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A study on the role of plasmonic TizC,T, MXene in
enhancing photoredox catalysist
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Engineering the spatial separation and transfer of photogenerated charge carriers has been one of the
most enduring research topics in the field of photocatalysis due to its crucial role in determining the per-
formances of photocatalysts. Herein, as a proof-of-concept, TizC,T, MXene is coupled with a typical het-
erojunction of TiO,@CdS through a co-assembly strategy to boost electron pumping towards improving
the photocatalytic efficiency. In addition to the band alignment-mediated electron transfer in TiO,@CdS—
TizC,T, heterojunctions, the plasmon-induced electric field enhancement of TizC,T, is found to
cooperate with the electron-reservoir role of TizC,T, to extract photoinduced electrons. The synergistic
dual functions of TizC,T, promote multichannel electron transfer in TiO,@CdS-TizC,T, hybrids to
improve the photocatalytic efficiency. These results intuitively show that there is a wide scope to manip-
ulate the spatial separation and transfer of photoinduced electrons by cultivating the fertile ground of
TizC,T, toward boosting the efficiency of solar-to-chemical conversion.

1. Introduction

Photoredox catalysis holds great promise as an alternative to
traditional synthetic pathways and is an ideal strategy to solve
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the growing global energy crisis."® The bulk recombination of
photoinduced charge carriers has been a long-standing chal-
lenge fundamentally restricting the solar-to-chemical conver-
sion efficiency over photocatalysts.*® Under this background,
engineering appropriate cocatalysts to steer photo-induced
electron transfer has been an enduring research theme.’™*®
MXene is a large family of two-dimensional (2D) transition
metal carbides, nitrides, and carbonitrides with the general
formula of M,,,1X, T, (1 = 1, 2, or 3), where M is an early tran-
sition metal, X represents carbon and/or nitrogen, and T, rep-
resents surface functionalities (such as -OH, -O and/or
-F)."*' Since Ti;C,T, MXene has been prepared successfully
for the first time in 2011,"® its chemical and structural versati-
lity, such as a 2D lamellar structure with exposed metastable
transition metals, hydrophilicity, and high electrical conduc-
tivity,"® endows Ti;C,T, with great promise in the field of
photocatalysis.>>* Thus far, enormous endeavors have been
predominantly focused on using Ti;C,T, to construct single
electron transfer channels based on the Schottky effect to
improve the charge carrier separation efficiency toward boost-
ing the photocatalytic performance.>*™*® Very recently, metallic
Ti;C,T, MXene has been found to exhibit the attracting loca-
lized surface plasmon resonance (LSPR) effect,””>° which
results from its high carrier density (~8 x 10*' em™)*' and
strong absorption of electromagnetic waves.*> The strong elec-
tron-phonon collision in Ti;C,T, with a large absorption
cross-section and an ultrathin-atomic-layer structure enables
efficient light absorption across a wide spectrum in the visible-
near-infrared (NIR) region,>*® which is not valid for other
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two-dimensional materials, such as reduced graphene oxide
(RGO). Compared to traditional plasmonic metals,*” > Ti;C, T,
generates hot carriers with a rather slow relaxation due to a
longer electronic free mean path.*® Furthermore, in addition
to modulating the geometrical features, it is also possible to
tune the LSPR effect of Ti;C,T, by controlling the population
of T, moieties compatible with most polar semiconductor
photocatalysts,’®** which is not possible for classical plasmo-
nic metals. These merits underline the possibilities of using
Ti;C, Ty as a cocatalyst to enhance the photocatalytic perform-
ance of semiconductors by taking advantage of the potential
LSPR effect, which, however, has been rarely explored.

Herein, as a proof-of-concept, we report on the application
of TizC,T, to enhance the charge carrier separation of
TiO,@CdS as a typical heterojunction photocatalyst.
Specifically, CdS is photodeposited on the surface of TiO,
nanosheets to construct the typical heterojunction of
TiO,@CdS. Ti;C,T, MXene is then coupled with TiO,@CdS via
an electrostatic self-assembly approach. It is found that the
introduction of Ti;C,T, MXene not only serves as an “electron
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reservoir” resulting from the Schottky junction effect, but also
enhances the near electric field due to the LSPR effect. The
dual functions of Ti;C,T, MXene synergized with the band-
alignment mediated electron transfer in TiO,@CdS afford
multichannel electron transfer in the ternary TiO,@CdS-
Ti;C,T, hybrids. This results in the enhancement of the solar-
to-chemical conversion efficiency compared to the traditional
TiO,@CdS binary composite.

2. Results and discussion

The schematic illustration for the preparation of TiO,@CdS-
Ti;C, T, composite photocatalysts is shown in Fig. 1a, in which
CdS is photodeposited on the surface of TiO, nanosheets to
construct the typical heterojunction of TiO,@CdS. Then
TizC,T, MXene is coupled with TiO,@CdS via an electrostatic
self-assembly approach. Typically, CdS is photodeposited on
ultra-thin 2D TiO, nanosheets to generate TiO,@CdS (TC)
binary heterostructures. By increasing the feedstock of TiO,

>

p—

Electrostatic
self-assembly

Fig. 1 Fabrication of TC-MX ternary heterostructures. (a) Schematic illustration for the preparation of TC-MX ternary heterostructures. The mor-
phologies and textural structures of the samples. TEM images of (b) TiO,, (c) TC-2 and (d) TC-0.1MX; the insets are the corresponding HRTEM
images. (e) HAADF-STEM image of TC-0.1MX with the corresponding Ti, C, O, Cd, and S EDX mapping results.
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while keeping the photodeposition of CdS unchanged,
TiO,@CdS composites with different TiO,/CdS ratios (denoted
as TC-1, TC-2, and TC-3) have been prepared. The zeta poten-
tials of TC-1, TC-2, and TC-3 are calculated to be 25, 20, and
15 mV, respectively (Fig. S1at), while Ti;C,T, is negatively
charged with a zeta potential of —41 mV (Fig. S1b¥). Therefore,
the electrostatic interactions between TC and Ti;C,T, enable
the construction of TiO,@CdS-Ti;C,T, composites. The zeta
potential of TC-MX increases positively with the increase of
the TizC,T, amount due to the neutralization of the surface
charge (Fig. Sict). The resulting composites are labelled as
TC-0.1MX, TC-0.2MX, and TC-1.0MX, corresponding to TC-MX
samples with Ti;C,T, weight ratios of 0.1%, 0.2%, and 1.0%,
respectively.

The crystal phase structures of the samples have been inves-
tigated by X-ray diffraction (XRD). As shown in Fig. S2,f it is
clear that pure TiO,, TC, and TC-MX composites all feature the
characteristic diffraction peaks of anatase TiO, (JCPDS no. 73-
1764),** and the characteristic diffraction peaks of hexagonal
CdS (JCPDS no. 80-0006)*> are observed for TC and TC-MX
composites, indicating that CdS has been successfully photo-
deposited on the surface of TiO,. As summarized in Table S1,}
the intensity ratio between the TiO, and CdS diffraction peaks
increases with the increase of the TiO, feedstock, which indi-
cates that the weight ratio of TiO, increases in the order TC-1 <
TC-2 < TC-3. According to the ICP results, the TiO,/CdS mass
ratios are calculated to be 2.71, 3.97, and 6.17 for TC-1, TC-2,
and TC-3, respectively, following the order TC-1 < TC-2 < TC-3.
This is consistent with the XRD results. In the TC-MX compo-
sites, the absence of the characteristic diffraction peaks of
TizC,T, can be ascribed to the very weak diffraction peak of
Ti;C,T, itself and the relatively low contents of Ti;C,T,.

The morphologies and textural structures of the samples
have been investigated by scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). As shown in
Fig. 1b and Fig. S3,} bare TiO, exists as 2D nanosheets with an
average width of 50 nm. The lattice spacing in the inset of
Fig. 1b is 0.19 nm, corresponding to the (200) crystal plane of
anatase TiO,. The SEM images of TC-1, TC-2, and TC-3 are
shown in Fig. S4.7 It is seen that TC composites still maintain
the 2D morphology of TiO,, and the surface of the samples
becomes rough due to the coating of CdS. Fig. 1c shows the
TEM image of TC-2. It shows that nanoparticles are deposited
onto the 2D structured TiO, nanosheets. These nanoparticles
have a lattice spacing of 0.338 nm (the inset of Fig. 1c), corres-
ponding to the (002) facet of hexagonal CdS. In addition, a
lattice spacing of 0.19 nm is also observed, which corresponds
to the (200) crystal plane of anatase TiO,. The high-angle
annular dark-field (HAADF) scanning TEM (STEM) image of
TC-2 and the corresponding energy dispersive X-ray (EDX)
maps of Ti, O, Cd, and S are presented in Fig. S5.f It can be
seen that the mapping of Ti and O shares a similar margin to
that of Cd and S, confirming that CdS is generally distributed
on the surface of TiO,. These results suggest the successful
deposition of CdS onto TiO,. Then Ti;C,T, is introduced to
the binary TiO,@CdS composites. Ti;C,T, is characteristic of
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2D nanosheets with a lateral size of hundreds of nanometers,
as shown in Fig. S6.1 The 2D structure can be clearly distin-
guished in the SEM image of TC-0.1MX (Fig. S7t). The TEM
image provides further information of the microscopic struc-
ture of the sample. As shown in Fig. 1d, a lattice spacing of
1.2 nm is observed, which corresponds to the (002) crystal
plane of Ti;C,Ty, indicating that TiO,@CdS composites are
successfully loaded onto the surface of the Ti;C,T, nanosheet.
The HAADF STEM image of TC-0.1MX and the corresponding
EDX maps of Ti, C, O, Cd, and S are presented in Fig. le. It
can be seen that Ti shares a similar margin to C, confirming
that the substrate is the Ti;C,T, nanosheet. In addition, Ti
exhibits a slightly enhanced concentration in the regions iden-
tical to the O element, which further indicates that TiO, is dis-
persed on the substrate of Ti;C,T,. It is also discernable that
the signals of Cd and S accumulate in the TiO, region. These
results demonstrate that TiO,@CdS structures interact with
the Ti;C,T, substrate driven by electrostatic forces.

The chemical composition and surface states of the
samples have been investigated by X-ray photoelectron spec-
troscopy (XPS). As shown in the XPS survey spectra of
TC-0.1MX (Fig. S8at), Cd, S, Ti, C, and O are presented, which
is in coincidence with the EDX mapping results. As shown in
Fig. S8b,T C 1s is calibrated with 284.6 eV. The peak at 281.9
eV is ascribed to the C-Ti bond of Ti;C,T,, and the peaks at
286.4 and 288.9 eV are ascribed to the C-O and C=0O bonds of
the existing defects in the carbon layers of Ti;C,T,."® The
binding energies at 529.8 and 531.1 eV are assigned to the O
1s peak of TiO,*” and the hydroxyl terminations (-OH) in
TizC,T, (Fig. S8ct), respectively.*® As shown in Fig. S8d,T two
peaks at 464.2 (Ti 2p,/,) and 458.6 eV (Ti 2ps/,) are assigned to
Ti(v) in TiO,,"” while the other two at 462.2 (Ti 2p;,,) and
457.2 €V (Ti 2psy,) are from the Ti element in TizC,T,,***® indi-
cating the successful introduction of Ti;C,Ty. As for TC-2, the
binding energies at 404.5 eV and 411.2 eV are assigned to Cd
3ds,, and Cd 3d3/,, respectively (Fig. 2a). And the binding ener-
gies at 160.8 eV and 162.1 eV are assigned to S 2p;, and S
2p12, respectively’” (Fig. 2b). Noteworthily, the binding ener-
gies of Cd and S XPS peaks in TC-0.1MX exhibit a positive shift
of 0.2 eV compared to TC-2 (Fig. 2a and b), indicating a
decrease of the electron density in CdS. These changes should
be ascribed to the electron transfer from CdS to Ti;C,T, due to
the Schottky effect between the semiconductor CdS and metal-
lic TizC,Ty.

The optical properties of the samples are shown in Fig. 2c.
TC-2 exhibits an extended absorption edge to 541 nm com-
pared to TiO, due to the presence of CdS. Notably, with the
addition of Ti3;C,T,, the absorption of the ternary TC-MX com-
posites in the region of 541-1200 nm intensifies compared to
TC-2 and increases with the Ti;C,T, content (Fig. 2c). In par-
ticular, it is observed that a distinct absorption peak located at
about 800 nm appears in the spectra of TC-MX composites.
This peak can be ascribed to the LSPR absorption of
Ti;C,T,.>#*® Compared to the pure TizC,T, aqueous colloids
presenting at 780 nm (Fig. S9t), the LSPR peak of Ti;C,T, in
TC-MX composites exhibits a red-shift, which should be

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 XPS spectra of TC-2 (top) and TC-0.1MX (bottom): (a) Cd 3d, (b) S 2p. (c) UV-vis diffuse reflectance spectra (DRS) of the samples and (d) plots
of absorption at a wavelength of 800 nm versus the weight ratio of TizC,T, in the TC-MX composites.

ascribed to the high refractive index of the TiO, matrix since
the LSPR absorption band closely relates to the dielectric con-
stant of the environment.*®*® Furthermore, the intensity of the
absorption peak located at about 800 nm increases almost lin-
early as a function of the loading of Ti;C,T, in the TC-MX
samples, as shown in Fig. 2d. Such an optical absorption
feature of Ti;C,T, is distinctively different from its 2D ana-
logue of RGO where only a broad absorption band ranging
from the ultraviolet (UV) to the NIR region was observed, as
shown in Fig. S10.1 In contrast, it is similar to that of tra-
ditional metal nanostructures featuring the LSPR effect, such
as Au, and Ag.*’7° The XPS and light absorption results
suggest that the introduction of Ti;C,T, affords not only elec-
tron interactions between the semiconductors, but also an
intriguing LSPR feature. This interesting result has motivated
us to evaluate the photocatalytic performances of the samples
and investigate the corresponding role of Ti;C,T,.

The photocatalytic performances of the samples have been
evaluated through the anaerobic selective reduction of aro-
matic nitro compounds to their corresponding amino com-
pounds, based on the formula expressed in Fig. 3a.>">> For the
aqueous selective reduction of 4-nitroaniline (4-NA) to

This journal is © The Royal Society of Chemistry 2022

4-phenylenediamine (4-PDA) with the addition of ammonium
formate as a hole scavenger and N, purging under visible-NIR
light irradiation (Fig. S11%), TC-2 exhibits enhanced photoac-
tivity compared to TC-1 and TC-3, as shown in Fig. 3b.
According to the Kubelka-Munk function based on the DRS
results, the bandgap energy of CdS is calculated to be 2.00 eV
(Fig. S12%). The valence band energy (Eyg) of CdS determined
by the XPS valence band spectrum is 1.03 eV (Fig. S137).
Consequently, the conduction band energy (Ecg) is calculated
to be —0.97 eV. Considering that the Eqg of TiO, is calculated
to be —0.27 eV (Fig. S147), the photogenerated electron trans-
fer from CdS to TiO, is thermodynamically permissible. This
widely explored band alignment effect improves the separation
efficiency of photogenerated electron-hole pairs and thus the
photoactivity.”®> However, the photoactivity of TC-3 with the
further increased TiO, ratio is lower than that of TC-2.
Photocurrent measurements have been conducted to investi-
gate the charge carrier separation of TC composites. As shown
in Fig. S15,1 the photocurrent densities follow the order TC-2
> TC-1 > TC-3, which agrees well with the photocatalytic activi-
ties. These results show that TC-2 with a decent TiO, ratio has
the best effect on the spatial separation and transfer of elec-
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Fig. 3 Photocatalytic performances of different samples. (a) The formula for the photocatalytic reduction of nitroaromatics to the corresponding
amino compounds. (b) Photocatalytic activities of TC composites for the selective reduction of 4-nitroaniline (4-NA) to 4-phenylenediamine
(4-PDA) in water with the addition of ammonium formate as a hole scavenger and N, purging in water under visible-NIR light irradiation (1 >
420 nm). Photocatalytic activities of TC-2, TC-0.1MX, TC-0.2MX and TC-1.0MX for the selective reduction of (c) 4-nitroaniline, (d) 4-nitrophenol, (e)

4-nitroanisole, (f) p-nitrotoluene, and (g) 4-nitrochlorobenzene.

tron-hole pairs in the binary TC system. The introduction of
Ti;C,T, with appropriate ratios into TC-2 leads to the further
improved photoactivity. It can be seen from Fig. 3c that the
ternary TC-0.1MX exhibits better photoactivity than TC-2 for the
reduction of 4-NA to 4-PDA. Compared to TC-0.1MX, TC-0.2MX
and TC-1.0MX with further increased Ti;C,T, weight ratios
exhibit decreased photoactivity. A similar phenomenon has
been widely reported previously, which could be ascribed to the
“light-shielding effect” of Ti;C,T,.>> For comparison, TC-2 has

18014 | Nanoscale, 2022, 14, 18010-18021

also been hybridized with RGO of 0.1 at% and 0.2 at%, which
are denoted as TC-0.1RGO and TC-0.2RGO, respectively. The
photocatalytic performances of these samples have also been
evaluated under the same conduction conditions as those for
TC-MX. As shown in Fig. S16,f both TC-0.1MX and TC-0.2MX
exhibit enhanced photocatalytic activity compared to the
counterparts of TC-0.1RGO and TC-0.2RGO. In addition, control
experiments have been performed for the photoreduction of
nitroaromatics as shown in Fig. S17.}

This journal is © The Royal Society of Chemistry 2022
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Specifically, experiments without photocatalysts or light
irradiation show no conversion, indicating that the reaction is
a photocatalytic process. The photocatalytic reduction of 4-NA
over TC-0.1MX decreased dramatically without N,, indicating
that the inert atmosphere is indispensable for the photo-
catalytic reduction of 4-NA.>**®> Furthermore, when employing
K,S,04 as a scavenger for photogenerated electrons, only weak
activity has been observed, confirming that the photoreduction
reaction of nitroaromatics is decisively driven by electrons.>
In addition, the experiment in the dark excludes the influence
of 4-NA adsorption on the photocatalytic performance
(Fig. S181). Fig. S19f displays the resilience of the photo-
catalytic activity of the TC-0.1MX composite toward the selec-
tive reduction of 4-NA under visible-NIR irradiation, which
remains relatively stable after three cycles. It can be seen from
Fig. S20 and S217 that the morphology and crystal phase struc-
ture of TC-0.1MX remained unchanged after three cycles of
photocatalytic reaction, indicating that the material has good
stability. An identical progressive photoactivity variation has
also been found for the selective reduction of a wide range of
aromatic nitro compounds, including 4-nitroaniline, 4-nitro-
phenol, 4-nitroanisole, p-nitrotoluene, and 4-nitrochloroben-
zene, as shown in Fig. 3d-g. These confirm the essential role
of Ti;C,T, in enhancing the photocatalytic performance of the
composites.

To gain deep insight into the underlying mechanism of
Ti3;C,T, enhanced photoactivity, a series of joint electro-
chemical measurements, optical analysis, and simulations
have been carried out. The previous XPS results (Fig. 2a and b)
show that there is an obvious Schottky effect between CdS and
TizC,Ty, which can be understood by the band structure ana-
lysis. As discussed above, the conduction band (Ecg) of CdS
determined by the DRS and the XPS valence band spectrum
results is at —0.97 eV. Ultraviolet photoelectron spectra (UPS)
have been employed to measure the work function of Ti;C,T.
As shown in Fig. S22, the work function of metallic Ti;C,T, is
calculated to be 4.31 eV, indicating that it is feasible for highly
electrically conductive TizC,T, (2000 S cm™") to accept the elec-
trons photogenerated from CdS and construct Schottky hetero-
junctions, thus inhibiting the recombination of photogene-
rated charge carriers. In addition, the Eg of Ti;C,T, is calcu-
lated to be —0.13 V (versus NHE), which is more positive than
the Er of CdS. This suggests that it is feasible for TizC,T, to
accept the photogenerated electrons on CdS. Mott-Schottky
plots have been measured to ascertain the detail of the energy
band of TC-2 and TC-0.1MX composites. As shown in
Fig. S23,f the Mott-Schottky plots with positive slopes are
observed, which is consistent with the typical feature of n-type
semiconductors.’® The flat band potential (Egg) of TC-2 is
—0.54 V versus Ag/AgCl (equivalent to —0.34 V versus standard
hydrogen electrode, NHE), which shifts positively to —0.37 V
versus Ag/AgCl (equivalent to —0.17 V versus NHE) for
TC-0.1MX. Considering that the Erg measured by the Mott-
Schottky relationship is equal to the Fermi level (E) for n-type
semiconductors,’® the more positive Epg of TC-0.1MX
than that of TC-2 should result from the Fermi-level equili-

This journal is © The Royal Society of Chemistry 2022
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bration of the different components, which further confirms
the “electron reservoir” effect of Ti;C,T, due to the Schottky
contact.

The LSPR absorption peak of TizC,T, has been identified
from the aforementioned DRS results. The interesting light
conversion capability by the LSPR effect of Ti;C,T, has intri-
gued the exploration of photothermal conversion and
photodetectors,***® while the application of photocatalysis has
not been known clearly. This motivates us to investigate the
contribution of the LSPR effect to the enhanced photoactivity
of the ternary TC-MX composites compared to the binary TC
composites. It has been recognized that the traditional LSPR
metals are capable of enhancing photocatalysis by hot electron
injection.”” In this regard, while keeping other reaction para-
meters unchanged, the photocatalytic performance for the
reduction of 4-NA has been tested under the irradiation of 1 >
780 nm, by which only Ti;C,T, LSPR is excited. Under such
conditions, only 4% of 4-NA is converted over TC-0.1MX
(Fig. S24+t), which is far less than that over TC-0.1MX (100%)
under the visible-NIR light irradiation of A > 420 nm (Fig. 4a),
suggesting that the hot electron injection effect by Ti;C,T, has
a negligible effect on promoting the photocatalytic reduction
of 4-NA. Otherwise, when the same weight of pure Ti;C,T, in
TC-0.1MX acts as a direct catalyst, almost no photoactivity is
observed for the probe reaction (Fig. 4a), which suggests that
the plasmonic Ti;C,T, does not serve as the direct photo-
catalyst in our current reaction system. Previous investigation
reports that the TizC,T, plasmon-induced thermalization
increases the local temperature to 66 °C.?® Although the reac-
tion temperature has been controlled at room temperature by
circulating water in our current research, the possible local
temperature elevation due to the efficient light-to-heat conver-
sion of plasmonic Ti;C,T, remains suspicious for enhancing
the photocatalysis. In this circumstance, control experiments
at elevated temperatures have been performed. Fig. 4b shows
that the photocatalytic activity of TC-2 decreases with the
increase of reaction temperature, which may be ascribed to the
increased probability of photogenerated charge carrier recom-
bination as the temperature increases.’® This result excludes
the influence of Ti;C,T, assisted photothermal catalysis on
promoting the photoactivity of TC-0.1MX composites.
Considering that the LSPR effect can result in enhanced elec-
tric fields, the finite-difference time-domain (FDTD) simu-
lations were further carried out to simulate the electric field
(|E|/|Eo]) distributions based on the model shown in Fig. S25.F
As displayed in Fig. 4c, a significant enhancement of the elec-
tric field for TC-0.1MX is observed compared to that of TC-2,
which matches well with the FDTD results for bare Tiz;C,T,
(Fig. S267). These results confirm that the electric field
enhancement originates from Ti;C,T,. It is noted that the elec-
tric field enhancement is mainly observed on the edge of
TizC,T,. The reason could be that the free carriers are confined
to the edge of the nanosheet by photon excitation in the direc-
tion parallel to Ti;C,T,.>**” Furthermore, Fig. 4d shows the
Raman spectroscopy of TC-2 and TC-0.1MX. The peaks at 143,
218, 390, 472, 514, and 636 cm ™" correspond to the anatase
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Fig. 4 Mechanism analysis of TizC,T,-enhanced photocatalysis. (a) Photocatalytic activities for the selective reduction of 4-NA. (b) Photoactivities
of TC-0.1MX for the selective reduction of 4-NA under visible-NIR light irradiation (1 > 420 nm) at different temperatures. (c) Local electric field dis-
tributions of TiO,@CdS and TiO,@CdS-TisC,T, composites calculated by the finite-difference time-domain (FDTD) method. (d) Raman spectra of
TC-2 and TC-MX composites. () Photocurrent densities of TC-2, TC-0.1MX under visible-NIR light irradiation (1 > 420 nm). (f) Photoluminescence

(PL) emission spectra of TC-2 and TC-0.1MX.

TiO, Raman modes of Eg, Eg, Byg, Big, Aqg, and E,,*” respect-
ively, and the peak at 305 cm™" belongs to the CdS Raman
mode of LO.%° It is noteworthy that the Raman intensity of
TC-0.1MX is stronger than that of TC-2. According to the prin-
ciple of surface-enhanced Raman spectroscopy (SERS), the
plasmon-induced local electromagnetic field can significantly
enhance the intensity of Raman signals.®® Consequently, com-
pared with TC-2, the enhancement of Raman signals in
TC-0.1MX further corroborates the Ti;C,T, plasmon-induced
local electromagnetic field, which can promote the separation
of electron-hole pairs in nearby semiconductors, thereby
leading to a higher photocatalytic activity. Moreover, the Eg
modes of TC-0.1MX have a slight blue shift compared to TC-2,
which is ascribed to the carrier density modulation induced by
charge transfer between TC-2 and Ti;C,T,.®>"®* Furthermore,
the photo-induced charge carrier density over the composites
has been estimated by the Mott-Schottky analysis under 1 sun
irradiation. The photo-induced charge carrier density (Np) is
calculated to be 3.7 x 10" em™ and 7.5 x 10" cm ™ from the
slope of 1/C*> vs. V for TC-2 and TC-0.1MX, respectively
(Fig. S271). Thus, the joint experiments indicate that the LSPR
enhancement mechanisms should be interpreted in terms of
the electric field enhancement effect, which has a significant
positive effect on the separation of photogenerated carriers. To
the best of our knowledge, this is the first report on the electric
field enhancement induced by the LSPR effect of Ti;C,T, in
the field of photocatalysis. Studies have shown that the shape,
size, layer thickness and the surface terminal groups of
Ti;C,T, have a great impact on the LSPR absorption band of
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Ti;C,Ty, and the LSPR light absorption band of Ti;C,T, can
reach about 2400 nm."® This further unleashes the possibili-
ties of using the LSPR effect to develop efficient Ti;C,T,-based
plasmonic materials to enhance photoredox catalysis.

As shown in Fig. 4e, the photocurrent intensity of TC-0.1MX
is higher than that of TC-2, suggesting that the separation of
photogenerated charge carriers over TC-0.1MX is more
efficient than that over TC-2. This is further verified by the
weaker photoluminescence (PL) intensity of TC-0.1MX than
that of TC-2 (Fig. 4f), confirming the inhibited recombination
of photogenerated charge carriers by Ti;C,T,. As shown in
Fig. S28,T the average fluorescence lifetime increases from 0.53
ns (TC-2) to 0.62 ns (TC-0.1MX), confirming that the introduc-
tion of Ti;C,T, to TC can efficiently accelerate the spatial
charge separation and inhibit the charge recombination, and
thus prolong the lifetime of photogenerated charge carriers.
The open circuit photovoltage (OCP) decay technique has been
used to measure the lifetime of photoelectrons under visible-
NIR light irradiation (Fig. S29%), from which it is clearly seen
that the photoelectron lifetime of TC-0.1MX is longer than that
of binary TC-2. In addition, the Nyquist diagrams show that
the TC-0.1MX electrode has a smaller semicircle at high fre-
quencies compared to TC-2 (Fig. S3071), suggesting that the
introduction of metallic Ti;C,T, contributes to the enhanced
charge transfer process. This is further verified by the cyclic
voltammetry (CV) results, where TC-0.1MX exhibits a higher
current density than TC-2 (Fig. S311). Based on these results,
the introduction of Ti;C,T, affords not only the “electron
reservoir” effect, but also local electric field enhancement due
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to the LSPR effect, which cooperatively enhance the separation
and transfer of photogenerated charge carriers.

As such, compared to the unidirectional electron transfer
controlled by the band-alignment effect in the binary
TiO,@CdS, additional transfer pathways of photogenerated
electrons in CdS have been established for the ternary
TiO,@CdS-Ti;C,Ty,. The multichannel electron transfer
pathway in TiO,@CdS-Ti;C,T, is consolidated by in situ irra-
diated X-ray photoelectron spectroscopy (ISI-XPS). As shown in
Fig. 5a, for the experiment without light irradiation, two XPS
peaks located at 404.8 and 411.5 eV are observed, which are
assigned to Cd 3ds;, and Cd 3dj),, respectively.”” Under light
irradiation, the Cd 3d XPS peaks exhibit a positive shift of 0.4
eV. Analogously, a positive shift of the S 2p peaks has also
been observed after the visible-NIR light irradiation (Fig. 5b),
suggesting the electron depletion on CdS. For the Ti 2p XPS
spectrum without light irradiation, two peaks at 464.5 (Ti
2p1s2) and 458.8 eV (Ti 2p;p,) are assigned to Ti(v) in TiO,,
while the other two at 462.9 (Ti 2p4,) and 457.5 eV (Ti 2ps,)
are from the Ti element in Ti;C,T, *® (Fig. 5¢). Meanwhile, two
peaks at 531.5 and 530.0 eV are attributed to the hydroxyl ter-
minations (-OH) in Ti;C,T, and the lattice O in TiO,,*® as
shown in Fig. 5d. Under visible-NIR light irradiation, there is
an apparent negative shift of the binding energies of Ti 2p XPS
peaks, i.e., —0.1 eV for TiO, and —0.3 eV for TizC,T,. Similar
decreased binding energies are observed for the O 1s XPS
peaks upon visible-NIR light irradiation, indicating the
accumulation of electrons on both TiO, and Ti;C,T, under
visible-NIR light irradiation. These shifts of binding energies
provide direct evidence of the photogenerated electron transfer
pathways across the TC-0.1MX interface under the same
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visible-NIR light irradiation conditions as the photocatalytic
reaction. Specifically, the photogenerated electrons from the
irradiated CdS can migrate to both TiO, and Ti;C,T,, thus
affording multichannel electron transfer pathways for the sep-
aration of photogenerated electron-hole pairs toward enhan-
cing the photoactivity. The electron density difference is
further calculated to study the charge transfer process in the
TC-0.1MX interface, as shown in Fig. 5e and Fig. S32.f The
green and yellow regions depict electron accumulation and
depletion regions, respectively. The charge accumulation pri-
marily occurs at the interfaces between CdS and Ti;C,T,, and
between CdS and TiO,. The obvious electron transfer process
can also be observed (isovalue = 0.03) in Fig. 5e. According to
the Hirshfeld charge analysis,®” 1.67 e~ can transfer from CdS
to TizC,Ty, and 0.13 e~ can transfer from CdS to TiO,, respect-
ively. It is anticipated that under light irradiation, the photo-
induced electrons will accumulate in Ti;C,T, and TiO,. This
further confirms the multichannel electron transfer pathway
in the hole-electron charge separation process and is consist-
ent with the ISI-XPS characterization.

Based on the above analysis, a mechanism of multichannel
charge transfer enhanced photoactivity for the reduction of
nitroaromatics over the ternary TiO,@CdS-Ti;C,T, is pro-
posed, as illustrated in Fig. 6. Under visible-NIR light
irradiation (4 > 420 nm), photoinduced electron-hole pairs are
generated in CdS, which follow band alignment-mediated
charge transfer as the electrons in the CB of CdS are trans-
ferred to the CB of TiO,. Meanwhile, Ti;C,T, acts as the “elec-
tron reservoir” due to the Schottky junction between CdS and
Ti;C, Ty, which further captures and transfers the excited elec-
trons in the CB of CdS, resulting in an efficient spatial separ-
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Fig. 5 ISI-XPS characterization and DFT calculations of TC-0.1MX. (a) Cd 3d, (b) S 2p, (c) Ti 2p, and (d) O 1s XPS spectra in the dark (top) and under
visible-NIR light irradiation of 1 > 420 nm (bottom). (e) The electron density difference of TC-MX. Forest green and yellow regions indicate accumu-

lation and depletion of electrons, respectively.
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II: “electron reservoir” effect

II: LSPR-induced local electric field enhancement

Fig. 6 Illustration of the proposed reaction mechanism for the photocatalytic reduction of nitroaromatics over TC-0.1MX under visible-NIR light
irradiation (1 > 420 nm) with the addition of ammonium formate (AF) as a hole scavenger and N, purging in water.

ation of photoinduced charge carriers. Besides, the LSPR effect
of Ti;C,T, enables local electric field enhancement to further
boost the separation of charge carriers in CdS. As a result, the
photogenerated electrons produced by CdS are efficiently
extracted and the photocatalytic activity toward the reduction
of nitroaromatics is enhanced.

3. Conclusions

In summary, taking TiO,@CdS as a typical heterostructured
photocatalyst, we have demonstrated Ti;C,T, as a dual-func-
tional cocatalyst for steering photogenerated electron flow for
enhanced photoredox catalysis. Our investigations clearly
reveal that Ti;C,T, with a high work function behaves as an
“electron reservoir” due to the Schottky-junction effect, which
is beneficial for suppressing the recombination of photogene-
rated electron-hole pairs. Of particular interest is that TizC,T,
exhibits the typical LSPR effect, which induces local electric
field enhancement to boost the separation efficiency of elec-
tron-hole pairs. With these advantages integrated, the intro-
duction of Ti;C,T, affords multiple electron transfer pathways
in the TiO,@CdS-Ti;C,T, composite photocatalysts. Our find-
ings shed light on the knowledge of the versatility of Ti;C,T,
in enhancing photoredox catalysis, making it much more
viable for constructing multicomponent photocatalysts with

18018 | Nanoscale, 2022, 14,18010-18021

multichannel charge transfer pathways for the activation and
reduction of appealing small molecules, such as CO, and N,.

4. Experimental methods
4.1. Materials

All used chemicals were obtained from commercial suppliers
without further purification. Sublimed sulfur (Sg), cadmium
chloride (CdCl,-2.5H,0), methanol (CH,0), ethanol (C,HgO),
hydrochloric acid (HCI), ammonium formate (AF), and N,N-di-
methylformamide (DMF) were obtained from Sinopharm
Chemical Reagent Co., Ltd (Shanghai, China). Butyl titanate
(TBT), hydrogen fluoride (HF) and lithium fluoride (LiF) were
obtained from Aladdin Industrial Corporation. Titanium alu-
minium carbide 312 (Ti3AlC,) powder was obtained from
FoShan XinXi Technology Co., Ltd. Deionized (DI) water used
throughout the whole experiments was obtained from ultra-
pure water production apparatus. Fluorine-doped tin oxide
(FTO)-coated glass substrates were purchased from Wuhan
Jinge-Solar Energy Technology Co., Ltd.

4.2. Catalyst preparation

4.2.1 Synthesis of TiO, nanosheets. In a typical prepa-
ration, 5 mL of TBT and 1 mL of HF were mixed under mild
stirring, which was transferred to a 100 mL Teflon-lined stain-
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less-steel autoclave. The autoclave was sealed and maintained
at 180 °C for 24 h, after which it was allowed to cool down
naturally to room temperature. The white product recovered by
centrifugation was washed with DI water and anhydrous
ethanol several times and dried at 60 °C for 12 h.

4.2.2 Synthesis of TiO,@CdS binary composites. 80 mg of
CdCl,-2.5H,0 and 20 mg of Sg were ultrasonically dispersed in
50 mL of methanol to form a suspension, which was bubbled
with N, for 30 min in the dark. Then, 50 mg of TiO,
nanosheets was added into the suspension, which was then
irradiated using a 300 W xenon lamp for 1 h under a N, atmo-
sphere. Finally, the obtained samples were washed with de-
ionized water and dried in an oven at 60 °C, generating TC-1.
TC-2 and TC-3 were prepared similarly except that 100 and
200 mg of TiO, nanosheets was added.

4.2.3 Construction of TiO,@CdS-Ti;C,T,. Ti;C,T, colloid
solution was prepared according to the previous literature.'”
40 mg of TC-2 was dispersed in 20 mL of DI by ultrasonication,
and then a certain volume of Ti;C,T, colloid solution (80, 160,
and 800 pl) with a concentration of 0.5 mg mL™" was added to
the above suspension, which was then mixed under intense
agitation at 800 rpm for 1 min. The above solutions were
tested for photocatalytic reactions directly.

4.3. Material characterization

For zeta potential measurements, 1 mg samples were added to
1 mL DI water, and sonicated to disperse evenly. The above
solution was dropped into the Malvern zeta potential sample
cell and zeta potential measurements of the samples were con-
ducted on a Zetasizer Nano ZSP. The X-ray diffraction patterns
of the samples were measured on a MiniFlex 600 X-ray diffract-
ometer using Ni-filtered Cu Ko radiation at a scan rate of 5°
min~'. The mass proportions of Ti and S in TC samples were
measured by Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES) (Agilent, ICP-OES 730). Raman spectra
were recorded on a laser confocal inverted microscope Raman
spectrometer (inVia-reflex) with a 633 nm laser as an excitation
source. Scanning electron microscopy (SEM, S4800, Hitachi
S-4800) was performed to determine the morphology of the
samples. TEM images, high-resolution TEM (HRTEM) images,
and elemental mapping results were obtained on a field emis-
sion transmission electron microscope with spherical aberra-
tion correction of the objective lens (Titan G2 60-300) at an
acceleration voltage of 300 kV. X-ray photoelectron spec-
troscopy (XPS) measurements were performed using an AXIS
SUPRA, and ultraviolet photoelectron spectroscopy (UPS)
measurements were performed with He I (21.22 eV) as a mono-
chromatic light source. In situ irradiated X-ray photoelectron
spectroscopy (ISI-XPS) was conducted on a Thermo Fisher
Escalab 250xi with an Al Ko radiation hemispherical electron
energy analyzer and a 300 W Xe arc lamp (Microsolar300A,
Beijing Perfect Light Co., Ltd) with a 420 nm cut-off filter
being placed ca. 20 cm away from the prepared samples
during the ISI-XPS characterization to investigate the electron
density changes of the samples under visible-NIR light
irradiation (4 > 420 nm). All binding energies were calibrated

This journal is © The Royal Society of Chemistry 2022
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with the C 1s peak at 284.6 eV. The electrical conductivity of
the MXene films was measured using a four-point probe setup
(4 PROBES TECH) with a uniform 1.0 mm probe spacing. A
Shimadzu UV-vis near-infrared spectrometer was used to
measure the optical properties of the samples. The photo-
luminescence (PL) spectra for samples were analyzed on an
Edinburgh FLS9800 with an excitation wavelength of 375 nm.

4.4. Electrochemical measurements

The electrochemical analysis was carried out in a conventional
three electrode cell, which uses an Ag/AgCl electrode as the
reference electrode and a Pt plate as the counter electrode on
an electrochemical workstation (Shanghai Chenhua,
CHI600E). Fluorine-doped tin oxide (FTO) glasses were used as
the substrate for the working electrode, which were cleaned by
sonication in absolute ethanol for 30 min and dried at 60 °C.
The conductive surface of the FTO glass was covered with cello-
phane with a 0.5 mm hole near the end. 5 mg of sample was
ultrasonically dispersed in 0.5 mL of DMF, and then 20 pl of the
above dispersions was dropped on the pretreated FTO glass. After
drying at room temperature, the cellophane was removed and the
uncoated area of the FTO glass was protected with nail polish
glue. The photocurrent measurement was performed under
visible-NIR light irradiation (>420 nm), and the open circuit
photovoltage decay (OCP) measurements were conducted under
visible-NIR light irradiation for 60 s and then the subsequent
decay of photovoltage was monitored for 50 s with the light
turned off, and the Mott-Schottky (M-S) experiments were
obtained in 0.2 M Na,SO, aqueous solution at 300 Hz. The
electrochemical impedance spectroscopy (EIS) experiments were
performed in 0.5 M KCl containing 0.01 M Ks[Fe(CN)s/K,[Fe
(CN)g] in a frequency range from 1 Hz to 100 kHz under open-
circuit potential conditions. Cyclic voltammograms (CV) were col-
lected in the same electrolyte at a scan rate of 0.09 mV s~

4.5. FDTD simulations and theoretical calculations

The electric field simulation was performed using the Finite
Differential Time Domain (FDTD) software package
(Lumpolishing Solutions, Inc.). The refractive indices of
TizC,Ty, TiO,, and CdS were obtained from previously reported
data.®® The total field/scattered field (TFSF) light source was
used as the incident field in the simulation area. The wave-
length of the incident field was consistent with that of the
experimental radiation source. The perfect matching layer
(PML) boundary conditions were used in the simulation. The
length of Ti;C,T, in the long direction is 340 nm and the
width is 205 nm. TiO,@CdS is a square with a length of 55 nm
and a thickness of 3.81 nm. For the model of TiO,@CdS-
Ti;C, Ty, the middle position of each of the four edges and the
center of the Tiz;C,T, sheet is loaded with TiO,@CdS.

The density functional theory (DFT) calculations are carried
out using the CASTEP code” for this work.®® The generalized
gradient approximation (GGA) with the Perdew-Burke-
Ernzerhof (PBE) functional is used to describe the electronic
exchange and correlation effects,®” and the plane-wave cutoff
is tested and set to 571.4 eV. The self-consistent field (SCF) tol-
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erance is 1 x 10°° eV. The core electrons are treated with ultra-
soft pseudo-potentials.

4.6. Photoactivity measurements

40 mg of catalyst and 40 mg of ammonium formate (AF) were
mixed with 20 mL of aromatic nitro compounds (50 ppm) in a
glass reactor. Before irradiation, the mixture was stirred for
30 min and bubbled with N, for another 30 min in the dark to
ensure the adsorption-desorption equilibrium between the
sample and the reactant. In a typical test, the glass reactor was
irradiated with a 300 W Xe arc lamp (PLS-XSE300d) with a
420 nm cut-off filter and the distance between the lamp holder
and the photocatalytic reactor was 0.5 cm. 2 mL of the sample
solution was collected at regular time intervals, centrifuged
(8000 rpm) and the supernatant was analyzed using a UV-vis
spectrophotometer (Shimadzu, UV-1780).

The photocatalytic performance of the aromatic nitro com-
pounds was calculated using the conversion equation as follows:

. Ce
Conversion = 1 — — | x 100%
Co
where C, is the initial concentration of aromatic nitro compounds
after the establishment of the adsorption-desorption equilibrium
before the photocatalytic reaction, and C; is the concentration of
aromatic nitro compounds at intervals of two minutes after
irradiation.
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