with a reduced charge
state).>® Besides, the BE of Ti in the TiO,/Ti;C,~TiC/CZUNH
hybrid revealed a prominent negative shift toward lower BE as
compared with TiO,/TizC,-TiC, which also ensures sufficient
contact between phases and guarantees the electron flow
between ternary composites after loading CZUNH. In addition,
Fig. S3(b) (ESIt) shows that the higher resolution C1s spectra of
TiO,/TizC,-TiC, and the TiO,/Tiz;C,-TiC/CZUNH composite
was deconvoluted into five characteristic peaks. The peak at
284.8 eV is ascribed to C-C coordination, attributed to the
surface adventitious carbon. Other peaks located at 281.4,
283.6, 286.4, 286.6 and 288.5 eV correspond to C-Ti, C-Ti-Oa

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XPS spectra of (a) Ti 2p, (b) Zr 3d and (c) Ce 3d for TiO,/TizC,-TiC, CZUNH and the TiO,/TizC,-TiC/CZUNH-20 composite, respectively.

(which denotes the -OH termination group on the TizC, sur-
face), C-0, C-NH, and -O-C=O0/C-F, respectively.’**> Addi-
tionally, it was noticed that the peak of the C-Ti bond in the
TiO,/TizC,-TiC/CZUNH composite is significantly lower inten-
sity as compared to that of pristine TiO,/Ti;C,-TiC, indicating
the substitution of C-Ti into the Ti-O bond after applying the
hydrothermal approach. The peak for the C-Ti bond in the
TiO,/TizC,-TiC/CZUNH ternary hybrid showed a slight negative
shifting (0.1 eV), signifying the transfer of electrons in the
heterojunction. The O 1s XPS spectrum is exhibited in Fig. S3(c)
(ESIT). The peaks attributed to -OH, Zr-O, Ti-OH, C-Ti-O, O-
lattice and Ti-O-Ti bonds are located at binding energies of
532.9, 532.3 531.7, 531.1, 530.1 and 529.5 eV, respectively.
Further, this analysis not only endorses the formation of TiO,
but also signifies the oxygen functionalization of MXene during
the two-step oxidation process. Fig. 2(b), (c) and Fig. S3(d)
(ESIT) show high-resolution Zr 3d, Ce 3d and N 1s XPS spectra
for neat CZUNH and the TiO,/Ti;C,-TiC/CZUNH composite.
The Zr spectra show two peaks at 182.8 and 185.2 eV, which are
allocated to Zr 3ds), and Zr 3d;,, spin states, respectively.’ The
XPS spectra for Ce contain two sets of peaks representing Ce
3ds/, (as V) and Ce 3d;,, (as U) states. The peaks labelled with V
(excluding Vi) and U (excluding Ui) correspond to the Ce ion in
the 4+ oxidation state, while the peaks labelled Vi and Ui
represent the Ce ion in the 3+ oxidation state. From the above
analysis, Ce ions existed in 3+ and 4+ oxidation states in the
framework, signifying the construction of a mixed-valence
MOF.>® From Fig. S3(d) (ESIt), the N 1s XPS spectrum shows
characteristic peaks at 399.3 and 400.03 eV for the amine
functional groups of the linkers (-NH, and -NH;").>> Summa-
rily, the XPS spectra comprehensively reveal the role of the Ce**/
Ce'" redox pair and prove the successful construction of the
bimetallic single component MOF in the TiO,/Ti;C,-TiC/
CZUNH ternary hybrid. In comparison to pristine CZUNH, Zr
3d, Ce 3d, and N 1s peaks for the TiO,/Ti;C,-TiC/CZUNH-20

© 2024 The Author(s). Published by the Royal Society of Chemistry

composite are slightly shifted toward higher binding energies,
indicating variations in the electron densities of the distinct
materials in the TiO,/Ti;C,-TiC/CZUNH-20 composite owing to
the migration of electrons from the CZUNH to TiO, via the
TizC, charge mediator. Typically, photogenerated electrons
from n-type CZUNH are transferred to n-type TiO,, induced
an increase in the electron density on the TiO, surface, causing
the binding energy to shift towards a lower value (redshift). In
addition, the increased binding energy (blue shift) was guar-
anteed by the decrease in the electron density on the CZUNH
surface. The aforementioned result indicates a shift in the BE of
the core level electrons of these ions, verifying the presence of a
reasonably strong interaction between CZUNH and TiO,/Ti;C,-
TiC. It also provides evidence of the establishment of a
mediator-induced Z-scheme heterojunction.

3.2 Morphological characterization

The morphological structures of the TiO,/Ti;C,-TiC/CZUNH
(Ce/Zr) nanocomposite were analysed by FESEM and HRTEM.
As shown in Fig. 3(a), TizC, exhibited an accordion-like mor-
phology with a smooth surface texture, demonstrating the
effective removal of the Al layer from the Ti;AlC, layer.>” As a
result, a typical MXene morphology was formed after the
etching process. This accordion interconnected layer structure
provides abundant specific active sites and surface area, which
is advantageous for creating a huge platform for constructing
an efficient photocatalytic-based heterojunction. After in situ
hydrothermal treatment of Tiz;C, MXene in the presence of a
structure-directing agent (NaBF,), TiO, nanosheets were
inserted across the layered Ti;C, nanosheets owing to the
metastable thermodynamic state of the marginal Ti atoms in
the accordion layer of MXene (Fig. 3(b)). Meanwhile, -F termi-
nations were replaced by -O and -OH in the aqueous acidic
environment, and the TiO, nanosheets were created as by-
products owing to the defects of Ti;C,, resulting in the
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Fig. 3 FESEM images of (a) TizC,-TiC, (b) TiO,/TisC,-TiC and (c) the TiO,/TisC,-TiC/CZUNH-20 composite. (d)-(f) HRTEM images of the TiO,/TizC,—

TiC/CZUNH-20 composite.

construction of a well-designed 2D-2D TiO,/Ti;C,-TiC hetero-
structure. Fig. 3(c) shows an FESEM image of the TiO,/TizC,-
TiC/CZUNH-20 (Ce/Zr) composite photocatalyst, in which
CZUNH bimetallic MOF nanoparticles are decorated on the
surface of the TiO,/Ti;C,-TiC heterostructure, promoting a
close interfacial heterostructure between the CZUNH bimetallic
MOF and TiO,/Ti;C,-TiC, which may improve the photoexcited
charge diffusion under illumination of visible light. Moreover,
HRTEM analysis was employed to elucidate the morphology
and microscopic structure of the TiO,/Ti;C,-TiC/CZUNH com-
posites. Fig. S4(a) (ESIT) shows that the TiO, nanosheets were
grown in situ at the edge of TizC,. The corresponding HRTEM
image (Fig. S4(b), ESIf) of CZUNH shows the granular
nanoparticle-like morphology. Fig. 3(d)-(f) show typical
HRTEM images of TiO,/Ti;C,-TiC and the CZUNH bimetallic
MOF composite. The TiO, nanosheets were evenly grown across
the Ti;C,-TiC layer owing to the titanium atoms of Ti;C, being
transformed into hydrated Ti*" ions under an acidic hydro-
thermal environment and being prone to oxidation, resulting in
TiO, at the defect sites of Ti;C,-TiC, demonstrating a robust
2D/2D hybrid nanostructure consisting of the TiO, nanosheets
and Tiz;C,-TiC nanosheets. From Fig. 3(e), it is evident that in
TiO,/Ti;C,-TiC/CZUNH, the bimetallic MOF nanoparticles are
accumulated on the TiO,/Ti;C,-TiC nanosheets to form inti-
mate hybridized TiO,/Ti;C,-TiC/CZUNH triple hybrids, which
is corroborated by the FESEM image. Moreover, lattice spacings
given in Fig. 3(f) of 0.35 nm and 0.26 nm were assigned to the
(101) plane of anatase TiO, and the (010) plane of Ti;C,.*
However, the lattice spacing of bimetallic CZUNH is absent
owing to its electron-sensitive nature. The SAED pattern of the
TiO,/Ti3C,-TiC/CZUNH composite depicted in Fig. S4(c) (ESIT)
reveals the existence of the TiO,, Ti;C, and bimetallic MOF in
the ternary hybrid, as previously reported.*”?® The EDX and
colour elemental mappings of the composite in Fig. S4(d)-(k)

4458 | Mater. Adv,, 2024, 5, 4452-4466

and Fig. S5 (ESIT) reveal the homologous arrangement of Ti, C,
Zr, Ce, O and N elements within a certain area, confirming the
generation of the TiO,/Ti;C,-TiC/CZUNH hybrid. Furthermore,
the results of the FESEM and HRTEM analyses aid in visualiz-
ing and demonstrating the formation of the ternary composite.
As a result, a close interfacial well-designed heterojunction was
observed, which would be favourable for faster charge carrier
transfer and separation efficiency. The analysis is in good
accordance with the XPS survey spectrum. Hence, all above-
mentioned results firmly evidence the construction of a unique
well-designed ternary heterojunction by a two-step hydrother-
mal process, which ensures sufficient contact between parent
material phases for efficient charge carrier transfer and
separation.

3.3 Optical characterization

UV-Vis diffuse reflectance spectroscopy (UV-vis DRS) was
applied to investigate the optical absorption and band structure
of the prepared photocatalysts (Fig. 4(a)). Therein, Ti;C,-TiC
MXene displays a strong characteristic absorption spectrum in
the entire 250-800 nm region, which is attributed to its dark
colour and metallic conductivity.>>** Moreover, the TiO,/TizC,~
TiC composite shows a distinct absorption band edge, which
represents the in situ growth of TiO, after the hydrothermal
treatment of Ti;C,. The pristine bimetallic CZUNH exhibits two
strong bands. The acute band at 265 nm represents the n-n*
transition for the lone pair of electrons in the -NH, group of the
ATA linker. Meanwhile, the absorption band at 365 nm
indicates the overlapping of the n-n* transitions of the linker
with those of the Zr-oxy cluster.>>°°"%? Further, the TiO,/Ti;C,~
TiC/CZUNH hybrid exhibited a substantial red shift in the
absorption edge, and the improved absorption in the visible
region was attributed to the optical absorption of the Ti;C, and
CZUNH components. From Tauc plots, the optical band gap

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) UV-vis DRS spectra of all the synthesized materials. Energy band gaps of (b) CZUNH and (c) TiO,/TizC,-TiC. (d) Photoluminescence spectra of

all the fabricated materials.

energy of TiO,/Tiz;C,-TiC and bare bimetallic CZUNH were
calculated using the Kubelka-Munk equation:

ahy = A(hv — Eg)"?

(1)

Here, o is the absorption coefficient, v and % signify the light
frequency and Planck constant, respectively, E, represents the
band gap energy, A signifies the proportionality constant and n
shows the electronic transition of the photocatalysts. As shown
in Fig. 4(b) and (c), the band gaps of TiO,/Tiz;C,-TiC and
CZUNH were evaluated to be 2.7 eV and 2.62 eV, respectively.
To ascertain the lifespan of the photoinduced charge car-
riers, steady-state luminescence analysis was carried out. This
provides a comprehensive pathway for the movement and
recombination of exciton pairs caused by the inter-electron
mechanism on the surface and at the interface of
semiconductor-based photocatalytic materials. A small lumi-
nescence intensity denotes a lower charge carrier recombina-
tion, and a high luminescence intensity indicates greater
recombination of the photo-excited charge carriers. The out-
comes are shown in Fig. 4(d); owing to the rapid recombination
rate of photogenerated excitons, neat TiO,/TizC,-TiC and
CZUNH displayed higher PL emission intensities than that of
the composite. Moreover, the PL peak intensity of the TiO,/
Ti;C,-TiC/CZUNH hybrid was significantly lower than those of
pristine materials, indicating a strong phase interaction that
significantly enhances the charge carrier segregation and
migration through a Z-scheme mechanism in which Ti;C,-
TiC acts as a solid-state electron mediator. Among all the

© 2024 The Author(s). Published by the Royal Society of Chemistry

fabricated samples, the intensity of the TiO,/Tiz;C,-TiC/
CZUNH-20 composite is the lowest, resulting in superior photo-
induced charge carrier separation and movement by inhibiting
the recombining process of e /h" pairs and thus providing
higher photocatalytic activity. Time-resolved photolumines-
cence (TRPL) spectroscopic analysis was also carried out to
define the charge transfer dynamics of the TiO,/Ti;C,-TiC/
CZUNH-20 sample. As illustrated in Fig. S6 (ESIt) the decay
curve of TiO,/TizC,-TiC/CZUNH-20 is fitted. The average life-
span of the ternary TiO,/Ti;C,-TiC/CZUNH-20 nanocomposite
is 1.17 ns, which is lower than that of pristine TiO,/TizC,-TiC
(1.32 ns) as reported previously.* This finding suggests that the
addition of Ti;C,-TiC MXene facilitates the enhanced charge
carrier separation and transfer pathway of the Z-scheme
mechanism.

3.4 Electrochemical characterization

Electrochemical impedance analysis was carried out to enhance
comprehension of the efficient photogenerated charge separa-
tion occurring in the Z-scheme mediator-based samples. EIS
data can be used to interpret the separation and migration of
the photogenerated charge carriers at semiconductor and elec-
trolyte interfaces from the interfacial reaction capability. The
semicircle arc and straight line obtained in high and low
frequency regions are related to the photocatalytic activity of
the fabricated samples. The EIS performance of pristine TiO,/
Ti;C,-TiC, CZUNH and the TiO,/Ti;C,~TiC/CZUNH-20 hybrid
have been depicted in Fig. 5(a). From the Nyquist plot, it can be
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Fig. 5
analysis for (c) CZUNH and (d) TiO,/TizC,—TiC.

clearly seen that after modifying TiO,/TizC,-TiC with
CZUNH, the resulting TiO,/Ti;C,-TiC/CZUNH-20 hybrid exhi-
bits a reduced arc radius and diminished vertical line as
compared to the pristine materials, which indicates the
presence of a tight interfacial junction between TiO,/TizC,—
TiC and CZUNH and enhanced charge carrier transfer across
the heterojunction.®*®> Hence, the EIS analysis of the TiO,/
Ti3;C,-TiC/CZUNH-20 hybrid confirmed the reduced charge
transfer resistance, enhanced charge flux and higher electrical
conductivity at the electrode-electrolyte interface and hence the
increased charge shuttling.

The transient photocurrent response was also measured to
further elucidate the charge transfer properties of representa-
tive pristine TiO,/Ti3C,-TiC, CZUNH and the TiO,/TizC,-TiC/
CZUNH-20 hybrid. The current-time curve was plotted for a
certain 30 s light on/off cycle (Fig. 5(b)). The photocurrent
density of the sample suddenly increases owing to the non-
faradaic current during the supply of light. The current density
of the TiO,/Ti;C,-TiC/CZUNH-20 hybrid is higher than that of
pristine TiO,/Ti;C,-TiC and CZUNH, suggesting the higher
efficiency of photogenerated charge separation when using
the TiO,/TizC,-TiC/CZUNH-20 hybrid structure. Additionally,
the built heterojunction having a strong interfacial contact
is the major reason for the spatial charge carrier recombination
and higher photocatalytic activity.

To further support the superior photoelectrochemical per-
formance of the as-prepared electrodes, a Mott-Schottky (MS)
study was performed to describe the band potential and nature

4460 | Mater. Adv., 2024, 5, 4452-4466

1.0
Potential V vs Ag/AgCl

(a) EIS analysis plot and (b) transient photocurrent for CZUNH, TiO,/TisC,-TiC and the TiO,/TizC,—TiC/CZUNH-20 composite. Mott—Schottky

of the mediator-based Z-scheme photocatalysts. The Mott-
Schottky plots for TiO,/TizC,-TiC and CZUNH are shown in
Fig. 5(c) and (d); all samples exhibit a positive slope, signifying
n-type characteristics. The values for the flat-band potential
(Eg,) were obtained by extending the space charge capacitance
(C?) value to zero. The Eg, values for TiO,/TizC,-TiC and
CZUNH were estimated to be —0.95 eV and —0.72 vs. Ag/AgCl,
respectively. Again, according to our previous article, the
obtained Eg, vs. Ag/AgCl were converted to the normal hydrogen
electrode (NHE) scale by applying the Nernst equation. Gen-
erally, in n-type semiconductors, the CB of the semiconductor
positioned approximately 0.1-0.2 eV away from their flat-band
potential value on the NHE scale. As a result, the CB of TiO,/
Ti;C,-TiC and CZUNH were determined to be —0.46 and —0.24
eV versus NHE, respectively. The following equation was used to
calculate the VB of TiO,/Ti;C,-TiC and CZUNH.
Ecg = Eyg — Eg

(2)

Here, E, refers to the band gap energy of the semiconductor
(obtained from UV-vis DRS analysis). The Eyg of TiO,/Ti;C,-TiC
and CZUNH were estimated to be 2.24 and 2.38 eV, respectively.

4. Photocatalytic activity study

The catalytic activity of the fabricated photocatalysts toward
H,0, and H, production under visible light irradiation was
thoroughly investigated.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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4.1 Photocatalytic H,O, production

Photocatalytic H,O, generation is a green and promising O,
reduction approach using renewable solar energy and Earth-
rich O, as the reaction feedstock. A reaction model experiment
was conducted to estimate the catalytic efficacy of the fabri-
cated TiO,/Ti;C,-TiC and CZUNH composites. Fundamentally,
two processes, i.e., (i) a direct two-electron reduction procedure
carried out by the reduction of dissolved oxygen and (ii) an
indirect one-electron reduction process is involved in the
oxidation of alcohol (i-PA) and the creation of the superoxide
radical in the presence of photoinduced h', which produces
protons during the photoreduction of O, to H,0,. Moreover,
the CB band edge potential of the photocatalyst should be E° =
—0.33 V vs. NHE for the single-electron two-step reduction
process and E° = +0.68 V vs. NHE for the two-electron single-
step oxygen reduction reaction (ORR), i.e., generation of H,0,
from dissolved O,. The photocatalytic H,O, production ability
of the synthesized samples was evaluated in an O,-saturated
atmosphere under visible light illumination for 1 hour. As
shown in Fig. 6(a) and (b), pristine ZUNH, CZUNH and TiO,/
Ti;C,-TiC generated very low amounts of H,0, at 402, 546, and
450 pmol h™* g7, respectively; this could be attributed to the
lower amount of light absorption and rapid charge segregation
of the photoinduced excitons. Moreover, after the modification
of CZUNH with TiO,/Ti;C,-TiC, the TiO,/Ti,C,-TiC/CZUNH
composite showed higher H,0, production due to the
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Z-scheme charge transfer mechansim where metallic MXene
acts as a mediator between TiO, nanosheets and CZUNH
framework. Interestingly, the maximum H,0, generation with
Ti0,/TizC,-TiC/CZUNH-20 was 1575 pumol h~* g~ *, which is 3.9,
2.8 and 3.5 times higher than those of bare ZUNH, CZUNH and
TiO,/TizC,-TiC, respectively. The improved photocatalytic
activity can be ascribed to the effective and superior charge
carrier separation through the mediator-based Z-scheme
charge dynamic. However, on increasing the content of CZUNH
in the hybrid TiO,/Ti;C,-TiC/CZUNH-30 composite, the activity
yield showed a declining trend, which was attributed to the
light-shielding effects of CZUNH blocking the light from reach-
ing TiO,. To determine the reactive species responsible for the
production of H,0,, a scavenger test was performed over the
TiO,/TizC,-TiC/CZUNH composite, and the results are pre-
sented in Fig. S7 (ESIf). The scavenging reagents para-
benzoquinone (p-BQ), isopropanol (IPA), citric acid (CA) and
dimethyl sulfoxide (DMSO) were used to investigate the role of
the active species *0,~, *OH, h* and e, respectively, during the
H,0, production. Based on the results, it can be determined
that the superoxide radical anion *O,~ and e~ play major roles
in the formation of H,O, via indirect and direct O, reduction
pathways. Furthermore, the addition of CA and IPA slightly
slowed down the H,0, yield, indicating that h* and *OH
radicals may have minor roles as reactive intermediate species
in the photocatalytic H,O, production process. Since it is well-
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(a) Bar diagram of H,O, production by the as-synthesized ZUNH, CZUNH, TiO,/TizC,-TiC and TiO,/TizC,-TiC/CZUNH-X ternary photocatalysts

after 2 h illumination. (b) H,O, generation at different time intervals. (c) Comparison of H,O, production under different environments. (d) Reusability test
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known that photocatalytic H,O, generation is an O, reduction
reaction, the O,-saturated environment was regarded as a key
factor. Experiments on the generation of H,0, in Ar- and O,-
environments saturated were also carried out to ascertain the
importance of O,. Fig. 6(c) shows that only a very small amount
of H,0, was generated in the Ar-saturated environment as
compared to the O,-saturated atmosphere. This finding signif-
ied that environmental conditions have a significant impact on
the photocatalytic H,O, production and that dissolved O, has a
significant role in this photocatalytic reaction. Fig. 6(d) clearly
shows that the H,O, production rate of the photocatalyst was
stable for three consecutive photocatalytic reaction cycles, with
a negligible reduction in the photocatalytic performance, sug-
gesting the higher structural stability and durability of the
ternary hybrid. This demonstrated the excellent structural
photostability efficiency of the ternary hybrid. Moreover, the
enhanced H,O, production of the current photocatalytic system
is compared with other reported systems in Table S1 (ESIT).

4.2 Photocatalytic H, evolution

After investigating the H,O, production, the photon-mediated
H, evolution performance of the prepared samples (pristine
ZUNH, CZUNH, TiO,/Ti;C,-TiC, and TiO,/Ti;C,~TiC/CZUNH)
was analysed under visible light illumination, using methanol
as a sacrificial agent (hole scavenger), as illustrated in Fig. 7(a).
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The generation of hydrogen increased steadily with irradiation
time for all the samples (Fig. 7(b)). The photocatalytic activity of
the neat ZUNH, CZUNH and TiO,/Ti;C,-TiC is low, which may
be attributed to their low light absorption ability and a higher
rate of recombination of the photoexcited charge carriers. As
compared to the neat counterparts, the TiO,/Ti;C,-TiC/CZUNH
composite shows significantly higher photocatalytic H, evolu-
tion, suggesting the synergistic effect between the Ti;C,-TiC
nanosheets as a metallic electron mediator, the TiO,
nanosheets, and the CZUNH framework. The trend in the H,
evolution rate of the different wt% CZUNH loading TiO,/Ti;C,—
TiC composites is in the order of TiO,/Ti;C,-TiC/CZUNH-10 <
Ti0,/Ti;C,-TiC/CZUNH-30 < TiO,/Ti;C,-TiC/CZUNH-20. From
the above analysis, the photocatalytic rate first increased and
further decreased with the increased loading of CZUNH
because some part of CZUNH can hinder the absorption of
incident light and generation of the photoexcited charge car-
riers by TiO,. In addition, excessive CZUNH could act as a new
recombination centre for the charge carriers. Notably, the TiO,/
Ti;C,-TiC/CZUNH-20 composite possesses the best H, evolu-
tion rate i.e., 570 umol h ™", which is nearly three and four times
higher than the rates obtained for pristine CZUNH and TiO,/
Ti;C,-TiC. In addition, the stability of the photocatalysts for the
hydrogen evolution reaction was investigated by performing a
recycling study (Fig. 7(c)). The enhanced photocatalytic H,
evolution rate of the TiO,/TizC,-TiC/CZUNH-20 composite
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(a) Photocatalytic H, production rate over all the synthesized samples. (b) H, evolution for the ZUNH, CZUNH, TiO,/TizC,-TiC and TiO,/TizC,—

TiC/CZUNH-X ternary photocatalysts at regular time intervals. (c) Recycling test for the TiO,/TizC,—TiC/CZUNH-20 composite for H, evolution. (d) XRD
pattern for the TiO,/TisC,—TiC/CZUNH-20 composite before and after the reaction.
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showed no notable variation after three consecutive cycles
under visible light irradiation, suggesting the superior stability
and robustness of the ternary hybrid towards its practical
application. Meanwhile, the extraordinary physicochemical sta-
bility of the composite was characterized by PXRD, and no
significant changes occurred after performing the photocataly-
tic reaction, which clearly demonstrates the superior structural
photostability of the ternary hybrid (Fig. 7(d)). The apparent H,
conversion efficiency by the TiO,/Ti;C,-TiC/CZUNH composite
was found to be 9.1%. Table S2 (ESIt) presents a comparison of
the advanced photocatalytic H, evolution activity of the TiO,/
Ti;C,-TiC/CZUNH heterojunction with recently reported
results for MXene-derived systems.

4.3 Mechanistic insights

Based on the aforementioned physicochemical characterization
and photocatalytic study, the possible mechanistic pathway for
the synthesized photocatalyst TiO,/Ti;C,-TiC/CZUNH toward
visible-light-driven H,0, and H, production was elucidated, as
depicted in Scheme 2. By combining the UV-vis DRS and Mott-
Schottky analysis, the CB for neat TiO,/Ti;C,-TiC and CZUNH
were calculated to be —0.46 and —0.24 eV, respectively, and
their VB were determined to be 2.2 and 2.38 eV (vs. NHE),
respectively. Owing to higher metallic characteristics, MXene

View Article Online
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possesses higher electron mobility and acts as the channelizer
to promote spatial charge separation. To establish the proposed
mechanism, we introduced two possible photocatalytic mecha-
nistic pathways, either through a type-II heterojunction or
bioinspired Z-scheme charge dynamics. Under light illumina-
tion, the photocatalysts are excited and generate photoexcited
e /h" pairs at their respective CB and VB positions. In the
typical type-II charge migration mechanism, the photogener-
ated electron transfers from the CB TiO, to the lower potential
CZUNH, and h* moves from the VB of CZUNH to TiO,. How-
ever, the accumulated electrons on CZUNH restrict the for-
mation of *OH radicals as the CB edge of CZUNH is measured
as —0.24 eV, which is lower than the redox potential (0,/°0,~ =
—0.33 eV). Thus, this result conflicts with the outcome of the
radical scavenging experiments. Therefore, the conventional
double charge transfer pathway was not suitable, but the
bioinspired multivariate mediator-based Z-scheme is more
appropriate for explaining the charge transfer mechanism that
leads to the improved photocatalytic activity in the hybrid
composite. Further, the Z-scheme charge transfer in the TiO,/
Ti;C,-TiC/CZUNH-20 heterostructure was validated by conduct-
ing terephthalic acid (TA) and nitrobluetetrazolium (NBT) tests.
The synthesised photocatalyst was combined with 10 mL of
NBT solution for the NBT test and subjected to 60 minutes of
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Scheme 2 Schematic representation of proposed photocatalytic mechanistic pathways for H,O, and H, production.
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solar exposure. After exposure, the sample was analysed by UV-
vis spectroscopy, the decrease in NBT content shown in Fig.
S8(a) (ESIT) proves that *O, ™ radicals were generated during the
photocatalysis process. Similar to this, the TA test was carried
out to ascertain whether *OH radicals were involved in the
photocatalytic process. Equimolar terephthalic acid (TA) and 10
mL of the photocatalyst were mixed with NaOH solution for this
experiment, and the mixture was exposed to solar light for 60
minutes. As illustrated in Fig. S8(b) (ESIt), an emission peak
was seen in PL spectra, indicating the presence of *OH radicals
during the H,0, production. This radical trapping experiment
evidenced that the charge dynamics of the photogenerated
charge carriers follow the Z-scheme pathway by forming *O,™
and °OH radicals, which act as reactive species during the
photocatalytic process. Under light illumination, electrons were
excited from the VB to the CB in TiO, and CZUNH, while h*
were generated in their respective VB. However, the Ti;C,
MXene possesses a lower Fermi level and higher metallic
conductivity, causing the higher spatial charge separation at
well-designed heterointerface regions. The electron migration
in the interface regions of the multivariate mediator-based Z-
scheme was validated by the XPS binding energy shifting. Due
to the lower shifting of binding energy in TiO, ensued in
increased donor density that confirmed the accumulation of
electrons over the CB of TiO,. Consequently, the photo-excited
electrons of CZUNH were recombined with holes of TiO, via the
solid-state electron mediator Ti;C,-TiC, enhancing the life
span of electron and h* pairs in the CBrio, and VBczyng. In
the current scenario, Ti;C,-TiC acts as an intermediator for the
higher flux electron transport bridge owing to its remarkable
conductivity, which separated the photoinduced electrons and
holes of TiO, and CZUNH at their respective CB and VB. In this
way, effective charge carrier separation was accomplished, and
the outcomes of the PL and Nyquist plot investigations support
this representation. The scavenger test proved that the domi-
nant species that were essential in the H,O, generation were
*0,  and *OH free radicals. The reserved electrons at the CBr;o,
have a band edge potential of —0.46 eV, satisfying the redox
potentials of —0.33 V and +0.69 V for the consecutive dual-step
one-electron (0,/°0, /H,0,) indirect reduction and single-step
dual-electron (0O,/H,0,) direct reduction pathways, respectively
that can produce H,0, upon light irradiation. h* at the VBczunu
have a band edge potential +2.38 eV, which is strong enough to
generate *OH radicals (*OH/OH ™ = +1.99 eV), which combine
with each other to produce H,0,. Additionally, the synthesized
photocatalysts undergo a photocatalytic H, generation process
using methanol as a hole scavenger. The photoexcited electron
at the CBrjo, reacts with the H' ion in water to produce H,.
Meanwhile, h* at the VBczuny is consumed by the sacrificial
agent. Combining all the processes, H,O, and H, generation
are illustrated in following equations:
Equation for H, production

= Ti0,/Ti;C,~TiC/CZUNH-20+ h — TiO,/Ti;C,-TiC/CZUNH-20
(ecs™ +hyg") (3)

= H,0 - H' + OH~ (4)
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= Ti0,/TizC,-TiC (7)) + H — H, (5)
= CH3;0H + h" —» *CH,OH + H" (6)
= *CH,0H — CH,0 +e +H' 7)
= H+e - H, (8)
Equation for H,0, production
= CH,CH,OH + 2h" — CH;CHO + 2H" 9)
= 0, + 2H'+ 2¢~ - H,0, (10)

= Ti0,/Ti;C,-TiC/CZUNH-20 + hv TiO,/Ti;C,-TiC/CZUNH-20

(ecg™ + hyg") (11)
= Ti0,/TizC,~TiC/CZUNH-20 (e7) + Oy — °0,~
(12)
= Ti0,/TizC,~-TiC/CZUNH-20 (e )+ *0,” + 2H' + 2~ — H,0,
(13)
= Ti0,/TizC,~TiC/CZUNH-20 (h") + 20H™ — 2°OH
(14)
= *OH + *OH — H,°0, (15)

5. Conclusion

In summary, the current work illustrates a high-throughput
interfacial engineering strategy for constructing a multicompo-
nent TiO,/Ti;C,-TiC/CZUNH composite with a Z-scheme
charge transfer pathway by a two-step hydrothermal approach
for photocatalytic H,O, and H, generation. Here, layered TizC,—
TiC was employed as a precursor to obtain TiO, nanosheets and
used as a solid-state high-flux electron bridge to realize quick
charge transfer and separation. The designed strategy includes
the in situ growth of TiO, nanosheets across the edges of a 2D
Ti;C,-TiC layer, and CZUNH was distributed on the TiO,/Ti;C,-
TiC hybrid. The TiO,/Ti;C,-TiC/CZUNH heterostructure hybrid
with CZUNH content of 20% achieved a significantly enhanced
H,0, yield of 1575 pmol h™* g™, which is approximately 3.5-
and 2.8-fold higher than those of neat TiO,/Ti;C,-TiC and
CZUNH respectively. Moreover, the visible light H, evolution
rate reached 570 pmol h™!, which is four and three times
higher than the rates of respective neat TiO,/Tiz;C,-TiC and
CZUNH. The elevated photocatalytic performance and stability
of the hybrid material were ascribed to enhanced light absorp-
tion capacity, large active surface area and rapid charge separa-
tion. This output was proved by a lower Nyquist plot, shifts
in band edge potential, higher surface area, lower PL
intensity, and enhanced TRPL life span. The determined
mechanistic pathway followed a Z-scheme of higher flux elec-
tron transport channelizer charge dynamics due to the higher
metallic conductivity of MXene. This work offers a new per-
spective for the design and regulation of the interface hetero-
structure for multivariate solid-state Z-scheme MXene-derived

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma01176c

Open Access Article. Published on 18 April 2024. Downloaded on 4/21/2026 3:10:41 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

heterojunctions and thoroughly interprets interfacial electronic
state modulation to enhance photocatalytic performance.
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