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Atomically precise alloy nanoclusters (NCs) represent an emerging sector of metal nanomaterials as a new
generation of photosensitizers for light harvesting and conversion, owing to their distinctive atom-stacking
pattern, quantum confinement effect, and enriched active sites. Despite the sporadic progress made in the
past few years in constructing alloy NCs photosystems, photoinduced charge transfer characteristics and
photocatalytic mechanisms of alloy NCs still remain elusive. In this work, we conceptually demonstrate
the rational design of alloy NC (Au;_,Ag,, Au;_,Pt,, and Au;_,Cu,)/transition metal chalcogenide (TMCs)
heterostructure photosystems via a ligand-triggered self-assembly strategy. The results signify that
electrons photoexcited in alloy NCs can smoothly transport to the TMC substrate with the aid of an
intermediate ultrathin organic molecule layer, while holes migrate in the opposite direction, promoting
the charge separation and prolonging the charge lifetime. Benefitting from the advantageous charge
migration, the self-assembled alloy NC/TMC heterostructures exhibit significantly enhanced
photoactivity towards selective photoredox organic transformation including selective reduction of
aromatic nitro compounds to amino derivatives and selective oxidation of aromatic alcohols to
aldehydes under visible light. The predominant active species during the photoredox catalysis are
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provides new insights into the smart construction of atomically precise alloy NC hybrid photosystems,

DOI: 10.1039/d4ta08327j and more importantly, paves the way for regulating the spatially vectorial charge transfer over alloy NCs
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the widespread application of metal NC photosystems.*™*
Therefore, searching for applicable strategies to effectively

1. Introduction

Metal nanoclusters (NCs) with a precise number of metal atoms
and ligands (<2 nm in size) have been attracting immense
attention in recent years due to their distinctive atom-stacking
pattern, quantum confinement effect, and abundant catalytic
active sites, representing an emerging sector of metal
materials."™ Most intriguingly, metal NCs exhibit favorable
highest occupied molecular orbital-lowest unoccupied molec-
ular orbital (HOMO-LUMO) gaps by virtue of their discrete
energy band structure featuring the potential to serve as high-
efficiency photosensitizers.>” Despite these advantages, due to
the ultra-high surface energy caused by their ultra-small particle
size, atomically precise metal NCs inevitably suffer from photo/
thermal-induced oxidative aggregation, leading to poor stability
and unsatisfactory photosensitization effects, thus hindering
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tackle these challenges is of paramount significance to take full
advantage of the generic merits of metal NCs and push forward
the development of metal NC photocatalysis.

Despite the sporadic investigations reported on the photo-
catalysis of metal NC/semiconductor photosystems, the ultra-
fast charge recombination rate and inherent instability of metal
NCs remarkably retard the exploration of metal NCs
photosystems.**** To surmount the obstacles, several key issues
should be rationally considered including (1) the integration
mode between metal NCs and semiconductors should be
precisely customized for fine tuning of the interface configu-
ration; (2) a close interface is essential to ensure the highly
efficient interfacial charge transfer between metal NCs and
semiconductors; (3) controllable charge transport over metal
NCs is the premise for facilitating charge separation. To date,
considerable attention has been focused on unraveling the
emerging potential of metal NCs as photosensitizers for stim-
ulating light harvesting and charge migration, but predominant
metal NCs are restricted to conventional homo-atomic metal
NCs, leaving the construction of alloy NC photosystems in the
infancy stage because of the difficulty in synthesizing alloy NCs

This journal is © The Royal Society of Chemistry 2025
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and our confined understanding of charge transport charac-
teristics of alloy NCs.**** Doping heteroatoms into homoatomic
metal NCs represents a feasible approach to attain the precise
control of physicochemical properties and thermodynamic
stability of metal NCs.”” It is well established that doping
foreign atoms into parent metal NCs can effectively enhance the
thermal stability and catalytic activity through favorable elec-
tronic structure modulation.”*** Consequently, we deduce that
the drawbacks of monometallic NCs such as instability and
ultra-short carrier lifetime could be overcome by crafting robust
alloy NCs, and simultaneously the generic advantageous
photosensitization effects of metal NCs are maintained,
through which the diversity of photosensitive metal NCs will be
significantly enriched.*

Herein, we conceptually demonstrate the construction of
alloy NCs/transition metal chalcogenide (TMCs) artificial
photosystems, in which atomically precise glutathione (GSH)-
protected alloy NCs (Au; ,Ag,, Au, ,Pt,, and Au, ,Cu,) are
uniformly and intimately grafted on the TMC substrate via an
electrostatic self-assembly approach under ambient conditions.
The mercaptoethylamine (MEA) molecules anchored on the CdS
framework function as interfacial charge transfer mediators to
promote the directional charge migration between TMC (CdS)
and alloy NCs. We ascertain that electron transfer from the
LUMO level of alloy NCs to the conduction band (CB) of TMC
(CdS), with holes flowing in the opposite direction, thereby
significantly prolonging the carrier lifetime of alloy NCs.
Benefiting from the advantageous charge transfer, the self-
assembled metal NC/TMC heterostructures exhibit consider-
ably enhanced visible-light-responsive photoactivities toward
photoredox organic transformations including photocatalytic
selective reduction of aromatic nitro compounds to amino
derivatives and selective oxidation of aromatic alcohols to
aldehydes with favorable stability. Moreover, photoredox
mechanisms of such alloy NC/TMC photosystems were
unveiled. Our work provides an inspiring idea for strategically
mediating the charge transfer over atomically precise alloy NCs
to advance solar energy conversion.

2. Experimental section

2.1 Preparation

2.1.1 Preparation of CdS nanowires (CdS NWs).>**” 1,124 g
of cadmium diethyldithiocarbamate [Cd(S,CNEt,),], prepared
by precipitation from a stoichiometric mixture of CsH;o-
NNasS,-3H,0 and CdCl,-2.5H,0 in DI H,O, was added into
a Teflon-lined stainless-steel autoclave with a capacity of 50 mL.
Then, the autoclave was filled with 40 mL of C,HgN, to 80% of
the total volume. The autoclave was maintained at 453 K for
24 h and then allowed to cool to room temperature. A yellowish
precipitate was collected, washed with absolute ethanol and
deionized water (DI H,0) to remove residual organic solvents.
The final products were dried in an oven at 333 K for 12 h.

2.1.2 Preparation of Au, NCs and bimetallic NCs.*® A
mixture of GSH-protected Au, NCs and Au; ,Ag, NCs was
synthesized according to previous work with some modifica-
tions. Aqueous solutions of HAuCl, (20 mM, 0.50 mL) and GSH

This journal is © The Royal Society of Chemistry 2025

View Article Online

Journal of Materials Chemistry A

(100 mM, 0.15 mL) were mixed with 4.35 mL of DI H,O at 25 °C.
The reaction mixture was heated to 70 °C under gentle stirring
(1200 rpm) for 24 h. The final solution was stored in a refriger-
ator at 4 °C for further use. The bimetallic Au,_,Ag, NCs were
synthesized under similar conditions, except that a mixture of
HAuCl, (20 mM, 0.50 mL) and AgNO; (20 mM, 0.10 mL) was
used at Ag : Au molar ratios of 0.2:1,0.4:1,0.6: 1 and 0.8 : 1 for
the synthesis. The fabrication of Au;_,Cu, NCs and Au,_,Pt,
NCs is akin to that of the Au;_,Ag, NCs by replacing HAuCl,
with Cu(NOj;), and chloroplatinic acid hexahydrate (H,PtCls-
-6H,0), respectively.

2.1.3 Preparation of MEA-modified TMCs (CdS@MEA).
0.1 g of CdS NWs was first dispersed in DI H,O (100 mL) by
sonication for 10 min, and then 9 mL of 2-mercaptoethylamine
(MEA, 0.25 mol L") was added into the above mixture under
stirring (1000 rpm) and stirred for 1 h under ambient condi-
tions to promote the adsorption of MEA on the CdS NWs.
Finally, the MEA-modified CdS NWs (CdS@MEA) were rinsed
with ethanol and fully dried in an oven at 333 K.

2.1.4 Preparation of metal NC/TMC heterostructures. 0.1 g
of CAS@MEA was dispersed in 20 mL of Au, _,Ag, NCs solution
and stirred (1000 rpm) for 1 h. Then, the mixture was centri-
fuged, washed with DI H,O, and dried at 333 K in an oven to
obtain the alloy NCs/CdS nanocomposites. For the fabrication
of Au;_,Ag,/CdS NW heterostructures, the molar ratio of Ag to
Au is controlled to be 0.2:1. The detailed procedures for
fabricating Au,_,Ag,/CdS NW heterostructures with different
loading amounts of Au;_,Ag, NCs are provided as follows: 0.1 g
of CAS@MEA NWs was added into 20 mL of Au,_,Ag, NC stock
solution (0.8 mg mL™', PH = 2.75) whose concentration is
defined as 100%. Then, the stock solution was diluted with DI
H,O0 according to the volume ratio (e.g., 15% diluted solution
consists of 3 mL of the original solution and 17 mL of DI H,0).
The fabrication procedures of Au, ,Cu,/CdS NW and Au;_,Pt,/
CdS NW heterostructures are akin to that of Au,_,Ag,/CdS NWs.

2.2 Characterization

Zeta potential (£) measurements were carried out on a dynamic
light scattering analysis instrument (ZetasizerNano ZS-90).
Field-emission scanning electron microscopy (FESEM,
Supras5, Carl Zeiss, Germany) was used to characterize the
morphologies of the samples. Transmission electron micros-
copy (TEM), high-resolution (HR) TEM and energy-dispersive
spectroscopy (EDS) images were obtained using a JEOL-2010
instrument at an accelerating voltage of 200 kV. The crystal
phases of the samples were determined by X-ray diffraction
(XRD, X'Pert Pro MPD, Philips, Holland) using Cu Ka radiation
at 40 kv and 40 mA. Fourier transform infrared (FTIR) spectra
were recorded on a TJ270-30A infrared spectrophotometer.
Raman spectra were measured on a Renishaw inVia spectrom-
eter. The optical properties of the samples were probed using
a Cary 500 UV-vis diffuse reflectance spectroscopy (DRS) system,
with BaSO, employed as the internal reflectance standard. X-
Ray photoelectron spectroscopy (XPS) measurements were per-
formed on an Escalab 250 and the binding energy of the
elements was calibrated using the peak at 284.6 eV. The
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Brunauer-Emmett-Teller (BET) specific surface area and N,
adsorption experiments were carried out on an ASAP 2460
instrument. Time-resolved photoluminescence (TRPL) spectra
were recorded on a FLS 920 fluorescence lifetime spectropho-
tometer (Edinburgh, Instruments, UK). The photoluminescence
(PL) spectra of the solid samples were measured on a Varian
Cary Eclipse spectrophotometer. The concentrations of Au;_,-
Ag,/CdS NWs were quantified by inductively coupled plasma
emission spectroscopy (ICP, XSERIES 2 ICP-MS).

2.3 Photocatalytic selective reduction reaction

For the photoreduction reaction, a 300 W Xe lamp (PLS-
SXE300D, Beijing Perfect Light co. LTD, China) equipped with
a 420 nm cut-off filter (A > 420 nm) was used as the irradiation
source. 10 mg of catalyst and 40 mg of sodium sulfite (Na,SO3)
were added into 30 mL of 4-NA aqueous solution (20 mg L™ ") in
a glass reactor (80 mL). After dark absorption under an inert
atmosphere (N,) for 30 min, the suspension was irradiated with
visible light. 3 mL of the solution was withdrawn at different
times (0, 30, 60, 90, 120, and 150 s), and then the supernatant
was analyzed on a UV-vis spectrophotometer (Thermal Fisher,
GENESYS). The procedures for the photoreduction of other
aromatic nitro compounds were similar to that of 4-NA. Pho-
toactivities of the samples are defined using the following
formulae:

C—-C

Conversion (%) = C
0

x 100% (1)
where C, represents the initial concentration of nitroaromatics
and C is the concentration after visible light irradiation for
a certain time.

2.4 Selective photocatalytic oxidation performances

Selective photocatalytic oxidation of aromatic alcohols to the
corresponding aldehydes was carried out as follows: a mixture
consisting of 8 mg of catalyst, 0.1 mmol alcohol, and 1.5 mL of
benzotrifluoride (BTF) saturated with molecular oxygen was
transferred into a 10 mL Pyrex glass bottle. After stirring for 30
min in the dark to obtain an evenly dispersed suspension at
adsorption—desorption equilibrium, the glass bottle was then
irradiated using a 300 W Xe arc lamp (PLS-SXE300D, Beijing
Perfectlight Co. Ltd, China) as the visible light source for
a certain time with a UV-CUT filter (A > 420 nm). After the
reaction, the mixture solution was centrifuged at 12 000 rpm to
remove the catalyst and the supernatant was analyzed with a gas
chromatograph (SHIMADZU GC-2014C). The conversion of
alcohols, yield of aldehydes, and selectivity of the oxidation
reaction were calculated using the following formulae:

Conversion (%) = o~ Catootat x 100% 2
0
Yield (%) = Cudshyde 100y, 3)
0
Selectivity (%) = _Caasyae 100y, (4)
CO - Calcohol
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where ¢, is the initial concentration of alcohols, and c,jconor and
Caldehyde are the concentrations of alcohols and aldehydes after
the reaction, respectively.

2.5 Photoelectrochemical (PEC) measurements

PEC measurements were carried out on electrochemical work-
stations (CHI 660E & Gamary Interface 1000 E) in a conventional
three-electrode quartz cell using 0.5 M Na,SO, aqueous solution
(100 mL, 0.5 M, pH = 6.69) as the electrolyte. A Pt plate was used
as the counter electrode, an Ag/AgCl electrode was used as the
reference electrode, and the samples coated on fluorine-dope
tin oxide (FTO) glass were utilized as the working electrodes.
Working electrodes were prepared on FTO glass that was
cleaned by sonication in ethanol for 30 min and dried at 353 K.
The boundary of FTO glass was protected using scotch tape. The
5 mg sample was dispersed in 0.5 mL of absolute ethyl alcohol
by sonication to obtain a slurry which was uniformly spread
onto the pretreated FTO glass. After drying in air, the Scotch
tape was removed, and the uncoated part of the electrode was
isolated with nail polish. The exposed area of the working
electrode was 1 cm”.

3. Results and discussion

Scheme 1 shows the process utilized to fabricate alloy NC
(Au;_,Ag,, Au; ,Pt, Au, ,Cu,)/CdS NW heterostructures.
Specifically, the CdS NW substrate is initially modified with
MEA molecules, conferring a positively charged surface.
Considering that the surface of Au;_,Ag, NCs (ca. 1.7 nm) is
capped with GSH ligands possessing various carboxyl (-COO-)
functional groups (Fig. S1a and ct), they are negatively charged
(Fig. S1df). Consequently, negatively charged Au, ,Ag,@GSH
NCs are electrostatically attracted by the oppositely charged
CdS@MEA substrate through electrostatic interaction, thus
resulting in the formation of Au,_,Ag,/CdS heterostructures
under ambient conditions.

3.1. Characterization of alloy NC/TMC heterostructures

The morphology and microstructure of the samples were pro-
bed by Scanning Electron Microscopy (SEM) and Transmission
Electron Microscopy (TEM) measurements. As illustrated in
Fig. 1a and S4,t pristine CdS NWs exhibit a smooth surface with
a typical one-dimensional (1D) morphology with a diameter of
50-70 nm and a length of several micrometers. Fig. 1b and c
show the morphologies of CAS@MEA and Au,_,Ag,/CdS NWs,
which are similar to those of blank CdS NWs, attributable to the
ultrathin MEA coating layer and ultra-small size of Au,;_,Ag,
NCs (ca. 1.7 nm, Fig. S1bt). As shown in Fig. 1d, the TEM image
of the CdS substrate displays a nanowire structure, consistent
with the corresponding SEM image. The TEM image of the
Au, ,Ag,/CdS NW heterostructure (inset, Fig. 1le) reveals the
lattice fringe of 0.245 nm that is attributed to the (102) crys-
tallographic plane of CdS. The HRTEM image of Au, _,Ag,/CdS
NWs (Fig. 1f) shows that Au, ,Ag, NCs are uniformly and inti-
mately distributed on the whole framework of the CAS@MEA
NW substrate without aggregation. Note that Au; _,Ag, NCs do

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Schematic illustration for the construction of the Au;_,Ag,/CdS NWs heterostructure.

not exhibit lattice fringes, which is ascribed to their distinct
atom-stacking pattern from conventional metal nanocrystals.
The element distribution of the Au,_,Ag,/CdS NW hetero-
structure was investigated using elemental mapping results.
Fig. 1g-n display the uniform distribution of Cd, S, Au, Ag, C], N,
and O elements on the CdS NW substrate, wherein Au, Ag, and
O signals originate from the Au;_,Ag, NCs, the Cl signal origi-
nates from the intermediate MEA layer, and Cd & S signals
originate from the CdS substrate. The uniform distribution
patterns and Energy-Dispersive Spectroscopy (EDS) (Fig. S57)
results confirm the successful deposition of Au;_,Ag, NCs on
the MEA-modified CdS NWs.

X-ray diffraction (XRD) results are probed to determine the
crystal structure of the samples. As displayed in Fig. 2a, the peaks
at 26 values of 24.8°, 26.5°, 28.2°, 36.6°, 43.7°, 47.9°, 50.9°, and
51.8° are ascribed to the (100), (002), (101), (102), (110), (103),
(200), and (112) crystal planes of greenockite structured CdS
(JCPDS No. 41-1049), respectively. However, for the Au; ,Ag,/CdS
NW heterostructure, no peaks attributable to Au,_,Ag, NCs are
indiscernible, primarily due to the low deposition amount of
Au;_,Ag, NCs. As displayed in Fig. 2b, Raman spectra of CdS
NWs, CAS@MEA NWs and the Au; _,Ag,/CdS NW heterostructure
exhibit apparent vibrational peaks at 302 and 605 cm ™', which
are assigned to the 1 LO and 2 LO phonon modes of hexagonal
CdS,*** respectively. Similarly, no Raman peaks of Au; ,Ag, NCs
are observed, probably due to their amorphous nature. Fourier-
Transform Infrared (FTIR) analysis was conducted to further
confirm the attachment of Au;_,Ag, NCs on the CdS NWs. As
shown in Fig. 2c and Table S1,f the bands at 2920 and
2851 cm ™', correspond to the ~-CH, functional group from the
GSH ligands grafted on the Au,_,Ag, NCs surface. In the FTIR
spectra of Au; ,Ag,/CdS NW heterostructures, the band at ca.
1635 cm™ " exhibits a significantly larger intensity compared with
pristine CdS NWs, confirming the successful attachment of
Au,_,Ag, NCs to the CdS NWs substrate.

As shown in Fig. 2d, all the samples exhibit an absorption
band edge at approximately 526 nm, which is attributed to the

This journal is © The Royal Society of Chemistry 2025

bandgap photoexcitation of the CdS matrix. Notably, light
absorption of CAS@MEA is almost identical to that of CdS NWs,
suggesting that MEA modification does not alter the optical
properties of the CdS substrate. It is worth mentioning that
when Au, _,Ag, NCs are deposited on CdS NWs, light absorption
enhancement is observed in the DRS result of the Au,_,Ag,/CdS
NW heterostructure, which is attributed to the photosensitiza-
tion effect of Au;_,Ag, NCs (Fig. S61). Furthermore, based on
the Kubelka-Munk function versus light energy (Fig. 2e),
bandgaps of CdS NWs and the Au; ,Ag,/CdS NW hetero-
structure are estimated to be ca. 2.42 eV. Although the bandgap
of the Au,;_,Ag/CdS NW heterostructure does not differ from
that of CdS NWs, its enhanced light-harvesting capability within
the visible light domain confirms the photosensitization effect
of Au, ,Ag, NCs. As shown in Fig. 2f, the N, adsorption-
desorption results reveal that both CdS and the Au,_,Ag,/CdS
NW heterostructure display type IV isotherms according to the
IUPAC classification, indicating that the samples are charac-
teristic of mesoporous materials. As indicated in Table S2,t
specific surface areas of CdS and the Au; ,Ag,/CdS NW heter-
ostructure are determined to be 22.276 and 21.713 m”> g™},
respectively. Compared with CdS NWs, the slight decrease in
the specific surface area of Au;_,Ag,/CdS NWs suggests that the
decoration of Au,;_,Ag, NCs does not affect the specific surface
area of CdS NWs.

As illustrated in Fig. S7a and Table S3,} the survey spectrum
of Au, _,Ag,/CdS NWs displays signals for Cd, O, C, S, Au and Ag,
which are consistent with the EDS result (Fig. S51). In the high-
resolution Cd 3d spectrum (Figure 2g(I)) of CdS NWs, the peaks
at411.68 (Cd 3d;/,) and 404.94 eV (Cd 3ds/,) are attributed to the
Cd** species.**? Similarly, in the high-resolution S 2p spectrum
(Fig. 2h(I)) of CdS NWs, the peaks at 162.64 (S 2pi,) and
161.43 eV (S 2p;,,) are assigned to the S~ species.® The results
indicate that the chemical states of Cd and S are not influenced
by the deposition of metal NCs. Notably, compared with pristine
CdS NWs, the Au, ,Ag,/CdS NW heterostructure exhibits
redshifts in the binding energy (BE) for the high-resolution Cd

J. Mater. Chem. A, 2025, 13, 4908-4920 | 4911
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Fig.1 SEM images of (a) CdS NWs, (b) CdS@MEA NWs, and (c) Au;_,Ag,/CdS NWs heterostructures; (d) TEM and HRTEM (inset) images of CdS
NWs; (e) TEM image and (f) HRTEM image of Au;_,Ag,/CdS NWs with (g—n) elemental mapping results.

3d (Fig. 2g(11)) and S 2p (Fig. 2h(II)) spectra albeit they corre-
spond to the same elemental chemical states of Cd** and S*7,
indicating substantial interfacial and electronic interaction
between Au,;_,Ag, NCs and the CdS NW substrate. Fig. 2i and j
demonstrate the high-resolution Au 4f and Ag 3d spectra of the

4912 | J Mater. Chem. A, 2025, 13, 4908-4920

Au;_,Ag,/CdS NW heterostructure. The Au 4f spectrum (Fig. 2i)
reveals two sets of peaks for Au 4f5,, and Au 4f;),, each of which
implies two distinct valence states of Au. Specifically, the peaks
at 84.28 and 87.85 eV correspond to Au in the zero-valent state
(Au®), whereas the peaks at 84.77 and 88.45 eV are indicative of

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) XRD, (b) Raman, and (c) FTIR results of pristine CdS, CdS@MEA NW and Au;_,Ag,/CdS NW heterostructures; (d) DRS results of pristine
CdS, CdS@MEA NW and Au;_,Ag,/CdS NW heterostructures with (e) bandgap determination plots; (f) nitrogen adsorption—desorption isotherms
of pristine CdS NWs and Au;_,Ag,/CdS NW heterostructures with pore size distribution patterns in the inset; high-resolution (g) Cd 3d and (h) S 2p
spectra of (I) pristine CdS NWs and (II) Au;_,Ag,/CdS NW heterostructures; high-resolution (i) Au 4f and (j) Ag 3d spectra of Au;_,Ag,/CdS NW

heterostructures.

Au in the +1 valent state (Au').?*?* As displayed in Fig. 2j, the Ag
3d signal shows two peaks of Ag 3ds,, (373.59 eV) and Ag 3d3,
(368.35 €V), which are characteristic of Ag' species.***® The
results confirm the deposition of Au,_,Ag, NCs on the surface
of CdS NWs. To evaluate the generality of our results, we
substituted the Au;_,Ag, NCs in the Au,;_,Ag,/CdS NW hetero-
structures with Au,_,Cu, NCs and Au,_,Pt, NCs. The charac-
terization results of Au,_,Cu,/CdS NW and Au,_,Pt,/CdS NW
heterostructures including XRD, Raman, DRS and FTIR are
provided in Fig. S8 and Table S1.}

3.2 Photocatalytic activities

To explore the photoactivities of the samples, the photocatalytic
selective reduction of aromatic nitro compounds to amino
derivatives was studied under visible light irradiation (A > 420
nm) using ammonium formate as a hole scavenger and N,
purge. Control experiments were conducted in the absence of
the catalyst or under dark conditions, and the results indicate
that it is a photocatalytic reaction (Fig. S9t). As shown in Fig. 3a,
the loading percentage of Au; ,Ag, NCs on the CdS NW
substrate is controlled by manipulating its concentration
during the self-assembly process. The results indicate that

This journal is © The Royal Society of Chemistry 2025

photoactivities of Au;_,Ag,/CdS NW heterostructures signifi-
cantly increase as the concentration of Au, _,Ag, NCs decreases.
Hence, the optimal sample utilized for subsequent analysis was
the Au,_,Ag,/CdS NW heterostructure fabricated with Au,_,Ag,
NCs with a volume concentration of 0.05%. Inductively coupled
plasma-mass spectrometry (ICP-MS) was employed to quanti-
tatively determine the amount of Au;_ ,Ag, NCs in the nano-
composite. According to Table S4,7 the loading percentage of
Au,_,Ag, NCs in the Au,_,Ag,/CdS NW heterostructure is
approximately 0.0093 wt%. This result is very interesting since
such a super-low Au;_ ,Ag, NC loading amount unexpectedly
leads to a significant photoactivity enhancement, highlighting
the remarkable role of alloy NCs as photosensitizers. Fig. 3b
presents the comparison of the photocatalytic activities of
pristine CdS NWs, CdAS@MEA NWs, and Au,; ,Ag,/CdS NW
heterostructures toward visible-light-responsive photoreduc-
tion of 4-nitroaniline (4-NA). Notably, the Au; ,Ag,/CdS NW
heterostructure exhibits optimal photoactivity compared with
CdS NW and CAdS@MEA NW counterparts, signifying the
cooperative synergy between CdS NWs and Au; ,Ag, NCs
during the photocatalytic reaction. It is noteworthy that the
enhanced photoactivity of CAS@MEA NW compared with CdS
NWs signifies the pivotal role of MEA as an interfacial electron
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Fig. 3 (a) Photoactivities of Au;_,Ag,/CdS NW heterostructures with different loading amounts of Au;_,Ag, NCs. Photoactivities of pristine CdS
NWs, CdS@MEA NWs, and Au;_,Ag,/CdS NW heterostructures toward the selective photoreduction of nitroaromatics, including (b) 4-NA, (c) 4-
NP, and (d) 3-NA under visible light irradiation (A > 420 nm) upon adding ammonium formate as a hole quencher. (e) Action spectrum of the
Auy_,Ag,/CdS NW heterostructure for photocatalytic 4-NA reduction; (f) photoreduction of 4-NA over the Au; ,Ag,/CdS NW heterostructure
with the addition of ammonium formate and ammonium formate + AgNOsz or without the addition of ammonium formate + AgNOs in the
reaction system. Photoactivities of pristine CdS NWs, CdS@MEA NWs, and Au;_,Cu,/CdS NW heterostructures toward the selective photore-
duction of nitroaromatics, including (g) 4-NA, (h) 3-NA, and (i) 2-NA under visible light irradiation (1 > 420 nm); photoactivities of pristine CdS
NWs, CdS@MEA NWs, and Au;_,Pt,/CdS NW heterostructures toward the selective photoreduction of nitroaromatics, including (j) 4-NA, (k) 3-
NA, and (l) 2-NP along with (m) reaction model under the current experimental conditions.

transport mediator, thereby enhancing the charge separation ruling out the possibility of optical change for the alloy NCs/
and enhancing the photoactivities. In addition, as shown in TMC heterostructure due to the attachment of MEA at the
Fig. S10, MEA exhibits no absorption in the visible domain, interfacial domain. In other studies, MEA did not function as
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a photosensitizer in the current photosystem. Additionally, as
shown in Fig. 3c and d, similar photoactivity improvements are
observed in the photoreduction of other nitroaromatic
compounds, such as 4-nitrophenol (4-NP) and 3-nitroaniline (3-
NA); significantly, the Au, ,Ag,/CdS NW heterostructure
consistently outperforms pristine CdS NWs and CdS@MEA
NWs in photoactivity. This confirms the critical contribution of
Au,_,Ag, NCs to the improved photocatalytic performances of
the Au, _,Ag,/CdS NW heterostructure.

Considering that stability is a primary concern when
employing alloy NCs for photocatalytic applications, the
robustness of the catalysts was assessed through cyclic reac-
tions. As indicated by Fig. S11,t the photocatalytic activity of the
Au,_,Ag,/CdS NW heterostructure demonstrates modest
stability. The action spectrum of the Au,_,Ag,/CdS NW heter-
ostructure was explored. As illustrated in Fig. 3e, an apparent
peak is observed within the wavelength profile of 400-520 nm,
confirming the significant role of the photoexcitation of the CdS
NWs matrix. Fig. 3f presents the photocatalytic activities of the
Au,_,Ag,/CdS NW heterostructure with and without adding an
electron scavenger (AgNOj3). The results indicate that the pho-
toactivity of Au,_,Ag,/CdS NWs is entirely extinguished upon
adding the electron scavenger (AgNO;), affirming the signifi-
cance of electrons in triggering the photoreduction catalysis.
Note that the photoactivity of the Au,_,Ag,/CdS NW hetero-
structure was markedly diminished without the incorporation
of a hole scavenger (ammonium formate), highlighting the
importance of quenching holes in the photoreduction reaction.

To verify the universal photosensitization effect of metal
NCs, photoactivities of alloy NCs [Au;_,Cu, and Au,; ,Pt,]/CdS
heterostructures toward the photoreduction of nitroaromatic
compounds were also investigated under the identical experi-
mental conditions. As shown in Fig. 3g, photoactivity of the
optimal Au; ,Cu,/CdS NWs is approximately 2 times larger
than that of pristine CdS NWs. Moreover, as displayed in
Fig. 3h, i and S12a-c,} besides 4-NA, similar results are observed
in the selective photoreduction of other aromatic nitro
compounds over the Au;_,Cu,/CdS NW heterostructure,
including 3-nitroaniline (3-NA), 2-nitroaniline (2-NA), nitro-
benzene (NB), 4-nitrotoluene (4-NT), and 1-bromo-4-
nitrobenzene. Alternatively, as displayed in Fig. 3j-1, S12d and
e, analogous results are observed in the selective photoreduc-
tion of aromatic nitro compounds over the Au,_,Pt,/CdS NW
heterostructure including 4-nitroaniline (4-NA), 3-nitroaniline
(3-NA), 2-nitrophenol (2-NP), 1-chloro-4-nitrobenzene, and
nitrobenzene (NB). Thus, the results concurrently reveal the
general roles of Au;_,Cu, NCs and Au,_,Pt, NCs in enhancing
the photoactivities of Au,_,Cu,/CdS NW and Au, _,Cu,/CdS NW
heterostructures.

Photocatalytic selective oxidation of aromatic alcohols to the
corresponding aldehydes over Au; ,Ag,/CdS NW hetero-
structures was probed. As shown in Fig. 4a, with regard to the
photocatalytic selective oxidation of benzyl alcohol (BA), the
conversion and yield of CdS NWs, CAS@MEA NWs and Au;_,-
Ag,/CdS NW heterostructures reach 18.12%, 8.94%, and
52.87%, respectively, coupled with 100% selectivity under
visible light exposure. Notably, the Au;_,Ag,/CdS NW

This journal is © The Royal Society of Chemistry 2025

View Article Online

Journal of Materials Chemistry A

heterostructure demonstrates superior photoactivity over other
counterparts. Additionally, the photocatalytic selective oxida-
tion of a variety of aromatic benzylic alcohols including benzyl
alcohol (BA), p-methylbenzyl alcohol (MBA), and p-chlorobenzyl
alcohol (CBA), bearing substituents from electron-donating
groups to electron-withdrawing groups, over these three
samples was further explored. Fig. 4b and c suggest that the
Au, _,Ag,/CdS NW heterostructure consistently exhibits signifi-
cantly higher conversion and yield than those of pristine CdS
NW and CdS@MEA NW counterparts in the photocatalytic
selective oxidation of p-methylbenzyl alcohol and p-chlor-
obenzyl alcohol. The results indicate the general photosensiti-
zation effect of the Au; ,Ag,/CdS NW heterostructure in
facilitating the selective organic transformations when sub-
jected to visible light irradiation.

Fig. 4d demonstrates the photoactivities of Au,_,Ag,/CdS
NWs with the addition of different scavengers, enabling the
identification of the predominant reactive species during the
photocatalytic reaction. To this end, benzoquinone (BQ), potas-
sium persulfate (K,S,0g), ammonium oxalate (AO), and ter¢-butyl
alcohol (-BuOH) were added into the reaction system for trap-
ping superoxide radicals (‘O,”), electrons (e”), holes (h*), and
hydroxyl radicals ("OH), respectively. Specifically, when K,S,04
was added into the reaction system for trapping electrons, the
high photoactivity of the Au,_,Ag,/CdS NW heterostructure is
not altered, confirming the negligible role of electrons in the
photocatalytic selective oxidation of BA. When BQ and #-BuOH
were added into the reaction system as the superoxide radical
("0, 7) and hydroxyl radical ("OH) scavengers, the photoactivities
of the Au;_,Ag,/CdS NW heterostructure were considerably
decreased, confirming that superoxide radicals ('O,”) and
hydroxyl radicals ("OH) exert substantial influence on improving
the photoactivities of the Au, ,Ag,/CdS NW heterostructure.
When AO was added into the reaction system for quenching
holes, the photoactivity of the Au,; ,Ag,/CdS NW heterostructure
was substantially reduced, indicating that the photocatalytic
selective oxidation of BA over the Au,_,Ag,/CdS NW hetero-
structure is primarily driven by holes. The general contributing
roles of the active species follow the order of h* > '0,” > "OH>e".
Alternatively, a control experiment with a N, purge was carried
out to evaluate the importance of dissolved O, in enhancing the
photoactivity of the Au; ,Ag,/CdS NW heterostructure. As dis-
played in Fig. 4d, the photoactivity of the Au, ,Ag,/CdS NW
heterostructure using N, saturated BTF solvent is markedly lower
than that using O,-saturated BTF, indicating that dissolved O,
plays an important role in improving the photoactivity of the
Au,_,Ag,/CdS NW heterostructure. This is understandable since
dissolved O, is indispensable for the generation of oxygen-
containing active species which synergistically contribute to the
enhanced photoactivity. The correlation of these active species
can be reflected by the formulae below:*®

02 +e — .027 (5)
'027 + '027 + 2H+ - HzOz + 02 (6)
HzOz + '027 — '‘OH + OH™ + 02 (7)
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Fig.4 Photoactivities of (1) pristine CdS NWs, (Il) CdS@MEA NWs and (I1) Au;_,Ag,/CdS NW heterostructures toward the photocatalytic selective
oxidation of aromatic alcohols, including (a) benzyl alcohol, (b) p-methylbenzyl alcohol, and (c) p-chlorobenzyl alcohol, to the corresponding
aldehydes under visible light irradiation (1 > 420 nm) for 4 h; (d) photocatalytic selective oxidation of BA over the Au;_,Ag,/CdS NW hetero-
structure for 4 h by adding BQ, K»S,0g, AO, t-BuOH and N, as scavengers for quenching superoxide radicals ('O, "), electrons (e7), holes (h*) and
hydroxyl radicals ("OH), respectively, and (e) photocatalytic oxidation of BA over the Au;_,Ag,/CdS NW heterostructure under monochromatic
light irradiation. Photoactivities of (I) pristine CdS NWs, (Il) CdS@MEA NWs and () Au;_,Cu,/CdS NW heterostructures toward the selective
oxidation of aromatic alcohols, including (f) BA, (g) p-methylbenzyl alcohol, (h) p-fluorobenzyl alcohol and (i) p-nitrobenzyl alcohol, under visible
light irradiation (1 > 420 nm) for 4 h. Photoactivities of (I) pristine CdS NWs, (Il) CdAS@MEA NWs and (l11) Au;_,Pt,/CdS NW heterostructures toward
the selective oxidation of aromatic alcohols, including (j) BA, (k) p-methylbenzyl alcohol, (1) p-fluorobenzyl alcohol, (m) p-chlorobenzyl alcohol,
and (n) p-nitrobenzyl alcohol under visible light irradiation (A > 420 nm) for 4 h; (o) photocatalytic selective oxidation reaction model under the
current experimental conditions.

As displayed in Fig. 4e, a substantial peak extending from photoactivities of the Au; ,Ag,/CdS NW heterostructure stem
420 to 600 nm is observed in the action spectrum of the from the band-gap-photoexcitation of CdS NWs. A similar
Au,_,Ag,/CdS NW heterostructure toward the photocatalytic strategy was employed to fabricate a series of other alloy NCs
selective oxidation of BA, confirming that the excellent [Au; ,Cu,, Au;_,Pt,]/CdS NW  heterostructures for
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photocatalytic selective oxidation of aromatic alcohols to alde-
hydes under visible light irradiation. As reflected by Fig. 4f-i,
the Au;_,Cu,/CdS NW heterostructure still exhibits optimal
photoactivities toward the selective oxidation of benzyl alcohol,
p-methylbenzyl alcohol, p-fluorobenzyl alcohol and p-nitro-
benzyl alcohol to the corresponding aldehydes with high
conversion and selectivity under visible light, which are supe-
rior to those of pristine CdS NW and CAS@MEA NW counter-
parts. As reflected in Fig. 4j-n, the Au,_,Pt,/CdS NW
heterostructure always shows significantly improved photo-
activities in comparison with pristine CdS NW and CdS@MEA
NW counterparts, strongly reflecting the highly efficient and
multifarious photoactivities of the Au,_,Pt,/CdS NW hetero-
structure. The results confirm the general roles of Au;_,Ag,,
Au,_,Cu, and Au,_,Pt, NCs as photosensitizers in accelerating
the photocatalytic selective organic transformation of
heterostructures.

Photoelectrochemical (PEC) measurements were performed
to evaluate the interfacial charge separation efficiency of the
samples. As depicted in Fig. 5a, the Au,_,Ag,/CdS NW hetero-
structure exhibits a considerably enhanced photocurrent
compared with pristine CdS NWs under visible light irradiation,
corroborating that the integration of Au; ,Ag, NCs with CdS
NWs effectively mitigates charge recombination. Electro-
chemical impedance spectroscopy (EIS) results, as shown in
Fig. 5b, reveal that the Au, ,Ag,/CdS NW heterostructure
exhibits a smaller semicircle arc radius under visible light
irradiation relative to CdS NWs, indicative of its lower interfa-
cial charge transfer resistance (Table S5f) and thus a more
efficient charge separation efficiency. The results confirm that
the heterostructure engendered by integrating Au,;_,Ag, NCs
with CdS NWs enhances the separation and transfer of photo-
generated electron-hole pairs. Furthermore, the open-circuit
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voltage decay (OCVD) results (Fig. 5¢) suggest that the Au;_,-
Ag,/CdS NW heterostructure possesses a larger photovoltage
and a more prolonged electron lifespan (Fig. 5d) compared with
blank CdS NWs. This once again verifies that charge separation
is enhanced over the Au;_,Ag,/CdS NW heterostructure. As
shown in Fig. S131, the PEC performances of Au; ,Cu,/CdS NW
and Au,_,Pt,/CdS NW heterostructures also demonstrate
improved charge separation efficiency, prolonged electron life-
time, and smaller interfacial charge transfer resistance relative
to blank CdS NWs, verifying the general role of Au,_,Cu, and
Au,_,Pt, NCs as photosensitizers.

Photoluminescence (PL) spectroscopy is considered as an
efficient tool to assess the carrier separation efficiency of a pho-
tocatalyst. The emission observed in the PL results is caused by
the recombination of photo-excited electron-hole pairs, and the
decreased PL intensity reflects an increase in charge recombi-
nation. As shown in Fig. 5e, the Au, ,Ag,/CdS NW hetero-
structure exhibits lower PL intensity compared with CdS NWs,
suggesting that charge recombination over the Au,_,Ag,/CdS
NW heterostructure is significantly suppressed. As displayed in
Fig. 5f, time-resolved PL measurements were performed to
further probe the charge transfer kinetics of the Au, ,Ag,/CdS
NW heterostructure, and the results are summarized in Table
S6.t Specifically, when Au, _,Ag, NCs are loaded on the surface of
CdS NWs, there is an increase in the PL lifetime of the CdS NW
substrate due to hole transfer. Based on the PL results, we infer
that, in addition to the injection of electrons from the LUMO
level of Au, _,Ag, NCs to the conduction band (CB) of CdS, holes
from the valence band (VB) of CdS are also transferred to the
HOMO level of Au;_,Ag, NCs to promote charge separation,
following a type-II charge transfer pathway.*”** This charge
transport characteristic increases the electron lifetime, thereby
enhancing the carrier separation efficiency.*
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Fig. 5

(a) On—off transient photocurrents, (b) EIS results, (c) open-circuit potential decay plots, (d) electron lifetime (z,,), and (e) PL spectra of

pristine CdS NWs and the Au;_,Ag,/CdS NW heterostructure with an excitation wavelength of 350 nm, along with (f) time-resolved transient PL
decay spectra for pristine CdS NWs and the Au;_,Ag,/CdS NW heterostructure.
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3.3. Photocatalytic mechanism

The energy level positions of the CdS NW substrate are deter-
mined by Mott-Schottky (M-S) and DRS analyses. As shown in
Fig. S14,T the M-S results indicate that the flat band potential of
CdS NWs is —0.450 V relative to the normal hydrogen electrode
(NHE). Based on the bandgap (E;) value of 2.42 eV determined
by the DRS results (Fig. 2e), the VB position of CdS is deter-
mined to be 1.97 V vs. NHE by applying the equation E, = VB —
CB. Furthermore, according to the UV-vis absorption spectra
(Fig. S1et) and cyclic voltammetry (CV) results (Fig. S15at), the
LUMO and HOMO levels of Au,_,Ag, NC are determined to be
approximately —2.24 V and 0.66 V vs. NHE (Fig. 6¢ and S15bf),
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respectively. The HOMO and LUMO levels of Au, _,Cu, NCs and
Au, ,Pt, NCs were also determined by analogous methods
(Fig. 6d, e, S15d and ft).

It is well-established that in situ XPS represents an effective
technique to analyze the surface chemistry and charge transport
mechanism of photocatalysts.*® A higher shift in the binding
energies of core elements indicates a reduction in electron
density and vice versa.** As shown in Fig. 6a and b, under visible
light irradiation, the binding energies of Au 4f and Ag 3d
elements in the Au,;_,Ag,/CdS NW heterostructure are signifi-
cantly red-shifted compared with those in the dark, indicating
that photoelectrons are transferred from Au, ,Ag, NCs to CdS
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Fig. 6

In situ high-resolution XPS spectra of (a) Au 4f and (b) Ag 3d for the Au;_,Ag,/CdS NWs heterostructure; schematic illustration of the

energy level alignment of (c) Au;_,Agy NCs, (d) Au;_4Cu, NCs, and (e) Au;_ Pty NCs; (f) schematic diagram depicting the photocatalytic
mechanism of the Au;_,Ag,/CdS NW heterostructure.
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under light irradiation. This provides crucial evidence for
determining the interfacial charge transfer pathway over the
Au,_,Ag,/CdS NW heterostructure under visible light irradia-
tion. Similarly, as depicted in Fig. S16¢c and d,T under visible
light irradiation, the binding energies of N 1s and CI 2p for the
Au,_,Ag,/CdS NW heterostructure shift to higher values, indi-
cating a decreased electron density on the MEA. Evidently,
under visible light irradiation, photoelectrons migrate from
Au,_,Ag, NCs through the intermediate MEA layer to the CdS
substrate. Clearly, the MEA intermediate layer acts as a charge
mediator to expedite the directional flow of electrons from alloy
NCs to TMCs, thereby enhancing the charge separation and
improving the photocatalytic activities.

Based on the above analysis, the photocatalytic mechanism
of the alloy NCs [Au; ,Ag,, Au; ,Pt,, and Au; ,Cu,]/CdS NW
heterostructures is proposed. As illustrated in Fig. 6f, under
visible light irradiation, alloy NC [Au;_,Ag,, Auy ,Pt,, and
Au, ,Cu,] ingredients of the heterostructure are photoexcited,
generating electron-hole pairs in the LUMO and HOMO energy
levels, respectively. Given that the LUMO levels of these alloy
NCs are more negative than the CB of CdS, and their HOMO
levels are lower than the VB of CdS (1.965 V vs. NHE), type II
energy level alignment is thus established. Consequently, elec-
trons from the LUMO of alloy NCs are more readily transferred
to the CB of CdS, while holes migrate from the VB of CdS to the
HOMO level of alloy NCs. It is worth noting that the ultrathin
MEA intermediate layer serves as an electron relay mediator to
increase the directional electron flow from alloy NCs to the CdS
substrate. Regarding the photocatalytic selective reduction of
aromatic nitro compounds (Fig. S177), electrons flowing to the
CB of CdS are the sole active species capable of photoreducing
aromatic nitro compounds to amino derivatives, while the holes
transferring to the HOMO level of alloy NCs are completely
quenched by a scavenger (ammonium formate),*” thus fulfilling
the photoreduction catalysis. For the photocatalytic selective
oxidation of aromatic alcohols to the corresponding aldehydes
(Fig. S18t), "0, and h" are identified as the primary active
species, both of which are responsible for the oxidation reac-
tion. More specifically, electrons injected into the CB of CdS are
captured to generate Cd"" species and the alcohol molecules are
adsorbed on the CdS surface to form structure II through
deprotonation.**** Subsequently, the adsorbent alcohol mole-
cule first reacts with holes and then deprotonates to form
carbon radicals, while electrons are captured by Cd™ to form
Cd". 1t is worth noting that electrons can directly combine with
the dissolved O, molecules to engender superoxide (‘O,")
radicals [E°(O,/'0,”) = —0.284 V vs. NHE].* In this regard, the
thus-formed "O, radicals take part in the oxidation of aromatic
alcohols to aldehydes and attack the carbon radical to form
intermediate IV, for which the interactions between the C-O
bonds of the alcohol and O-O bonds of dioxygen may be
synergistically realized through the oxygen-bridged structure
IV.*¢ Alternatively, holes in the HOMO of alloyed NCs can also
directly oxidize the aromatic alcohols to aldehydes considering
their high oxidation capability, fulfilling the selective photo-
catalytic oxidation process.

This journal is © The Royal Society of Chemistry 2025
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4. Conclusions

In summary, tailor-made alloy NCs [Au;_,Ag,, Au, ,Pt,, and
Au,_,Cu,] are precisely anchored on the CdS NWs by a simple,
efficient, and universal electrostatic self-assembly strategy
combined with favorable interface configuration modulation.
The self-assembled alloy NC/CdS heterostructures exhibit
significantly enhanced photocatalytic activities for multifarious
visible-light-responsive =~ photoredox catalysis reactions,
including the photocatalytic selective reduction of aromatic
nitro compounds to amino derivatives and the selective oxida-
tion of aromatic alcohols to aldehydes, due to the construction
of favorable type II energy level alignment between alloy NCs
and CdS. The unidirectional transfer of electrons from alloy
NCs to CdS significantly improves the charge separation effi-
ciency, enhancing the photocatalytic activities. Our work
provides a novel approach to achieve fine tuning of spatially
vectorial charge motion through simple yet judicious interface
modulation for solar energy conversion into chemical energy.
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