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Abstract

Quantum tunneling offers a fascinating paradigm for orchestrating spatial charge transport in artificial
photosynthesis. However, precisely manipulating electron tunneling across well-defined heterointerfaces
remains a formidable challenge, with conventional designs largely confined to classical Semiconductor-
Insulator-Metal (S-I-M) architectures. Herein, we report a conceptual endeavor by fundamentally departing
from the traditional S-I-M model, constructing a unique and novel Semiconductor-Insulator-Ligand/Metal
tunneling platform. Specifically, an ultrathin insulating poly(sodium 4-styrenesulfonate) (PSS) layer is
engineered onto a transition metal chalcogenide (TMC, e.g., CdS) substrate. Subsequently,
poly(diallyldimethylammonium chloride) (PDDA)-capped metal nanocrystals (M@PDDA, M = Au, Pd) are
precisely anchored via electrostatic self-assembly, yielding well-defined TMC@PSS/M@PDDA
heterostructures. Distinct from conventional systems, the PDDA ligands synergistically couple with the metal
core to form an integrated, highly potent electron capture center driven by the Schottky-junction effect. This
unique synergistic driving force triggers non-classical, directional electron tunneling from the photoexcited
TMC substrate directly through the insulating PSS barrier. Benefiting from this advantageous Quantum
tunneling, TMC@PSS/M@PDDA heterostructures demonstrate significantly enhanced and multifarious

visible-light-driven photoredox activities including selective organic transformations and H,O, production.
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This work establishes an elegant conceptual paradigm for decoding and customizing quantum tunneling

View Article Online

pathways, offering profound fundamental insights into advanced solar energy conversionpor 10.1039/D65C038623

Keywords: Quantum tunneling, Self-assembly, Charge transport, Non-conjugated polymers, Metal

nanocrystals.

1. Introduction

Solar-driven artificial photosynthesis represents a highly compelling paradigm for sustainable solar-to-
chemical energy conversion.!-3 In recent years, diverse semiconductor-based platforms have been extensively
explored, among which transition metal chalcogenides (TMCs) have garnered widespread attention owing to
their substantial light absorption coefficients, abundant catalytic active sites, and highly tunable electronic
band structures.*® Nevertheless, the practical realization of highly efficient TMC-based photosystems is
fundamentally impeded by severe exciton recombination, sluggish interfacial charge-transfer kinetics, and
inherent susceptibility to photocorrosion. Overcoming these thermodynamic and kinetic hurdles necessitates
the precise orchestration of interfacial charge transport pathways.”- 8

Quantum tunneling of photogenerated charge carriers has emerged as a fascinating strategy to radically
accelerate charge-transfer kinetics by bypassing classical thermodynamic interfacial energy barriers.
Conventional charge-tunneling photosystems, however, are predominantly confined to classic
Semiconductor-Insulator-Metal (S-I-M) architectures, typically employing rigid inorganic insulating layers
(e.g., Al,O3, Si0,) as the interfacial barrier. In such classical scenarios, electrons directionally tunnel through
the ultrathin insulating medium and are subsequently extracted by the outermost metal co-catalysts, driven by
the Schottky-junction effect. While this spatial decoupling effectively prolongs carrier lifetimes and promotes
catalytic activity, these rigid inorganic insulating layers suffer from inherently poor interfacial adaptability.

They struggle to maintain structural integrity and efficient synergistic activity within complex, dynamic
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photoredox environments. Consequently, unlocking the full potential of quantum tunneling in versatile, liquid-
phase artificial photosynthetic systems remains a formidable challenge. DOL: 10.1038/D65C03862)

Inspired by the intrinsic dielectric nature of non-conjugated polymers (NCPs), we envision that the
classical S-I-M paradigm can be fundamentally reinvented by substituting rigid inorganic barriers with flexible
NCPs.”1¢ Beyond serving as robust electron-tunneling barriers, NCPs feature exceptional structural
conformability and interfacial processability. This unique flexibility facilitates the conformal integration of
ultrathin polymer layers and metal nanocrystals (NCs) onto TMC substrates. Concurrently, while surface
ligands are indispensable for stabilizing monodisperse colloidal metal NCs, their characteristic electrostatic
properties render them highly programmable building blocks for directed self-assembly. Therefore, we
propose that the rational integration of polymer-encapsulated TMCs with ligand-capped metal NCs
(metal@ligand) via electrostatic interactions enables the construction of structurally novel, polymer-mediated
quantum tunneling photosystems. Notably, conventional wisdom dictates that insulating capping ligands
inevitably passivate and sterically shield the catalytic active sites of metal NCs. Consequently, exploring the
active electronic cooperation between peripheral ligands and the metal core to intentionally amplify the
interfacial Schottky-junction effect represents a largely uncharted, yet profoundly promising, frontier in
quantum tunneling catalysis.!7-2

Herein, we conceptually demonstrate the rational design of a unique Semiconductor-Insulator-
Ligand/Metal tunneling platform. Specifically, through highly controllable electrostatic self-assembly,
tailored M@PDDA (M = Au, Pd) NCs were precisely loaded onto CdS substrates pre-coated with an ultrathin
poly(sodium 4-styrenesulfonate) (PSS) insulating layer, constructing well-defined CdS@PSS/M@PDDA
(C@P/M) heterostructures. Crucially, consistent with our proposed hypothesis, M@PDDA NCs are not

merely a passive electron acceptor, but rather, through the synergistic electronic coupling between PDDA

ligands and the metal core, significantly enhance the interfacial Schottky junction effect and thereby transform
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into an efficient electron capture center. This customized interfacial driving force triggers non-classical,
unidirectional electron tunneling from the photoexcited CdS substrate through the insulamﬂgo.BS@%g%%&gfto
the terminal M@PDDA NCs. Additionally, using photoredox reactions such as selective reduction of aromatic
nitro compounds and hydrogen peroxide generation as probes, we confirmed the effectiveness of this
interfacial tunneling kinetics under visible light conditions. Ultimately, this work unveils the emerging
potential of NCP in customizing a new generation of quantum tunneling artificial photosystems for advanced

solar energy conversion.

2. Experimental section

2.1 Materials

Cadmium acetate dihydrate (C4H¢CdO4-2H,0), Thiourea (CH4N,S), Hydrofluoric acid (HF 40 wt%),
Poly(sodium 4-styrenesulfonate) solution (PSS) (M,=70000, 30 wt% in H,O) , sodium chloride (NaCl),
Sodium  hydroxide = (NaOH), Poly(diallyldimethylammonium  chloride)  solution = (PDDA)
(M,,=200000~350000, 20 wt% in H,0), gold (III) chloride trihydrate (HAuCl,-3H,0, 99.9%), 4-nitroaniline
(4-NA), 3-nitroaniline (3-NA), 2-nitroaniline (2-NA), 2-nitrophenol (2-NP), Nitrobenzene, 2-
nitroacetophenone, Ammonium formate (NH4HCO,), and deionized water (DI H,O, Millipore, 18.2 MQ cm

resistivity) are used.

2.2 Preparation of catalysts

2.2.1 Preparation of CdS nano-leaves

C4H¢CdO4-2H,0 (5 mmol), CH4N,S (6 mmol), HF (40 wt%, 0.805 mL) and DI H,O (79.2 mL) were
added into a 100 mL Teflon autoclave to 80% volume. After stirring at room temperature for 1.5 h, the

autoclave was sealed and maintained at 200 °C for 20 h, and then air cooled to room temperature. The


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc03862j

Page 5 of 30 Chemical Science

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

Open Access Article. Published on 08 June 2026. Downloaded on 6/8/2026 9:00:47 PM.

(cc)

precipitate obtained was filtered and washed several times with DI H,O and absolute ethanol, and then dried

View Article Online

in vacuum at 60 °C for 8 h.3 DOI: 10.1039/D6SC03862J

2.2.2 Preparation of Au@PDDA nanocrystals (Au@PDDA NCs)

400 uL PDDA (20% in water), 80 mL DI H,O, 200 puL 0.5 M NaOH and 200 uL. HAuCl, (40 mg mL")
were added into a beaker. After thoroughly mixing for 2 mins, the mixed solution was maintained at 100 "C
for 4 h. Through accurately controlling the reaction time and using an inverted culture dish to cover the beaker

to avoid the rapid vaporization of the reaction liquid, the Au@PDDA NCs were thus obtained.’

2.2.3 Preparation of Pd@PDDA nanocrystals (Pd@PDDA NCs)

Briefly, 400 uL. PDDA (20% in water), 80 mL DI H,0, 200 pL 0.5 M NaOH and 300 puL Na,PdCl, (20
mg mL!) were added into a beaker. After thoroughly mixing for 5 mins, the mixed solution was maintained

at 100 °C for 26 h.”

2.2.4 Preparation of CdS@PSS (C@P)

0.2 g CdS nano-leaves were directly added into 40 mL PSS aqueous solution (0.5 mg mL-!, 0.5 M NaCl,

pH=10). The mixture was stirred for 1 h and centrifuged, and then dried in vacuum at 60 °C for 10 h.?!

2.2.5 Preparation of CdS@PSS/Au@PDDA (C@P/Au) heterostructures

The construction of C@P/Au heterostructures were obtained by electrostatic self-assembly using
CdS@PSS as the substrate and Au@PDDA NCs as the anchoring block. Specifically, Au@PDDA NCs
aqueous solution was added dropwise into 50 mg of CdS@PSS aqueous dispersion according to the mass ratio
under vigorous stirring. After mixing for 2 h, the mixtures were centrifuged and labeled as C@P/Au-X (X =

0.1,0.25, 1,4, 7, wt% ), and then dried in vacuum at 60 “C for 8 h.

2.2.6 Preparation of CdS@PSS/Pd@PDDA (C@P/Pd)


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc03862j

Open Access Article. Published on 08 June 2026. Downloaded on 6/8/2026 9:00:47 PM.

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

(cc)

Chemical Science Page 6 of 30

C@P/Pd counterpart was fabricated using the identical synthetic procedures to that of C@P/Au, except

View Article Online

that the Au@PDDA NCs were replaced with Pd@PDDA NCs. DOI: 10.1039/D6SC03862]

2.3 Characterization

X-ray diffraction (XRD, Miniflex600) is utilized to determine the crystal structure. Fourier transform
infrared (FTIR) spectra are monitored on an infrared spectrophotometer (TJ270-30A). UV-visible diffuse
reflectance spectra (DRS) are tested on Cary50 (Varian, America). X-ray photoelectron spectra (XPS, Thermal
Fisher) are measured with binding energy corrected by 284.80 eV. Field-emission Scanning electron
microscopy (FESEM, Carl Zeiss) and Transmission electron microscopy (TEM, Tecnai G2 F20) are harnessed
to explore the morphologies. Solid photoluminescence (PL) spectra are measured on an Eclipse spectrometer.
Zeta potential (§) measurements were performed by dynamic light scattering analysis (Zeta sizer Nano ZS-
90). Time-resolved photoluminescence (TRPL) spectra were recorded on a FLS 920 fluorescence lifetime
spectrophotometer (Edinburgh, Instruments, UK). Brunauer-Emmett-Teller (BET) specific surface area and

N, adsorption experiments are carried out on a 2460.

2.4 Photocatalytic performances

2.4.1 Aromatic nitro compounds reduction

A mixture containing 10 mg of catalyst and 40 mg of NH4HCO, (as hole scavenger) was dispersed in 30
mL of 4-NA aqueous solution (20 ppm) within a glass reactor under N, bubbling. After vigorous stirring in
the dark for 15 mins to establish the adsorption-desorption equilibrium, the system was irradiated with visible
light (A > 420 nm). Aliquots (2 mL) were collected at specified time intervals (0, 15, 30, 45, 60, 75 s),
centrifuged at 12,000 rpm, and the supernatant was analyzed by UV-vis spectrophotometry. Photoreduction
of other nitroaromatic compounds (3-NA, 2-NA, NP, Nitrobenzene and 2-Nitroacetophenone) were performed

under the identical conditions. Photocatalytic activities of the samples were quantified using the following

6
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equation:
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DOI: 10.,1039/D6SC03862J

Conversion (%) = M x100% (Equation 1)
0

2.4.2 H,0, production

Using a syringe equipped with a filter head, 3 mL of the reaction mixture (maintained under oxygen
atmosphere) was extracted, and the H,O, production rate was quantified by UV-Vis spectrophotometry
(Thermo Genesis). Specifically, a homogeneous mixture was prepared by combining 45 mL of DI H,O with
5 mL of methanol. 35 mg of catalyst was added to the solution and dispersed via magnetic stirring for 5 mins.
The reactor was purged with O, for 15 mins in the dark. Photocatalytic reactions were conducted under a 300
W Xe lamp equipped with a cutoff filter (A > 420 nm) with continuous stirring and a cooling circulator to
maintain the constant temperature. Aliquots (1 mL) were collected at specified intervals (0, 5, 15, 20, 25 min).
For H,O, quantification, 1 mL of the reaction sample, 50 pL of N, N-diethyl-p-phenylenediamine sulfate
(DPD), and 50 pL of catalase (source horseradish) (POD) solution was added to a 10 mL centrifuge tube. The
mixture was then diluted to 10 mL with DI H,O. From this solution, a 3 mL aliquot was taken for absorbance
measurement at 551 nm using UV-Vis spectrophotometry. The H,O, concentration was determined by
referencing the standard calibration curve (Figure S21).

Apparent quantum yield (A.Q.Y) of the reaction was defined by the following equations:?% 23

2 X number of evolved H,0, molecules

AQY = x100% (Equation 2)

M= — (Equation 3)

In the equation, E, 4, & and ¢ are the average intensity of irradiation, the wavelength of the irradiation,
Planck constant and the speed of light, respectively. A.Q.Y value were measured under the same
photocatalytic reaction conditions except for using the monochromatic light with different wavelength (i.e.,

420, 450, 500, 520, 550 nm) as the light source. The number of incident photons was measured using a radiant

7
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power energy meter (Perfect light, PLS-MW2000).

View Article Online
. DOI: 10.1039/D6SC03862J
2.5 Photoelectrochemical (PEC) measurements

PEC measurements were performed using an electrochemical workstation (CHI660E, CH Instruments,
Shanghai) equipped with a conventional three-electrode system comprising a Pt foil counter electrode (1 cm
x 1 cm), an Ag/AgCl reference electrode (saturated KCI), and a working electrode. A 0.5 M Na,SO, aqueous
solution (pH=6.69) served as the electrolyte. The working electrode was fabricated on fluorine-doped tin oxide
(FTO) glass through the following procedure: First, the FTO substrate was masked with Scotch tape to define
an active area of 1 cm?. Subsequently, 15 mg of the sample was ultrasonically dispersed in 3 mL of ethanol to
form a homogeneous slurry, which was then uniformly coated onto the pretreated FTO surface. Following air-
drying, the tape was carefully removed, and the non-active areas were insulated with nail polish. For
measurements, the prepared working electrode was vertically immersed in the electrolyte and illuminated
under visible light (A > 420 nm) using a 300 W Xenon lamp (PLS-ske300d, Beijing Perfect light Co. Ltd,
China). The electrode potentials were calibrated versus the reversible hydrogen electrode (RHE) using the

following equation:?*

ERHE = EAg/AgCl +0.059 pH + EOAg/AgC] (EoAg/AgCl =0.1976 V at 25 OC) (Equation 4)

3. Results and discussion

3.1 Structural characterizations
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Ccds CdS@Pss CdS@PSS/M@PDDA
cd S PSS “' M@PDDA (M = Au, Pd)

Scheme 1. Schematic flowchart for self-assembly of C@P/M (M= Au, Pd) heterostructures.

The detailed fabrication of the C@P/Au heterostructure is illustrated in Scheme 1. Initially, CdS substrate
was functionalized with an ultrathin layer of poly(sodium 4-styrenesulfonate) (PSS) (Figure S1), imparting a
negatively charged surface. Concurrently, tailor-made Au NCs coated with a polymer ligands of
poly(diallyldimethylammonium chloride) (PDDA) (Figure S2) demonstrate a positively charged surface.
Under ambient conditions, oppositely charged CdS@PSS and Au@PDDA NCs undergo electrostatic self-
assembly leading to the C@P/Au heterostructure. The feasibility of this ligand-induced electrostatic self-
assembly was verified by the zeta potential analysis (Figure S3). C@P/Pd heterostructure was also fabricated
using the analogous synthetic approach.

The morphologies and microstructures of the samples were characterized by field-emission scanning
electron microscopy (FESEM) and transmission electron microscopy (TEM). As shown in Figures 1a & d,
pristine CdS displayed a leaf-like structure with dimension in the range of 3-8 pum. This unique nano-leaf
structure is beneficial for exposing a high density of active sites and shortening the vertical migration distance

of charge carriers, thereby effectively suppressing the charge recombination.>! When the CdS surface was


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc03862j

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

Open Access Article. Published on 08 June 2026. Downloaded on 6/8/2026 9:00:47 PM.

(cc)

Chemical Science Page 10 of 30

wrapped with PSS (C@P), no obvious morphology alteration is observed relative to pure CdS (Figures 1b &
e). This is primarily attributed to the extremely low electron contrast of the ultrathin PSS i@ymm&%&&%ﬁ%s
it difficult to generate sufficient visual differentiation in conventional SEM and low-magnified TEM images,
thereby rendering it challenging to directly distinguish from other components. SEM and TEM images of
C@P/Au-0.25 (Figures 1c¢ & f) revealed the sporatic attachment of Au@PDDA NCs on the CdS nano-leaf
surfaces, indicating that Au@PDDA NCs have been successfully anchored onto the C@P surface via
electrostatic self-assembly. The characterizations of the Au@PDDA NCs were demonstrated in Figure S4a.
The average diameter of Au@PDDA NCs was approximately 14 nm (Figures S4b & c). High-resolution
transmission electron microscopy (HRTEM) images further validate the above speculation. As shown in

Figure 1g, pristine CdS exhibited a well-defined crystalline structure with lattice fringe of approximately

0.336 nm, corresponding to the (200) crystal plane of hexagonal CdS.

10
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0.234 nm

T cds (100)
10 nm 0.355 nm

Figure 1. (a-c) SEM images of CdS, C@P and C@P/Au-0.25, low-magnified TEM images of (d-f) CdS, C@P
and C@P/Au-0.25, HRTEM images of (g) CdS, (h) C@P, (i) C@P/Au-0.25, and elemental mapping results
of (j-o) C@P/Au-0.25.

In the HRTEM image of C@P (Figure 1h), besides the distinguishable lattice fringe of CdS (0.336 nm),
an amorphous PSS thin layer was found to be tightly wrapped around the outer surface of CdS, as indicated

by the black dashed line. Figure 1i clearly demonstrated the intimate integration between C@P and

Au@PDDA, where the lattice fringes of 0.234 nm and 0.355 nm correspond to the (111) and (100) crystal

11
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planes of cubic Au nanocrystals and hexagonal CdS, respectively. These results confirm the successful

mapping (Figures 1j-0) provided more intuitive evidence for the successful preparation of the target sample.
The coexistence of Cd, S, Na, N, Cl, and Au elements in C@P@Au-0.25, with their signals distributed along

the nanoleaf framework, implies that PSS and Au@PDDA have been successfully integrated on the CdS

Chemical Science

Page 12 of 30
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enwrapping of CdS by PSS and anchoring of Au@PDDA onto the C@P surface. Furthermore, TEMreleniestal

substrate. This conclusion was also supported by the EDS results (Figure S5).
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Figure 2. (a) XRD patterns, (b) FTIR and (c) Raman spectra of CdS, C@P and C@P/Au-0.25. High-resolution
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X-ray diffraction (XRD) analysis was employed to investigate the crystal structures of CdS, C@P, and
C@P/Au-0.25. As illustrated in Figure 2a, all the samples exhibit characteristic diffraction: mﬁ@%%%%ﬁo,
26.56°, 28.23°,36.68°, 43.78°, 47.84°, and 51.83°, which are indexed to the (100), (002), (101), (102), (110),
(103), and (112) crystal planes of hexagonal CdS (PDF#6-314), respectively.? The result suggests that neither
PSS modification nor Au@PDDA loading alters the crystalline phase of CdS substrate. However, the
characteristic diffraction peaks of Au@PDDA NCs are also not detected in the XRD pattern of C@P/Au-0.25,
which could be attributed to the relatively low loading content of Au@PDDA NCs. The Fourier transform
infrared (FTIR) spectra of the samples were shown in Figure 2b, with the corresponding functional group
assignments summarized in Table S1. Notably, the characteristic vibrational bands at 1182 cm™ and 1038 cm-
I observed for both C@P and C@P/Au-0.25 are assigned to the -SO; groups from PSS, confirming the
encapsulation of PSS on the CdS surface.?® Furthermore, the band at 1462 cm! in the FTIR spectrum of
C@P@Au-0.25 corresponds to the bending vibration mode of -CH, functional groups from PDDA, providing
clear evidence for the anchoring of Au@PDDA NCs on the CdS substrate.?” Figure 2¢ showed the decreased
Raman intensity in C@P and C@P/Au-0.25 versus pristine CdS, verifying the PSS encapsulation and
Au@PDDA anchoring and thus shielding the peaks. X-ray photoelectron spectroscopy (XPS) measurements
were conducted to elucidate the elemental chemical states of the samples and unravel the synergistic effect
among CdS, PSS, and Au@PDDA. Survey spectrum of C@P/Au-0.25 (Figure Sé6a) exhibits the characteristic
signals of Cd, S, Au, N, and Cl, among which Au originate from Au@PDDA NCs and N & Cl are from PDDA
ligands. In the high-resolution Cl 2p spectrum of C@P/Au-0.25, the peaks at 198.24 eV (ClI 2p;,,) and 200.02
eV (Cl 2p; ) (Figure 2f) are assigned to the CI- species from PDDA. The presence of Au 4f doublet at 84.26
eV (Au 4f;),) and 88.02 eV (Au 4f5),) (Figure 2g) confirms the metallic Au(0) state, indicating the successful
synthesis and loading of Au@PDDA NCs.?® Moreover, high-resolution Na 1Is spectrum of C@P/Au-0.25

demonstrates the peak at 1072.12 eV which stems from PSS (Figure S6c), verifying its encapsulation on the
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CdS substrate, consistent with the FTIR and Raman results. Significantly, binding energy shifts are observed
for both Cd and S in C@P and C@P/Au-0.25 compared with pristine CdS (Figure ﬂd:&lcg§?%§%§%%n£$g
electronic interaction between CdS, PSS, and Au@PDDA NCs. In summary, the XPS results compellingly
confirm that Au@PDDA NCs and PSS can be stably loaded onto the CdS substrate through ligand-induced
electrostatic self-assembly.

The light absorption capacity of the samples was explored by UV-visible diffuse reflectance spectroscopy
(DRS). As shown in Figure 2h, all the samples exhibit a characteristic absorption band edge at 500 nm, which
originated from the intrinsic bandgap photoexcitation of the CdS substrate. Compared with CdS and C@P,
C@P/Au-0.25 demonstrated enhanced light absorption in the visible region (500-700 nm). Combined with
Figure S4a, this is primarily attributed to the dominant contribution from the intrinsic absorption of
Au@PDDA NCs within this wavelength region. It is noteworthy that although Au@PDDA NCs typically
exhibit a surface plasmon resonance (SPR) effect, no obvious SPR peak was observed in the DRS results of

C@P/Au-0.25, which was caused by the excessively low loading content of Au@PDDA NCs.* The band

gaps (E,) of the samples were calculated using the Kubelka-Munk function below (Equation 5):3°

(ahv)? = A (hv - E,) (Equation 5)

where a, hv, and A represent the absorption coefficient, photon energy, and constant, respectively. The E,
values of CdS, C@P, and C@P/Au-0.25 were determined to be 2.36, 2.37, and 2.34 eV (Figure 2i),
respectively, indicating that neither the PSS coating nor Au@PDDA NCs deposition substantially alter the E,
value of the CdS substrate. Nevertheless, the loading of Au@PDDA NC:s still significantly enhances the light
absorption efficiency of the composite material in the visible light region. N, adsorption-desorption
measurements reveal that CdS, C@P, and C@P/Au-0.25 all exhibit typical Type IV isotherms (Table S3).
Specifically, with the introduction of PDDA and Au@PDDA NCs, the specific surface area progressively

increases from 3.803 m?%/g (CdS) to 3.952 m?/g (C@P) and further to 4.871 m?/g (C@P/Au-0.25). Evidently,
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the successful loading of PDDA and Au@PDDA NCs effectively enhances the specific surface area of the

View Article Qnline

CdS substrate, which is conducive to providing more active sites for participating in photocatalyticoreactions.

3.2 Photocatalytic activities
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Figure 3. (a) Photocatalytic selective reduction of 4-NA over C@P/Au-X (X: 0.1, 0.25, 1, 4, 7) with different
mass ratios of Au@PDDA NCs under visible light (A > 420 nm) irradiation with the addition of ammonium
formate as hole scavenger and N, bubbling under ambient conditions, and photocatalytic performances of CdS,
C@P and C@P/Au-0.25 toward selective reduction of nitroaromatics under the same conditions including (b)
4-NA, (c) 3-NA, (d) 2-NA, (e) 2-NP, (f) nitrobenzene and (g) 2-Nitroacetophenone. (h) Typical reaction model
under the current experimental conditions.

Using ammonium formate as the hole scavenger, photocatalytic performances of the samples for the
conversion of aromatic nitro compounds to amino derivatives were investigated under visible light irradiation

(A > 420 nm). As illustrated in Figure 3a, to clarify the effect of Au@PDDA NCs loading content on the
15
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photocatalytic performance of the C@P/Au heterostructure and screen out the optimal sample, a gradient
optimization of the Au@PDDA NCs loading ratio was systematically conducted. The resutbsmugsvgévégéﬁ%égﬁe
conversion efficiency of 4-nitroaniline (4-NA) by the C@P/Au heterostructure exhibits a distinct "volcano-
type" variation trend with increasing Au@PDDA NCs loading, and the optimal photoactivity is achieved when
the loading ratio of Au@PDDA NCs was set at 0.25%. As depicted in Figure 3b, constrained by intrinsic
photocorrosion and sluggish charge transfer, pristine CdS exhibited a mere 49% reduction efficiency for 4-
NA under visible light irradiation. When the surface of CdS was wrapped with an ultrathin PSS layer to form
the C@P, its photocatalytic activity are markedly decreased. This is attributed to the fact that PSS, as a non-
conjugated insulating polymer, hinders the interfacial charge transport process, making it difficult for
photogenerated charge carriers to reach the surface and participate in catalytic reactions. Notably, after
anchoring Au@PDDA NCs on the surface of C@P via electrostatic self-assembly, photocatalytic performance
of C@P/Au-0.25 towards 4-NA reduction was remarkably enhanced, with a total conversion rate reaching
nearly 100% under the same conditions. The remarkable performance disparity between C@P and C@P/Au-
0.25 compellingly corroborates the pivotal role of Au@PDDA NCs in capturing photogenerated electrons and
surmounting the transport barrier imposed by the PSS insulating layer. In other words, we speculate that within
the C@P/Au-0.25 heterostructure, electrons photoexcited over CdS traverse the PSS layer with the help of

Au@PDDA NCs which function as high-performance electron-withdrawing pump, thus ultimately enabling

the efficient photocatalytic reduction of aromatic nitro compounds at the Au@PDDA NCs sites.

To verify that the aforementioned process is a photocatalytic process, control experiments were further
performed. The results reveal that the conversion rate of 4-NA remains negligible without light or catalyst
(Figure S8a & b), implying it is indeed a photocatalytic reaction. This conclusion is also confirmed in the
H,0,; generation reaction. From a kinetic perspective, efficient carrier separation and directed carrier migration
capability are the core prerequisites for achieving high photocatalytic conversion rate of aromatic nitro
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compounds. To gain deeper insights into the decisive role of electrons in triggering the photoreduction
performance of C@P/Au-0.25, electron trapping experiments were conducted. In the presenwﬁé&é&%&géas
an electron scavenger, photocatalytic activity of C@P/Au-0.25 was almost negligible (Figure S9a). Evidently,
electrons serve as the active species that drives the photoreduction reaction. Under the same conditions,
photocatalytic reduction of other aromatic nitro compounds such as 2-nitroaniline (2-NA), 3-nitroaniline (3-
NA), nitrophenol (NP), nitrobenzene and 2-nitrophenol (2-NP) over the same catalysts were also performed.
The results consistently demonstrated that the C@P/Au-0.25 ternary heterostructure maintains the optimal
photocatalytic activity, strongly revealing that the tunneling effect induced by Au@PDDA NCs can effectively
overcome the PSS barrier layer, exhibiting remarkable universality in photoreduction reactions (Figures 3b-
h). Figure S9b shows the photocatalytic activity of C@P/Au-0.25 for 4-NA reduction under different
monochromatic light irradiations, exhibiting the optimal performance at an incident wavelength of 500 nm.
Combined with the DRS results, this wavelength-dependent activity indicates that the bandgap photoexcitation
of the CdS substrate plays a dominant role in governing the photoactivity of the C@P/Au-0.25 heterostructure.
In addition to photoactivity, stability is another critical indicator for evaluating the potential practical
performance of photocatalysts. Cyclic experiments demonstrate that after 5 consecutive cycles, the
photocatalytic activity of C@P/Au-0.25 shows a slight decrease (Figure S9c¢), which may be attributed to
mass loss of the catalyst during recovery or minor photocorrosion. Furthermore, the cycled C@P/Au-0.25
were characterized by FTIR (Figure S10a), XRD (Figure S10b), XPS (Figure S11), SEM (Figure S12a),
and elemental mapping (Figures S12b-h). The results indicated that there are no significant changes in the

structure and elemental composition of C@P/Au-0.25 heterostructure after cyclic reactions. In summary, these

results confirm that C@P/Au-0.25 possesses favorable structural and photochemical stability.
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Figure 4. (a) Photocatalytic performances of CdS, C@P and C@P/Pd-0.25 toward selective reduction of 4-
NA under visible light irradiation (A > 420 nm). (b, c) Schematic diagram of the C@P/M (M = Au, Pd)
heterostructure model. (d) Comparison of photocatalytic H,O, production performances among CdS, C@P
and C@P/Au-0.25 under visible light irradiation (A > 420 nm) in water with the addition of CH;OH. (e)
Photocatalytic H,0O, generation performances of C@P/Au-0.25 in different gas environment. (f)
Photocatalytic H,O, production performances of C@P@Au-0.25 upon the addition of different sacrificial
agents. (g) EPR spectra of -O,  generated over C@P/Au-0.25 under light and dark conditions. (h)
Photocatalytic performances of C@P/Au-0.25 under different monochromatic light irradiation. (i) Cyclic
reactions of C@P/Au-0.25 for photocatalytic H,O, generation.

To verify the universality of the quantum tunneling mechanism in overcoming interfacial transport
resistance, we further constructed different heterostructures and expanded the reaction systems. In addition to
Au@PDDA NCs, we also prepared PdA@PDDA NCs (Figure S13) and anchored it onto the C@P surface via
a similar self-assembly strategy to obtain the C@P/Pd-0.25 heterostructure (Figure S14). Experimental results
(Figure 4a) show that compared with pristine CdS and C@P, C@P/Pd-0.25 also exhibits significantly
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enhanced activity in the photocatalytic reduction of aromatic nitro compounds, compellingly confirming the
good universality of the M@PDDA (M = Au, Pd)-mediated C@P/M charge transport m@ﬁ%ht(lﬁké%égggg c
presents the corresponding schematic illustration).

Furthermore, to deeply reveal the robust capability of this model (C@P/M) in accelerating directional
electron migration, we expanded its application scope to the important reaction of photocatalytic H,O,
generation and investigated the performance of C@P/Au-0.25 for photocatalytic H,O, production in a
water/methanol mixed system. Generally, the pathways for photocatalytic H,O, production include water
oxidation reaction and oxygen reduction reaction (ORR).3% 33 In a methanol system, as demonstrated in our
work, holes are effectively scavenged, leaving only electrons to participate in the reaction. Consequently, the
generation of H,O, in our current work follows the ORR pathway. As shown in Figure 4d, C@P exhibits the
lowest photocatalytic activity, whereas C@P/Au-0.25 maintains a significant activity enhancement, achieving
a H,O, yield of 733.08 pmol-L-! (2511.4 pmol-g-'-h!) within 25 minutes. This trend was fully consistent with
the results of the photocatalytic performance on reduction of aromatic nitro compounds. Evidently, in the
C@P/Au-0.25 heterostructure, it was once again verified that Au@PDDA NCs play a crucial role in attracting
electrons and accelerating interfacial electron transport, boosting the charge separation over CdS substrate. To
investigate the specific generation mechanism of H,O,, atmosphere-regulated experiments and active species
trapping tests were performed. Figure 4e illustrates the amount of H,O, produced under different atmospheres.
The H,0, yield of C@P/Au-0.25 in air atmosphere decreases significantly compared with that in O,
atmosphere. Moreover, in a N, atmosphere where O, was completely excluded, photocatalytic activity of the
C@P/Au-0.25 heterostructure was almost negligible. This result indicates that O, is indispensable in the
process of photocatalytic H,O, generation, and its supply directly determines the efficiency of H,O,
production. In active species trapping tests, methanol (CH3;OH), tert-butanol (TBA), silver nitrate (AgNOs),

and benzoquinone (BQ) served as scavengers for holes (h™), hydroxyl radicals (-OH), electrons (e°), and
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superoxide radicals (-O;), respectively, were added into the reaction systems, and then the corresponding
photoactivities were evaluated. As shown in Figure 4f, compared with the blank photocamllybﬂi@g;%;é&%négﬁe
H,0, yield produced in the methanol-containing reaction system increases significantly over the same duration,
a phenomenon ascribed to the hole trapping boosting the utilization efficiency of electrons. Noteworthily,
introduction of AgNOj; induces a substantial reduction in H,O, production, confirming that electrons serve as
the core component in the ORR toward H,0, production. Similarly, addition of BQ results in a substantial
decrease in H,O, production, a trend that points to -O," radicals being an indispensable active species during
the ORR process. In contrast, when TBA was added into the reaction system, the H,O, yield remains virtually
unchanged, suggesting that -OH radicals do not play the predominant role in this reaction.

To further elucidate the generation of -OH and -O, radicals during the photocatalytic HO, generation
reaction, electron paramagnetic resonance (EPR) spectroscopy of C@P/Au-0.25 heterostructure was utilized.
As depicted in Figure S15, weak -OH signals were detected under either dark or illuminated conditions,
confirming the minute generation of -OH radicals during the photocatalytic H,O, generation reaction, which
is consistent with the experimental results using TBA as a radical scavenger. Notably, six sets of characteristic
DMPO--O; adduct signals were observed upon light irradiation (Figure 4g), implying that -O;" is the key
active species driving H,O, generation. Based on the comprehensive analysis of the above experimental results,
it is concluded that C@P/Au-0.25 catalyzes the generation of H,O, through an indirect two-electron ORR
pathway (Equations 6 & 7). Consistent with the results of photocatalytic performance on selective reduction
of aromatic nitro compounds, C@P/Au-0.25 exhibits the optimal photocatalytic H,O, generation activity at
an incident wavelength of 500 nm (Figure 4h). Similarly, reusability of the samples toward H,O, generation
was also evaluated via cyclic experiments. As displayed in Figure 4i, the photocatalytic activity of C@P/Au-
0.25 exhibited slight degradation after cycling. To investigate the intrinsic mechanism underlying the stability

degradation of the C@P/Au-0.25 photocatalyst, systematic characterization was performed on the sample after
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cycling tests. The FTIR spectroscopy (Figure S16a), XRD (Figure S16b), XPS (Figure S17) results

View Article Online

demonstrate that the chemical composition and crystal structure of the sample remained consistentsswithsthe

pristine sample after cycling, without significant changes. However, SEM observation (Figure S18) reveals

that nano-leaf damage occurred during the reaction process, which constitutes the primary cause of its

photocatalytic activity decay. Moreover, benefiting from the efficient charge penetration and separation

advantages brought by the quantum tunneling effect at the interface, the C@P/Au composite catalyst

constructed in our work exhibits remarkable photocatalytic activity, with performance significantly surpassing

that of other CdS-based photocatalysts previously reported (Tables S4 and S5).

3.2 PEC and spectroscopic analysis
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Figure 5. (a) Photocurrent and (b) EIS Nyquist plots of C@P and C@P/Au-0.25 under visible light (A > 420
nm) irradiation in an aqueous Na,SOy solution (0.5 M and pH = 6.69), (c) open-circuit potential decay, (d)
electron lifetime, (e) PL spectra, and (f) time-resolved transient PL decay.
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Photoelectrochemical (PEC) measurements were performed to gain insights into the carrier separation
and directional migration behavior of the samples.3* 3> As displayed in Figure 5a, underrintermittent-visible
light irradiation (A > 420 nm), C@P/Au-0.25 displays higher photocurrent density than C@P. This finding
confirms that, facilitated by the quantum tunneling effect induced by Au@PDDA NCs, photogenerated
electrons are able to overcome the insulating restriction of the PSS layer and rapidly transfer from the CdS
substrate to Au active centers, thereby enhancing interfacial charge separation efficiency. Consistently,
electrochemical impedance spectroscopy (EIS) (Figure 5b) combined with fitting results (Table S6)
collectively verify that introduction of Au@PDDA NCs reduces the interfacial charge transfer resistance (R.y)
of C@P/Au-0.25 and thus effectively enhances the charge separation.’® The open-circuit voltage decay
(OCVD) curves were further utilized to analyze charge recombination kinetics. As shown in Figures 5¢ & d,
compared with C@P, C@P/Au-0.25 exhibited a higher photovoltage and longer electron lifetime, reaffirming
that C@P/Au-0.25 possesses the more enhanced charge separation efficiency. Photoluminescence (PL) and
time-resolved photoluminescence (TRPL) tests were utilized to unravel the charge transport dynamics of the
catalyst. Typically, PL emission peaks result from the radiative recombination of charge carriers in materials.?’
As shown in Figure Se, PL quenching magnitude of C@P/Au-0.25 is substantially larger than that of C@P
with the lower PL emission intensity, strongly indicating that charge recombination of C@P/Au-0.25 is more
effectively suppressed. Additionally, the average lifetime of C@P/Au-0.25 (14.0620 ps) is longer than that of
C@P (10.3789 pns) (Figure 5f). The prolonged carrier lifetime confirms that a substantial proportion of
photogenerated electrons do not undergo internal recombination, but rather migrate to Au@PDDA NCs
surface active sites via the tunneling mechanism and participate in catalytic reactions.’® Comprehensive
analysis of PEC measurements and PL results reveals that the loading of Au@PDDA NCs significantly

reduces the interfacial charge transfer resistance of C@P/Au-0.25, thereby constructing efficient charge

separation and transport pathways. This further confirms that Au@PDDA NCs can function as an "electron
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pump" to break the transport limitation of the PSS layer, inducing directional migration of photogenerated

electrons, which is fully consistent with photocatalytic performances.

3.4 Photocatalytic mechanism
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In-situ XPS technology has been recognized as an effective tool to analyze the surface charge transfer

mechanisms of photocatalysts. Under photoexcitation, the shift in elemental binding energy can directly reflect

the evolution of its local electron density, where an increase in electron density causes the binding energy to

shift toward lower energy, and vice versa.?® Therefore, the shift in binding energy can be used to characterize

the migration direction of charge carriers in photocatalysts.>” As shown in Figures 6a-c, compared with the

dark conditions, the Au 4f, N s, and Cl 2p elements in C@P/Au-0.25 all shift toward lower binding energies

under visible light irradiation. This indicates that under visible light illumination, photoelectrons were
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transferred from the CdS substrate through the PSS layer to the Au@PDDA NCs, confirming the strong
electron-withdrawing property of the Au@PDDA NCs. Evidently, there exists a charge transpoxgéﬁgggi%égﬁe
self-assembled C@P/Au-0.25 photosystem that can enhance charge separation efficiency.

Based on the above analysis, we proposed a plausible photocatalytic mechanism for the C@P/Au-0.25
heterostructure (Figure 7d). According to the M-S results, flat band potential (Eg,) of CdS is -0.63 V vs. NHE
(Figure S19c¢). Given that the conduction band (CB) potential (Ecg) of n-type semiconductor is 0.1 V more
negative than Eg, Ecg of CdS is determined to be -0.73 V vs. NHE. Furthermore, DRS result reveals that E,
of CdS is 2.36 eV (Figure S19a & b), from which the valence band (VB) potential (Eyg) of CdS was
calculated to be 1.63 V vs. NHE. This appropriate band structure provided a thermodynamic basis for the
photocatalytic reduction of aromatic nitro compounds and the generation of H,O, (Figure S19d). When the
CdS substrate was coated by an ultrathin PSS layer, the PSS layer inhibits the migration of photogenerated
charge carriers to the CdS surface owing to its generic insulating property. Notably, M@PDDA NCs (M =
Au, Pd) deposited on the outermost layer of C@P unexpectedly act as high-performance electron-trapping
“pump” with excellent electron extraction capability, effectively triggering the tunneling mechanism that
penetrates the PSS interlayer and thereby achieving rapid extraction of photogenerated electrons from the CdS
surface. This unique interfacial design successfully establishes efficient charge transport channels between
CdS and M@PDDA NCs (M = Au, Pd). The detailed charge transport mechanism can be described as follows.
Under visible light excitation, CdS is photoexcited to produce electron-hole pairs. Leveraging the powerful
electron capture capability of Au@PDDA NCs, electrons on the CB of CdS can through the ultrathin PSS
insulating layer via quantum tunneling, thereby driving rapid directional migration of electrons toward the
terminal Au@PDDA NCs. In the C@P/Au-0.25 heterostructure, the electrons accumulating on the surface of
Au@PDDA NC:s efficiently drive the diverse photocatalytic reactions, mainly including two main types. The

first reaction was the selective reduction of aromatic nitro compounds, where photogenerated electrons and
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protons form azo intermediates through multi-step synergistic effects (Figure S20), ultimately converting
. . . . . . . . View Article Online

aromatic nitro compounds into amino derivatives.*? In this reaction, electrons serve as theasole.lavemw@t@pee%s

with holes completely quenched by electron donor. The second was H,O, synthesis, which proceeds through

the indirect two-electron oxygen reduction pathway, where photogenerated electrons first reduce O, to -O,,

and then, with the assistance of protons, further react with the generated ‘O, to convert it into H,O,.

4. Conclusions

In summary, utilizing non-conjugated insulating polymers as the interlayer, well-defined C@P/M
heterostructures were successfully fabricated via a green and easily accessible electrostatic self-assembly
strategy under ambient conditions. The terminal M@PDDA NCs, endowed with elegant electron-trapping
capability, construct a highly efficient vectorial electron transport pathway within the C@P/M heterostructure
with the help of unexpected electron tunneling effect triggered by insulating PSS interlayer, resulting in
considerably enhanced charge separation. Ultimately, C@P/M exhibits excellent photoactivity in
photocatalytic reduction of aromatic nitro compounds to amino derivatives and photocatalytic synthesis of
H,0,. By synergistically regulating charge flow through the combination of insulating polymers and metal
NCs, this work provides a facile and novel technical avenue for advancing the efficient conversion of solar

energy.
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