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Atomically precise metal nanoclusters (NCs) have been deemed a new generation of photosensitizers for
light harvesting on account of their quantum confinement effect, peculiar atom-stacking mode, and
enriched catalytic active sites. Nonetheless, to date, precise charge modulation over metal NCs has still
been challenging considering their ultra-short carrier lifetime and poor stability. In this work, we
conceptually demonstrate the integration of metal NCs with MXene in transition metal chalcogenide
(TMC) photosystems via a progressive, exquisite, and elegant interface design to trigger tunable, precise
and high-efficiency charge motion over metal NCs, stimulating a directional carrier transport pathway. In
this customized ternary heterostructured photosystem, metal NCs function as light-harvesting antennas,
MXene serves as a terminal electron reservoir, and the TMC substrate provides suitable energy level
alignment for retracting photocarriers of metal NCs, giving rise to a spatial cascade charge transport
route and markedly boosting charge separation efficiency. The interface configuration and energy level
alignment engineering synergistically contribute to the considerably enhanced visible-light-driven
photocatalytic CO,-to-CO reduction performance of the metal NCs/TMCs/MXene heterostructure. The
intermediate active species during the photocatalytic CO, reduction are unambiguously determined,
based on which the photocatalytic mechanism is elucidated. Our work will provide an inspiring idea to
bridge the gap between atomically precise metal NCs and MXene in terms of controllable charge
migration for solar-to-fuel conversion.
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Metal nanoclusters (NCs, <2 nm), which consist of a precise
number of metal atoms and thiolate ligands, have garnered

1 Introduction

Photocatalytic CO, conversion to hydrocarbon fuels has been
considered an effective strategy to solve the deteriorating energy
crisis and mitigate the notorious greenhouse effect."* However,
semiconductor-based CO, photocatalysis suffers from the
inertness of CO, molecules, slow charge transfer kinetics and
rapid charge recombination, rendering it complicated and
difficult to accurately regulate.® Although there have been
many investigations into CO, photoreduction, high-efficiency
solar CO, conversion is far from satisfactory, which is
ascribed mainly to the deficiency of applicable photocatalysts
with robust and stable photoactivity,”** low CO, reduction
selectivity, and a complex charge transport route.”**** Hence, it
is highly desirable to explore novel artificial photosystems with
desirable charge separation efficiency, selectivity, and photo-
activity for solar CO, conversion.'**®
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enormous attention in recent years due to their unique atom-
stacking pattern, abundant active sites, and favorable
molecular-like discrete highest occupied molecular orbital-
lowest unoccupied molecular orbital (HOMO-LUMO) energy
levels, making them emerging photosensitizers for substantial
light harvesting and conversion.'® Nevertheless, the ultra-short
lifetime of photogenerated charge -carriers, scarcity of
matched semiconductor pairs with applicable energy levels, and
difficulty in mediating charge migration concurrently hinder
the widespread application of metal NCs in photocatalysis.*
Noteworthily, co-catalyst engineering demonstrates unprece-
dented merits in accurately tuning directional charge transport
to the ideal active sites, which might provide an efficacious and
convenient strategy to surmount the drawbacks of metal NCs
and foster the construction of multifarious metal-NC-based
composite photocatalytic CO, reduction systems.*>**

In 2011, a novel category of two-dimensional (2D) transition
metal carbide, nitride, or carbonitride (MXene) nanomaterials
sparked enormous attention from academy communities.”® As
a new generation of 2D materials, MXenes harbor the generic
merits of rapid carrier mobility, abundant active sites, and
excellent hydrophilicity due to their unique structural flexibility
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and diversity of elemental composition, featuring promising co-
catalysts for photocatalysis.>*** Recent studies have provided
evidence that MXene is able to engender a Schottky barrier in
photocatalysis to facilitate the spatial separation of photo-
generated charge carriers, thus inhibiting charge recombina-
tion.>**” Inspired by the merits of MXenes with excellent
conductivity and well-defined 2D nano-architecture, we deduce
that they could be judiciously used as co-catalysts to solve the
inherent problems of the easy charge recombination and
ultrashort charge lifetime of metal NCs by smartly constructing
an MXene/metal NC heterojunction. This is rationalized by the
fact that the 2D morphology of MXenes is beneficial for the
uniform deposition of metal NCs to reduce the charge diffusion
distance,”®?° and, moreover, the suitable energy level alignment
formed between the Fermi level of MXene and the HOMO level
of metal NCs benefits carrier migration. However, adornment
with MXene alone does not provide sufficient impetus to with-
draw the electrons photoexcited over metal NCs given their
super-fast charge recombination rate. Involving second-
component semiconductors with matched energy level align-
ment for fabricating metal NCs/semiconductor/MXene ternary
heterostructured photosystems is expected to perfectly solve
this problem by stimulating tunable charge transport among
the building blocks. Transition metal chalcogenides (TMCs)
represent the optimal semiconductor alternative owing to their
large absorption coefficient, favorable energy level position, and
enriched active sites, which would match well with both MXene
and metal NCs by constructing a directional charge transport
pathway, boosting interfacial charge separation.””*"*

Herein, as a proof-of-concept investigation, 2D CdS is used
as a bridging medium connecting MXene with gold nano-
clusters (Au, NCs) by a facile and easily accessible electrostatic
self-assembly method under ambient conditions, forming
a well-defined CdS/Ti;C,T,/Au, (CTA) heterostructure for pho-
tocatalytic CO, reduction. In this exquisitely designed hetero-
structure, CdS and metal NCs concurrently serve as light-
harvesting antennas and form a beneficial energy level align-
ment, while MXene attached on the outermost surface serves as
a terminal electron-trapping reservoir, which synergistically
contributes to the cascade electron flow from Au, NCs to CdS
and eventual trapping by MXene, giving rise to a considerably
prolonged charge lifetime and significantly boosting photo-
catalytic CO, reduction performance under visible light irradi-
ation. The photocatalytic mechanism was then elucidated with
intermediate active species clearly determined during the pho-
tocatalytic CO,-to-CO conversion. Our work would provide new
ideas for rationally constructing metal NC artificial photosys-
tems and strategically mediating charge transport pathways
over metal NCs for solar-to-fuel conversion.

2 Experimental section
2.1 Preparation of Ti;C,T, (MXene)*

Multilayered Ti;C,T, was first synthesized by etching 1 g of
Ti3AlC, powder in a mixture of 1 g of lithium fluoride and 10 mL
of hydrochloric acid (9 mol L") for 24 h at 35 °C. The product
was washed with deionized water until the pH of the
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supernatant was above 5. The multilayered Ti;C,T, powder was
then added into 200 mL of deionized water and delaminated by
bath sonication for 1 h under N, flow. After centrifugation for
1 h at 3500 rpm, the dark green supernatant was collected. The
concentration of the delaminated Ti;C,T, was determined by
filtering a known volume of the supernatant through a Celgard
membrane and measuring the weight of the film after drying.
The delaminated Ti;C,T, colloid was then diluted to obtain
a concentration of 0.5 mg mL ™.

2.2 Preparation of CdS nanosheets

CdS nanosheets (NSs) were prepared via a hydrothermal
method reported previously.*® In detail, 0.32 mmol CdCl,-
-2.5H,0, 2.0 mmol S powder and 12 mL of diethylenetriamine
(DETA) were mixed and vigorously stirred to form a homoge-
neous suspension. Then, the mixture was transferred into
a Teflon-lined stainless-steel autoclave with a capacity of 50 mL
for 48 h at 80 °C. After cooling to room temperature, the
yellowish precipitate was rinsed with deionized water and
ethanol separately, and then dried in an oven at 60 °C for 24 h to
obtain the CdS NS powder.

2.3 Preparation of CdS NSs@MEA**

First, 0.1 g of CdS NSs was first dispersed in deionized H,O (100
mL) by sonication for 10 min, and then 9 mL of 2-mercaptoe-
thylamine (MEA) (0.25 mol L") was added into the above
mixture under stirring (1000 rpm) and stirred for 1 h under
ambient conditions to promote the adsorption of MEA on the
CdS NSs. Finally, the MEA-modified CdS NS substrates (CdS
NSs@MEA) were rinsed with ethanol and fully dried in an oven
at 333 K.

2.4 Preparation of Au,@GSH NCs**

Gold(m) chloride trihydrate (40 mg) and r-glutathione (GSH, 46
mg) were thoroughly mixed in 50 mL of deionized water under
ambient conditions. The mixture was continuously stirred until
the appearance of a colorless solution and then heated at 343 K
for 24 h. The aqueous solution of Au, clusters was stored at 277
K for further use.

2.5 Preparation of CdS NSs@MEA/Ti;C,T,

Typically, CdS NSs@MEA were dispersed in deionized water
with a concentration of 1 mg mL ™" by ultrasonication. TizC, T,
colloid solution (0.06 mg mL™") was then added into the as-
prepared CdS NSs@MEA solution and stirred at room temper-
ature for 5 h. Subsequently, the mixture was centrifuged and
washed with deionized water (DI H,0). The precipitate obtained
was dried in an oven at 60 °C to get the CdS-MXene
heterostructures.

2.6 Preparation of Au,@GSH/CdS NSs@MEA/Ti;C,T,

First, 0.1 g of CdS NSs@MEA/Ti;C,T, was dispersed in different
volumes of Au,@GSH NCs aqueous solution (2, 4, 6, 9, 12, 15
mL) and stirred (1000 rpm) for 60 min. Then, the mixture was
centrifuged and washed with deionized water and dried at 333 K

© 2024 The Author(s). Published by the Royal Society of Chemistry
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in an oven to obtain the metal NCs/TMCs/MXene

nanocomposites.

2.7 Characterization

Zeta potential (£) measurements were operated by dynamic light
scattering analysis (zeta sizer Nano ZS90) with five repeated
measurements. The crystal structure was studied by X-ray
diffraction (XRD, Miniflex600, Rigaku Corporation, Japan)
using Cu Ko as the radiation source under 40 kV and 15 mA.
Field-emission scanning electron microscopy (FESEM, Supra55,
Carl Zeiss, Germany) was used to probe the morphology of the
samples. Transmission electron microscopy (TEM), high-
resolution (HR) TEM images and energy dispersive X-ray spec-
trum (EDS) were collected on a Tecnai G2 F20 transmission
electron microscope with an accelerating voltage of 200 kvV. UV-
vis diffuse reflectance spectra (DRS, Cary50, Varian, America)
were obtained using BaSO, as the reflectance background
ranging from 200 to 800 nm. X-ray photoelectron spectrometer
(XPS) spectra were recorded on a photoelectron spectrometer
(Escalab 250, Thermo Scientific, America), where the binding
energy (BE) of the elements was calibrated based on the BE of
carbon (284.8 eV). Fourier transform infrared (FTIR) spectra
were collected by an infrared spectrophotometer (TJ270-30A,
Tianjin, China). Raman spectra were studied with a Raman
spectrometer (Dxr-2xi, Thermo Scientific, America). Brunauer-
Emmett-Teller (BET) specific surface area and N, adsorption
experiments were carried out on a ASAP 2460. "*C NMR spectra
were recorded on a Bruker Avance III 500 MHz spectrometer or
a Bruker Avance NEO 600 MHz spectrometer. Photo-
luminescence spectra (PL) for solid samples were detected on
an Edinburgh FS5 photoluminescence spectrophotometer and
the excitation wavelength was set as 385 nm. In situ diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS)
measurements were carried out on a Nicolet iS50FT-IR spec-
trometer (Thermo Fisher, USA).

2.8 Photocatalytic CO, reduction

Photocatalytic reactions were conducted in an online photo-
catalytic CO, reduction system using a Pyrex vessel. Photo-
catalytic CO, reduction was performed by dispersing 10 mg of
catalyst in 10 mL of aqueous solution containing 5 mL of
acetonitrile (MeCN), 2 mL of DI H,O as a reaction solvent and
3 mL of triethanolamine (TEOA) as the sacrificial agent. The
solution was constantly stirred with the help of a magnetic
stirrer, preventing the settling of particles at the bottom of the
reactor. Prior to irradiation, the reaction mixture was vacuumed
to eliminate the dissolved gases, and then the photocatalytic
reactor was filled with CO, for 10 min. The photocatalytic
system was thoroughly degassed and then irradiated by a 300 W
Xe lamp (PLSSXE300D, Beijing Perfect Light Co. Ltd, China)
equipped with a 420 nm cut-off optical filter (A > 420 nm). A
magnetic stirrer bar was continuously stirred at the bottom of
the reactor to keep the catalyst in a suspended state during the
whole experiment. The evolving CO and H, were monitored
periodically by an online gas chromatograph (Shimadzu GC-
2014C using argon as carrier gas). Photoactivities were
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evaluated based on the amount of CO and H, evolution in the
first 2 h of the reaction. Recycling photocatalytic CO, reduction
reactions were carried out as follows. The photocatalytic system
was thoroughly degassed again after the first run without
separating the catalyst or supplementing anything. Subse-
quently, the thoroughly degassed system was irradiated again
by a 300 W Xe lamp with a UV-CUT filter to cut off light with
wavelength A.

2.9 Photoelectrochemical (PEC) measurements

PEC measurements were carried out with a conventional three-
electrode system on electrochemical workstations (CHI 660E &
Gamary Interface 1000 E). Pt foil, an Ag/AgCl electrode and the
samples coated on FTO acted as the counter, reference and
working electrodes, respectively. Information about the fabri-
cation of the working electrodes is provided in ESI.f An aqueous
solution of Na,SO, (0.5 M, pH = 6.69) was utilized as the elec-
trolyte, and the photoelectrodes were irradiated with visible
light (A > 420 nm) (FX300, Beijing Perfectlight Co. Ltd, China).

3 Results and discussion

A flowchart for the fabrication of CdS/Ti;C,T,/Au, hetero-
structure is exhibited in Scheme 1, which can be divided into
three steps. Firstly, CdS NSs were prepared by a hydrothermal
method and then modified with 2-mercaptoethylamine (MEA)
to obtain a positively charged surface (Fig. S11). Subsequently,
CdS were integrated with negatively charged Ti;C,T, nano-
sheets (Fig. S2at) by electrostatic attraction to get the CdS/
Ti;C,T, (CT) nanocomposite. It is noteworthy that GSH ligands
endow Au, NCs with a negatively charged surface. As a result,
CdS/Ti;C,T,/Au, ternary heterostructures are obtained by self-
assembling negatively charged Au,@GSH NCs (Fig. S3 & 4af)
on the positively charged MEA-modified CT nanocomposite in
an analogous integration mode via electrostatic interaction.
Therefore, the complementary surface charge properties of CdS,
TizAlC, and Au,@GSH NC building blocks contribute to the
construction of a CdS/Ti;C,T,/Au, (CTA) heterostructure.

3.1 Characterization of CdS/Ti;C,T,/Au, NCs
heterostructure

X-ray powder diffraction (XRD) was used to explore the crystal
structures of CdS, Ti;C,T,, CT and CTA. As shown in Fig. S2¢,}
the as-prepared Ti;C,T, nanosheets demonstrate a character-
istic diffraction peak at 26 = 6.7° corresponding to the (002)
crystal plane, which is distinct from the XRD result of the
Ti;AlC, precursor.*® Note that the peak at 20 = 38.9° attributable
to the (104) crystal plane of Ti;AlC, is almost invisible in the
XRD pattern of Ti;C,T,, indicating that the layer of Al atoms in
Ti3AlC, has been completely removed by etching and successful
preparation of Ti;C,T,. As can be seen from Fig. 1a, the peaks at
24.8°, 26.7°, 28.4°, 36.6°, 43.7°, 47.9° and 52° match well with
the (100), (002), (101), (102), (110), (103) and (112) crystal planes
of wurtzite phase CdS (PDF#65-3414). The XRD spectra of CT
and CTA are basically consistent with CdS, but a new peak
appears at 20 = 20.7°, which can be attributed to the (004)
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Scheme 1 Schematic illustration of the self-assembly of CdS/TizC,/Au, nanocomposites.

crystal plane of Ti;C,T,.** No obvious peak of Au,@GSH NCs
can be observed in the XRD result for CTA, probably due to the
intrinsic amorphous property of Au,@GSH NCs. As displayed in
Fig. 1b, two characteristic peaks at 300 and 600 cm ™" in the
Raman spectrum of CdS are ascribed to the longitudinal-optical
(LO) phonon of CdS and its first multiscattering (2LO),*” which
is analogous to those of CT and CTA owing to the low deposition
percentage of Ti;C,T, and Au,@GSH NCs.

Fig. 1c shows the Fourier transform infrared (FTIR) spectra
of CdS, CT and CTA, all of which show two peaks at 2917 and

2856 cm ™ that can be ascribed to the stretching vibration mode
of -CH, groups from the MEA molecules.” The peak at
612 cm™ " in the FTIR spectra of CT and CTA originates from the
Ti-O bond from the surface functional groups of TizAlC,,*
which matches the XRD result, indicating the successful inte-
gration of Ti3AlC, with CdS in the composite. The single peak at
1630 cm™ ' corresponds to the stretching vibration mode of the
-COOH group from the GSH ligand of Au, NCs,** which
confirms the successful combination of Au,@GSH NCs with CT.

Ti,C,T, b <[cv. 5o, i
= |~ TS 3 ,/\\‘, [ S v U1 v T
E] | R A = SO e AP e e 8 m\;,f’" 1l pﬂ\/ \W M\Jw
© . 8 e 1 1l ) 1
S— > © 1 I 1 I
> = £ [ v i
[ )L o I 2 el o l :
s 75 o - too I ! 613
8 5§ g sas E A £ Pl
2§ s g c !
c Sl 2 £ T PDF#6s-3414 - 1 © 29172856 1630
— - 3423
10 20 30 40 50 60 70 80 300 600 3000 2000 1000
20 (degree) Raman shift (cm-) Wavenumber (cm™)
S |(d e ~|f i S2p
3 w 3 i er
& —cds ~ | —cas g| I Ses
o | CT, ‘ ~— CT -~ N
S 0.06 E 0.06 > ;
F“ — CTo06A12 ‘ S| CToo6h12 ) | 613
2 c 162.4
'6 - e——————— ] ;
28 230V 2;3} i = [ 1619 A
< 77, 2.36 eV z
400 500 600 700 800 20 22 24 26 28 3.0 166 164 162 160 158
Wavelength (nm) Energy (eV) Binding energy (eV)
1|9 18 4054Cd3d]  —~|ph Tizp| —~]i Au 4f
=5 A \ S Ti-C = Au 4f,,
? | I S\ \ © © o
S \ | —= - Audt,, AY
> a7, 4049} 2 2 "{v
G ' B | nidihc e ? / \ J{
e [ri-o™Ox| T c
c
] 410.3 403.5, 3 1”} /L\’W /‘L\ 9
£ ; ol PN = a I
415 410 405 460 455 450 95 90 85 80

Binding energy (eV)

Fig. 1
(h) Ti 2p, and (i) Au 4f spectra of (I) CdS, (Il) CT, and (lll) CTA.
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The optical properties of CdS, CT and CTA were investigated
by UV-vis diffuse reflectance spectroscopy (DRS). As shown in
Fig. S4b,t Au,@GSH NCs demonstrate visible light absorption
with a band edge approaching 450 nm,** confirming the
successful synthesis of Au,@GSH NCs. The absorption spec-
trum of TizC,T, (Fig. S2d}) shows the appearance of charac-
teristic peaks at 255 and 314 nm,* and in particular the near-
infrared (NIR) absorption at ca. 700-800 nm confirm the
successful fabrication of MXene. From Fig. 1d, it is apparent
that the light absorption band edge of the CdS NS substrate is
around 550 nm owing to intrinsic band gap photoexcitation.
When integrating MXene with CdS NSs, the absorption inten-
sity of CT shows an enhancement in the range 550-800 nm
compared with pure CdS NSs. This result agrees with the change
in sample color from bright yellow to green, which confirms
that MXene deposition can promote the light-capturing capacity
of the nanocomposite. It is worth noting that the light absorp-
tion intensity of CTA is not remarkably altered compared with
CT because of the low deposition percentage of Au,@GSH NCs.
The band gap energy of these samples can be determined with
the following formula:

(ahv)" = A(hv — Ey) (1)

where «, hv, E; and A are the light coefficient, photon energy,
band gap and constant, respectively. According to the trans-
formation diagram of the Kubelka-Munk function versus light
energy, the bandgap values of CdS, CT and CTA are roughly
determined to be 2.36, 2.30 and 2.32 eV (Fig. 1le), respectively.
Note that the band gap differences among CdS, CT, and CTA are
relatively small, suggesting that the introduction of Au,@GSH
NCs and MXene does not change the optical properties of the
CdS substrate.

X-ray photoelectron spectroscopy (XPS) was utilized to
explore the surface element composition and chemical states of
CdS, CT and CTA. As depicted in Fig. S5,1 the survey spectrum
of CTA shows the signals of Cd 3d, Cd 4d, S 2p, S 2s, C 1s, Ti 2p,
Au 4f and O 1s. Among them, the Cd & S signals come from CdS
NSs, the C & Ti signals originate from Ti;C,T,, and the Au signal
stems from Au,@GSH NCs. In the high-resolution S 2p spec-
trum of CTA (Fig. 1f), two peaks of S 2p;,, and S 2p;, are located
at around 161.4 eV and 162.6 eV, respectively, neither of which
are obviously changed compared with those of CT, but they
demonstrate an evident red-shift in binding energy relative to
those of CdS. As for CTA, the high-resolution Cd 3d spectrum
shows Cd 3dj, and Cd 3ds, peaks at 411.8 eV and 405 eV,
respectively,” and the changes in binding energy of the high-
resolution Cd 3d spectra for CdS, CT and CTA are consistent
with that of the aforementioned S 2p spectrum (Fig. 1g). The
change in position of these peaks in the high-resolution S 2p
and Cd 3d spectra of CdS, CT and CTA can be attributed to the
strong interaction between CdS and Ti;C,T,, which facilitates
the formation of an intimate interface and exerts a significant
influence on the distribution of electron density in CT. The
characteristic peaks at 460.2 eV/458.8 eV, 455.5 eV/462.3 eV,
461 eV and 463.1 eV in the high-resolution Ti 2p spectrum of
CTA (Fig. 1h) match well with the Ti-C, Ti-O,, Ti-x and Ti-O
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bonds, respectively.*” The presence of Ti-O and Ti—x species
indicates that Ti;C,T, features various functional groups on the
surface, such as -O, -F and -OH, which can improve the
adsorption capacity of CO, or H,0.** As shown in Fig. 1i, the
high-resolution Au 4f spectrum of CTA shows two peaks which
correspond to the Au” and Au® species from the generic core-
shell nanostructure of Au,@GSH NCs,* confirming the
successful integration of Au,@GSH NCs into the
nanocomposites.

An analysis of N, adsorption/desorption isotherms and pore
size distribution curves is shown in Fig. S7,} from which we can
see that the three samples all exhibit type IV isotherms, and the
mean pore size is between 2 and 50 nm, indicating they are
mesoporous materials. As summarized in Table S2f, the
specific surface area of CT (67.7794 m” g~ ') is much larger than
that of CdS (36.08 m* g~ ') due to the introduction of 2D Ti;C,T,.
However, note that the specific surface area of CTA (54.53 m?>
g™') is slightly smaller than that of CT after introducing
Au,@GSH NCs (ca. 1.36 nm, Fig. S41) which blocks the surface
pores of CT. Therefore, the remarkable enhancement in the
photocatalytic performance of CTA illustrated in the latter part
is independent of the specific surface area.

As shown in Fig. 2a, CdS exhibits a morphology of corrugated
nanosheets stacking with each other. The elemental mapping
and energy-dispersive X-ray spectroscopy (EDS) of CdS are
consistent with the scanning electron microscopy (SEM) image
(Fig. S8t). As displayed in Fig. 2b, the morphology of CT is
similar to that of pure CdS, indicating that introducing 2D
layered Ti;C,T, with an average thickness of about 1.4 nm
(Fig. S2e and ft) does not exert much impact on the morphology
of the composite. The SEM image and EDS results of CT
(Fig. S91) suggest that Ti and C elements are evenly distributed
on the surface of CdS, which implies the successful introduc-
tion of TizC,T,. The morphology of CTA (Fig. 2c) is not appar-
ently altered compared with CT and no Au,@GSH NCs can be
directly observed on the surface, which is attributed mainly to
the ultra-small size of the Au,@GSH NCs.

The microstructure and morphology of CdS, CT and CTA
were further probed by transmission electron microscopy (TEM)
and high-resolution transmission electron microcopy
(HRTEM). As shown in Fig. 2d, CdS exhibits an integrated 2D
nanosheet structure, which is consistent with the SEM results,
and the lattice finger with spacing of 0.336 nm (Fig. 2g) agrees
well with the (002) crystal plane of hexagonal CdS. From the
TEM image of CT (Fig. 2e), a layered structure of Ti;C,T, can
obviously be found in the area outlined by white dots. Mean-
while, we can see the clear boundaries marked by the dashed
line, confirming the tight connection formed between MXene
and the CdS substrate. Besides the (002) crystal plane of CdS,
the (104) crystal plane of TizC,T, can also be observed in the
HRTEM image of CT (Fig. 2h). As shown in the TEM image of
CTA (Fig. 2f), Au,@GSH NCs are uniformly dispersed on the
CTA surface. It can be seen from HRTEM (Fig. 2i) that the lattice
spacings of 0.318 nm and 0.248 nm correspond to the (101) and
(006) crystal planes of hexagonal CdS and Ti;C,T,, respectively,
but no lattice fringe belonging to Au,@GSH NCs is observed
because of its generic amorphous property. As shown in Fig. 2(j-
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Fig.2 Panoramic FESEM images of (a) CdS, (b) CT, and (c) CTA; TEM images of (d) CdS, (e) CT, and (f) CTA; HRTEM images of (g) CdS, (h) CT, and
(i) CTA; (j—j,) TEM elemental mapping results of CTA with (j1) S, (j2) Ti, (j3) Au, (j4) F, (js) Cd., (jg) C, (j;) O and (jg) N signals.

js), S, Cd, C, Ti, Au and N elements are uniformly distributed in
the whole framework of the CTA nanocomposite, among which
the N signal originates mainly from the GSH ligand, and the F
signal derives from the surface functional group of Ti;C,Ty,
confirming the successful dispersion of Ti;C,T, and Au,@GSH
NCs in the CTA nanocomposite.

3.2 Photocatalytic activities

The photoactivities of CdS, CT and CTA toward CO, reduction
under visible light irradiation were probed. As displayed in

13500 | Chem. Sci, 2024, 15, 13495-13505

Fig. 3a, pure CdS demonstrates a CO yield of 19.458 pmol g~*
h™'. When Ti;C,T, (0.06 mg mL ") is integrated with CdS, the
CO yield of CTy 6 increases to 66.792 umol g~ ' h™', which is
attributed to the merits of 2D Ti;C,T, with excellent conduc-
tivity that not only promotes charge transfer and reduces carrier
recombination, but also boosts the specific surface area of the
CT nanocomposite to yield more active sites. When Au,@GSH
NCs (1.2 mL) are self-assembled on the CT nanocomposite, the
photocatalytic performance of CTy¢6A;, is further enhanced
with the CO generation rate reaching 117.327 umol g~ ' h™%,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 (a) CO, photoreduction performances of CdS, CTg gg, CTo.06A1.2, CA1 2, pure Au,@QGSH NCs, MXene and Tg gsA1.2; (b) CO, photoreduction

performances of CTo oeA1» under different reaction conditions; (c) mass spectrum of 3CO (m/z = 29) produced over CTg 06A1 2 in the pho-
tocatalytic reduction of *CO,; (d) photoactivities of CT oA » Using various sacrificial reagents; (e) photoactivities of CTg oeA1 > under different
light intensities; (f) wavelength-dependent CO, photoreduction activities of CTg geA12.

which is 6 and 2 times larger than those of pure CdS (19.458
umol g=" h™") and CTy 6 (66.792 pmol g~ " h™Y), respectively.
This is mainly ascribed to the fact that the involvement of
Au,@GSH NCs improves the light-trapping capacity of the
CTy06A1, Nanocomposite and promotes interfacial charge
separation and transfer. Notably, no CO can be detected when
pure Au,@GSH NCs, pure TizC,T, or Ti;C,T,/Au,@GSH
(To.06A1.2) composite were utilized as the catalysts. The results
are strong evidence for the indispensable role of CdS as a light-
harvesting antenna and its applicable energy level alignment
with Au,@GSH NCs, the advantageous photosensitization effect
of Au,@GSH NCs, and the electron-trapping capability of
Ti;C,Ty, which synergistically contribute to the significantly
enhanced photocatalytic CO, reduction performance of CTA
under visible light irradiation.

As shown in Fig. 3b, no obvious CO, reduction reaction occurs
in the absence of catalyst or light, indicating that the reaction
requires photoexcited catalyst and light to produce the charge
carriers which trigger the CO, photoreduction. That is, light and
catalysts are the essential premise for CO, photocatalysis. The
CO yield of CTy gsA; ., Without using triethanolamine (TEOA) as
a sacrificial agent (14.373 pmol g h™') is much lower than
under normal conditions, highlighting the important role of
a sacrificial reagent in remarkably promoting the CO, conversion
efficiency by quenching holes. It is worth noting that when N, is
used to replace CO,, there is a small amount of CO generation,
which may stem from the trace CO, that cannot be completely
removed by vacuuming the system. Moreover, the carbon source
of CO products was explored by isotope tracking control experi-
ments and analyzed by gas chromatography-mass spectrometry
(GC-MS). As shown in Fig. 3c, the peak at an m/z value of 29

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

corresponds to "*CO, which confirms that the CO product orig-
inates from CO,. Furthermore, we found that different sacrificial
reagents also have a great impact on the CO, reduction perfor-
mance (Fig. 3d), among which the photosystem with added
TEOA exhibits optimal photoactivity compared with the other
counterparts. As exhibited in Fig. 3e, the CO yield of CT 6A; » is
heavily dependent on the light intensity. When the light intensity
increases to 350 mW cm %, the CO yield increases to its optimum
(143.334 pmol g~ h™"), confirming it is indeed a photocatalytic
process. Besides, the CO, photoreduction performance of
CTy 061, under monochromatic light irradiation (Fig. 3f) also
shows a volcanic variation trend when the wavelength changes
from 400 to 520 nm, and reaches its highest value (63.513 umol
g " h ') at 450 nm. This is completely consistent with the DRS
results, indicating that the bandgap photoexcitation of the CdS
substrate plays a dominant role in CO, reduction.

Stability measurements (Fig. S107) reveal that CTygeA1.,
demonstrates improved photostability relative to pure CdS during
the five successive photocatalytic reactions. Note that the photo-
activity of CTy06A; is always larger than that of pristine CdS
during photostability testing, once again confirming the synergy
of MXene and Au,@GSH NCs in promoting charge separation.
The structural integrity of CT, 06A; . after a cyclic photocatalytic
CO, reduction reaction was explored. As shown in Fig. S11 and
S12,t the XRD results for CTA before and after the cyclic reaction
are basically similar, and the morphology and elemental
composition are not greatly changed according to the SEM and
EDS results. The above results indicate that photocorrosion of
CdS in the nanocomposite does not occur in our work.

Photoelectrochemical (PEC) measurements were performed
to evaluate the roles of TizC,T, and Au,@GSH in promoting
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interfacial charge separation. Photocurrents of CdS, CT, ¢ and
CTy.06A1 » increase successively, which can be attributed to the
following reasons: (1) TizC,T, with superior conductivity facili-
tates electron transfer and suppresses the recombination of
electron-hole pairs over CTy 6. (2) Au,@GSH NCs, as light-
harvesting antennas, establish beneficial energy level align-
ment with CdS and Tiz;C,T,, further enhancing carrier migra-
tion and increasing carrier density, resulting in the highest
photocurrent density of CTyo6A;, compared with CdS and
CTy.06 (Fig. 4a). Electrochemical impedance spectroscopy (EIS)
was utilized to probe interfacial charge transfer resistance. As
shown in Fig. 4b, the semicircular arc radius of CTg¢eA;., iS
successively smaller than those of CT, o6 and CdS, proving that
CTy.06A1 2 harbours the lowest interfacial charge transfer resis-
tance compared with the other counterparts. The specific
interfacial charge resistance of the samples is summarized in
Table S47. Analogous results are found in the open-circuit
photovoltage decay (OCVD) results (Fig. 4c). Specifically,
CTy.06A1 » shows the largest photovoltage and the longest decay
rate in comparison with CT, 46 and CdS, which reflects its most
efficient charge separation. As shown in Fig. S13,t the slope of
the linear part of the Mott-Schottky (M-S) plots of CdS, CT e
and CTy6A;, is utilized to calculate the carrier density
according to the following formula:

2 ] dwy

ege, 1
()

where e is the electron charge (1.6 x 10" C, C = F x V), Np, is
the donor density (cm™?), &, is the vacuum permittivity (8.86 x
10 " Fm™ "), ¢ is the dielectric constant of the material (ecqs =
8.9), and U is the potential applied at the electrode. The carrier

Np =

(2)
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densities of CdS, CTy ¢ and CT, ¢6A; ., are calculated to be 1.61
x 10" em™, 2.84 x 10" em ™ and 6.10 x 10" em ™3, respec-
tively (Fig. 4e), from which it is obvious that the carrier density
of CTy06A; is larger than those of CT, s and CdS, agreeing
with the photocurrent and OCVD results. According to the
above PEC results, it can be concluded that the synergistic effect
among CdS, Ti;C,T, and Au,@GSH NCs gives CTy ¢sA1., the
largest carrier density, lowest interfacial charge transfer resis-
tance and fastest charge separation efficiency compared with
the CdS and CT, o counterparts. Alternatively, the photo-
luminescence (PL) spectra (Fig. 4f) of CdS, CT g6, and CTy geA1 .5
show a similar emission peak at 525 nm under an excitation
wavelength of 360 nm. Moreover, the result implies that
CTy.06A1 2 harbours the lowest peak intensity followed in turn by
CTy.06 and CdS, which substantiates its most efficient charge
separation, consistent with the PEC results.

3.3 Photocatalytic mechanism

The active intermediate species formed during photocatalytic
CO, reduction over CdS and CT, A, , were explored through in
situ diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS). Fig. 5a illustrates the in situ formation of unidentate
carbonate (m-CO;*7) (1540 cm™', 1510 cm '), bidentate
carbonate (b-CO;*7) (1650 cm™ ", 1620 cm™ ', 1338 cm™ '), CO*~
(1697 cm ') and HCO; ™ (1473, 1223 cm ™ ') species under visible
light irradiation, suggesting that CO, molecules are adsorbed
on the surface of the catalysts and are then converted into
diverse intermediate active species.** Additionally, as depicted
in Fig. 5b, the adsorption bands of these species produced over
CTy.06A1 » exhibit enhanced intensity compared with pure CdS,
indicating the superior CO, activation capability of CT ¢eA1.5-
Noticeably, COOH* species at 1558 cm ™, featuring a key

30 5
— Cds
—~ J|a o 0 0 = |C . — Cds
NE 25 CToos E 4 b . e 9 ) % Light on CTo_os
) - CTooehr, < ° o 0.4
< 20 - 33 00 3
3 ( [ | | (2] ) >
11| L[] 2, 2 >
c “ | | “ 11 ] ~ 2] o, 0.2
2 10{ P | X | ° Cds o™
; | | “N\ ‘\-t ‘- I\ “- | M | ij 1 f? ' CTo.06 > |
O 5 N N A u \_J Lr L‘f L“ ' CTo06A12 8 Light off
0 0.0
0 50 100 150 4 6 8 10 0 100 200 300 400 500
Irradiation time (s) Z x 103 (ohm) Irradiation time (s)

3 8 f
& |d 1000 Hz e —— cds
T8 1500 Hz - 6.10 = CTo.06
% 2 '1' @ 2000 Hz £ 6 z * CToeA2
s e >
2 o4 ‘?
- * 2.84 2
o 1 - [
(%] o2 1.61 €
= z £

0 0

0.5 0.0 0.5 cds CTyoe  CToosPiz 450 500 550 600 650

Potential (V vs. NHE)

Fig. 4

Wavelength (nm)

(a) Transient photocurrent responses, (b) Nyquist plots of EIS results, (c) open-circuit-photovoltage decay curves, (d) M-S results and (e)

carrier densities (Np) of CdS, CTp 0 and CTg 0sA12 under visible light (A > 420 nm) irradiation utilizing Na,SO4 aqueous solution (0.5 M, pH =7) as
the electrolyte; (f) solid-state PL spectra (Aex = 385 nm) of CdS, CTg.0e and CTg 0eA12.
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intermediate in the process of CO,-to-CO conversion, is
observed in the DRFITS results of CdS and CTj ysA;,.*> Mean-
while, CO* species with significantly enhanced intensity are
observed at 1844 cm ' and 1868 cm ™ ". Considering that CH, is
not produced in the photocatalytic products, we speculate that
photocatalytic CO, reduction over CdS and CTy oA, follows
the pathway of CO— CO}, - COOH* — CO* — CO to convert CO,
into CO. Noteworthily, as illustrated in Fig. 5c, the saturated
CO, adsorption of CTy geA; ., exceeds that of CdS, which is also
conducive to improving the photocatalytic activity of CT oeA1 2.

To clarify the reaction mechanism, the energy level positions
of CdS, MXene, and Au,@GSH NCs were explored. According to
the M-S results of CdS (Fig. 4d), its flat band potential relative to
a normal hydrogen electrode (Enug = Eagiagct + 0.1976 V) is
determined to be —0.44 V vs. NHE. In general, the conduction
band (CB) position of n-type semiconductors is 0.1-0.2 V more
negative than the flat band potential, by which the CB position
of CdS is determined to be —0.54 V (vs. NHE, pH = 7). According
to the bandgap determined with the DRS result, the valence
band (VB) position of CdS is calculated to be 1.82 V (vs. NHE, pH
= 7) with the formula Eyg = Ecg + E,. On the other hand, based
on the cyclic voltammetry (CV) results (Fig. S14at) and UV-vis
absorption spectra (Fig. S14bt), the LUMO and HOMO levels
of Au,@GSH NCs are determined to be —1.0 and 1.75 V vs. NHE,
respectively.*® Besides, as reported in previous work,*” the Fermi
level of TizC,T, is —0.04 V (vs. NHE). Therefore, according to the
aforementioned energy level positions, a type II energy level
configuration is established between CdS and Au,@GSH NCs
while a Schottky barrier with a built-in electric field directed
from CdS to Tiz;C,T, is formed.

Based on the above analysis, the photocatalytic CO, reduc-
tion mechanism of the CdS/Ti;C,T,/Au, NCs heterostructure
can thus be proposed. Under visible light irradiation, CdS NSs
and Au,@GSH NCs are simultaneously photoexcited to generate
electron-hole pairs, and consequently they are efficiently
transferred due to the favorable energy level alignment and
Schottky barrier generation. To be specific, holes photoexcited
in the VB of CdS are transferred to the HOMO level of Au,@GSH
NCs and then completely quenched by the hole scavenger
(TEOA). Meanwhile, electrons photoexcited over Au,@GSH NCs
migrate from the LUMO level to the CB position of CdS, and
then transfer to the Fermi level of Ti;C,T,, leading to a cascade
electron transport pathway. Consequently, the spatial separa-
tion of electron-hole pairs over the CT, o6A; , heterostructure is
considerably enhanced, giving rise to a markedly prolonged
carrier lifetime. The ultimately separated photoelectrons on the
surface of Ti;C,T, participate in the photocatalytic CO, reduc-
tion, which is specifically illustrated in Fig. 5d. Specifically, the
carbon atom in the CO, molecule, as a Lewis acid, is easily
adsorbed on the -F functional group, which acts as a Lewis base
on the surface of Ti;C,T,.*”® The acid-base interaction between
fluorine and CO, reduces the activation energy barrier of CO,
and accelerates the activation of CO, molecules to form COZ.49
The activated CO, triggers a reaction with protons and photo-
excited electrons, resulting in the formation of COOH* inter-
mediates. Subsequent protonation further benefits conversion
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of COOH* to CO*, which is ultimately desorbed to generate
CO.*

4 Conclusions

In summary, a cascade electron transport pathway is elaborately
constructed by integrating CdS with Ti;C;T, and Au,@GSH NCs
in a controllable fashion to customize an elegant interface
configuration via electrostatic self-assembly towards photo-
catalytic CO, reduction. In this well-designed CdS/Ti;C,T,/Au,
ternary heterostructure, CdS and Au,@GSH NCs function as
light-harvesting antennas and engender a favorable type II
energy level alignment, while MXene serves as a terminal
electron-trapping reservoir, which synergistically contributes to
effective charge separation, thereby significantly enhancing the
photocatalytic CO,-to-CO reduction performance under visible
light irradiation. The photocatalytic mechanism of CO, reduc-
tion along with generation of intermediate active species were
determined by DRIFTS. Our work will provide an inspiring idea
to combine MXene with atomically precise metal NCs to stra-
tegically mediate charge transport pathways for solar-to-fuel
conversion.
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