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The core factors dictating the photocatalysis efficiency are predominantly centered on controllable
modulation of anisotropic spatial charge transfer/separation and regulating vectorial charge transport
pathways. Nonetheless, the sluggish charge transport kinetics and incapacity of precisely tuning
interfacial charge flow at the nanoscale level are still the primary dilemma. Herein, we conceptually
demonstrate the elaborate design of a cascade charge transport chain over transition metal
chalcogenide-insulating polymer-cocatalyst (TIC) photosystems via a progressive self-assembly strategy.
The intermediate ultrathin non-conjugated insulating polymer layer, i.e., poly(diallyl-dimethylammonium
chloride) (PDDA), functions as the interfacial electron relay medium, and simultaneously, outermost co-
catalysts serve as the terminal “electron reservoirs”, synergistically contributing to the charge transport
cascade pathway and substantially boosting the interfacial charge separation. We found that the
insulating polymer mediated unidirectional charge transfer cascade is universal for a large variety of

metal or non-metal reducing co-catalysts (Au, Ag, Pt Ni, Co, Cu, NiSe, CoSe, and CuSe). More
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Accepted 20th December 2023 intriguingly, such peculiar charge flow characteristics endow the self-assembled TIC photosystems with

versatile visible-light-driven photoredox catalysis towards photocatalytic hydrogen generation, anaerobic

DOI: 10.1039/d35c05761e selective organic transformation, and CO,-to-fuel conversion. Our work would provide new inspiration
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1. Introduction

In recent years, photocatalysis technology has enabled
emerging solar energy conversion, providing a promising and
sustainable solution to the issues of energy crises and climate
deterioration.” More importantly, these photocatalysis prod-
ucts are key feedstock for accessing value-added chemicals.**
Despite the great promise of photocatalysis, its catalytic effi-
ciency has still been far from satisfactory, predominantly
ascribed to the low utilization of photons, inefficient photo-
carrier separation rate and poor vectorial charge modulation.*®
To surmount these obstacles, diverse strategies have thus been
explored, such as metal or nonmetal element doping,® photo-
sensitization with narrow band gap semiconductors,' or con-
structing heterostructures with other semiconductors with
suitable energy level alignment.'* Nevertheless, these studies
mainly emphasize the net photoactivity enhancement, and deep
understanding on precise interfacial charge transfer modula-
tion remains challenging.
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for smartly mediating spatial vectorial charge transport towards emerging solar energy conversion.

Light absorption, charge separation, and surface reactions
constitute the core issues of photocatalysis.'* In particular, fine
tuning of photoinduced charge migration to ideal catalytically
active sites represents the key step to drive photoredox catalysis,
which is primarily dictated by elaborate interface configuration
engineering at the nanoscale level.” Fundamentally, elegant
interface architecture design for modulated charge migration/
separation over heterostructured photosystems should ratio-
nally consider the following crucial factors including intimate
integration of ingredients for crafting clean interfaces, reason-
able spatial positioning of reduction and/or oxidation co-
catalysts in the interface regime, and exploring easily acces-
sible strategies to optimize the interface configuration in
a control fashion."® Recent years have witnessed a cornucopia
toward the construction of composite photosystems with well-
defined hetero-interfaces for multifarious photocatalysis, but
precise and exquisite interface modulation for smartly tailoring
interfacial charge transport pathways at the microscopic scale
has so far not yet been truly achieved.

In traditional cognition, solid non-conjugated insulating
polymers in principle cannot participate in the charge transfer
process by virtue of deficiency of m conjugation in the whole
framework of the molecular backbone.” Nonetheless, our
previous studies have confirmed that some quintessential non-
conjugated insulating polymers can actually function as
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unexpected charge (electron or hole)-withdrawing mediators to
trigger photoredox and photoelectrochemical reactions,
although their molecular structure lack delocalized 7 elec-
trons.”®" Intriguingly, encapsulation of semiconductors with
non-conjugated insulating polyelectrolytes (PEs) facilitates
defect passivation, and more importantly, provides a robust,
versatile, convenient, and emerging platform to couple with
diverse building blocks via molecular interaction with a view to
designing well-defined and tail-made interfaces in terms of the
generic surface charge properties of non-conjugated insulating
PEs.” In this regard, the merits of solid non-conjugated insu-
lating PEs make them applicable as surface charge mediators,
efficient charge transport regulators, and effective hetero-
interface architects.*** Despite the sporadic endeavors visual-
ized in the past few years, judiciously harnessing PE as an
interim layer to synergistically cooperate with co-catalysts in
constructing elegant interfaces in conjunction with long-range
charge transfer chains toward multivariate photoredox catal-
ysis has yet to be achieved. This would significantly reinforce
our fundamental understanding on the essential and universal
role of non-conjugated insulating polymers in tuning the
interfacial charge transfer pathways.

Inspired by the above motivations, herein, we conceptually
propose the rational design of a novel cascade charge transport
chain wvia solid non-conjugated insulating PE over
TMC@PDDA®@M (M: Au, Ag, Pt, Ni, Co, Cu, NiSe,, CoSe,, CuSe)
heterostructured photosystems by a progressive self-assembly
tactic. We found that the ultrathin PDDA interim layer func-
tions as an electron withdrawing “pump” to considerably acti-
vate the interfacial charge transfer impetus, unexpectedly
stimulating the unidirectional photoelectrons transport from
the TMC substrate to the terminal “electron reservoirs” afforded
by multifarious reduction co-catalysts. Such peculiar charge
flow characteristics endow the self-assembled TMC@PDDA@M
photosystems with versatile and significantly enhanced photo-
redox catalysis towards photocatalytic hydrogen generation,
anaerobic photocatalytic selective organic transformation, and
photocatalytic CO,-to-fuel conversion. Our work would push
forward the prosperity of insulating polymer mediated precise
interface engineering and tunable charge transfer modulation
in heterogeneous photocatalysis.

2. Experimental section
2.1 Materials

All the materials were of analytical grade and used as received
without further purification, and detailed information is
provided in the ESL.f

2.2 Preparation of photocatalysts

Experimental procedures for preparing the different photo-
catalysts in this work are provided in the ESI.}

2.3 Characterization

The crystal structure was determined by X-ray diffraction (XRD,
Miniflex600). Morphologies were visualized by field emission

© 2024 The Author(s). Published by the Royal Society of Chemistry
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scanning electron microscopy (FESEM, Supra55, Carl Zeiss)
coupled with energy-dispersive spectroscopy (EDS) and trans-
mission electron microscopy (TEM, Tecnai G2 F20). Fourier
transform infrared (FTIR) spectra were recorded on an infrared
spectrophotometer (TJ270-30A). Raman spectra were collected
with a Raman spectrometer (Dxr-2xi, Thermo Scientific, Amer-
ica). UV-visible diffuse reflectance spectra (DRS) were recorded
on a Cary50 (Varian, America) with the reflectance background
from 200 to 800 nm. X-ray photoelectron spectra (XPS) were
recorded on a photoelectron spectrometer (ESCALAB 250,
Thermo Scientific, America), and the binding energy (BE) of the
elements were calibrated with the BE of C 1s (284.80 eV). Zeta
potential (£) measurements were performed by dynamic light
scattering analysis (Zeta sizer Nano ZS-90). Time-resolved pho-
toluminescence (TRPL) spectra were recorded on a FLS 920
fluorescence lifetime spectrophotometer (Edinburgh, Instru-
ments, UK). The photoluminescence (PL) spectra were probed
on a Varian Cary Eclipse spectrophotometer. Brunauer—
Emmett-Teller (BET) specific surface area and N, adsorption
experiments were performed on an ASAP 2460.

2.4 Photocatalytic hydrogen evolution

Photocatalytic hydrogen evolution measurements were con-
ducted on an online photocatalytic water splitting system (Shi-
madzu GC-8A with an MS-5A column using argon as the carrier
gas), and using a 300 W Xe lamp (PLS-SXE300D, Beijing Perfect
Light co. Ltd, China) as the irradiation source equipped with
a cut-off optical filter (A > 420 nm). The same light source and
configuration were used for the subsequent photocatalytic
activity detection reactions. The specific operational informa-
tion is provided in the ESL}

2.5 Selective photocatalytic reduction performances

Photocatalytic reduction of nitroaromatics to amino
compounds was performed in an anaerobic environment (inert
atmosphere N,) along with adding a hole scavenger. Photore-
duction products were analyzed with a UV-vis absorption spec-
trophotometer (Thermal Genesis). The specific operational

information is provided in the ESL

2.6 Selective photocatalytic oxidation performances

Photocatalytic selective oxidation of aromatic alcohols to alde-
hydes was performed in a 10 mL Pyrex glass bottle at room
temperature. The products were analyzed with a gas chro-
matograph (Shimadzu, GC-2014C). The specific operational
information is provided in the ESL

2.7 Photocatalytic CO, reduction

Photocatalytic CO, reduction products were analyzed with a gas
chromatograph (Shimadzu, GC-2014C). The specific opera-
tional information is provided in the ESI.{

2.8 Photoelectrochemical (PEC) measurements

PEC measurements were carried out on an electrochemical work-
station (CHI660E, CHI Shanghai, Inc.) with a conventional three-
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electrode system and 0.5 M Na,SO, aqueous solution (pH = 6.69)
was utilized as the electrolyte. The three-electrode system is
composed of Pt foil (1 cm x 1 ¢cm) as the counter electrode, and
Ag/AgCl electrodes as the reference electrode and working elec-
trodes. The working electrodes were prepared on fluorine-doped
tin oxide (FTO) glass that was cleaned by sonication in DI H,O
and ethanol for 30 min and dried at 60 °C in an oven. The
boundary of the FTO glass was protected using Scotch tape. The
specific operational information is provided in the ESL}

3. Results and discussion

3.1 Structural characterization

The detailed fabrication process of the CAS@PDDA®@Au hetero-
structure is illustrated in Scheme 1. Specifically, CdS nano-leaves
were firstly closely encapsulated with an ultrathin PDDA layer
(positively charged unit) to generate a positively charged surface,
which facilitates the attraction of oppositely charged Au@citrate
nanocrystals (NCs) (negatively charged unit). Subsequently,
coupling of positively charged CdS@PDDA with negatively
charged Au@citrate NCs was achieved via a facile and efficient
electrostatic self-assembly under ambient conditions, which
gives rise to the multilayered CdS@PDDA®@Au@citrate NCs
(C@P@Au) ternary heterostructure. In this nanoarchitecture,
ultrathin PDDA as an interface layer was integrated between CdS
nano-leaves and Au@citrate NCs to form a sandwich structure.
Similarly, considering the same citrate ligand, C@P@M (M:
Ag@citrate, Pt@citrate) heterostructures were also prepared by
the same principle. The accessibility of this ligand-initiated self-
assembly process can be validated by the zeta potentials ({) of the
assembly units (Fig. S11).

X-ray diffraction (XRD) was used to characterize the crystal
structures of these as-synthesized samples. Fig. 1a shows the
XRD patterns of CdS, C@P15 and C@P15@Au7

)cd @S ON ocC
@ M (Au, Ag, Pt) NCs

CdS

PDDA encapsulation (CdS@PDDA)

View Article Online
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heterostructures, and the diffraction peaks of CdS at 26 of 24.90,
26.52, 28.28, 36.72, 43.83, 47.94 and 51.97° can be indexed to
the (100), (002), (101), (102), (110), (103) and (112) crystal planes
of hexagonal CdS (Fig. S2t) (PDF# 6-314). Analogously, these
characteristic peaks are concurrently seen in the XRD patterns
of C@P15 and C@P15@Au7 heterostructures, indicating no
phase change of CdS after the PDDA encapsulation and
Au@citrate NCs anchoring. In the XRD pattern of the
C@P15@Au7 heterostructure, two diffraction peaks at 26 of
38.14 and 64.76° assignable to the (111) and (220) crystal planes
of cubic Au NCs (PDF# 2-1095) are observed, corroborating the
anchoring of Au@citrate NCs in the C@P15 heterostructure.
Note that the above mentioned two peaks are weak due to the
relatively low loading amount of Au@citrate NCs, and it is also
possible that the Au@citrate NCs peaks are shielded by the
substantial peaks of the CdS substrate. Successful preparation
of citrate-stabilized Au NCs can be further ascertained by the
UV-vis absorption spectrum (Fig. S31), wherein an apparent
surface plasmon resonance (SPR) absorption band at 521 nm
corresponding to Au NCs is clearly observed.* Fig. 1b and Table
S1} show the FTIR spectra of CdS, C@P15 and C@P15@Au7
heterostructures, wherein the peaks at 2855 and 2923 cm™ ' in
the FTIR spectra of C@P15 and C@P15@Au7 correspond to the
—-CH, groups from PDDA, corroborating encapsulation of PDDA
on the CdS substrate.” As displayed in Fig. 1c, Raman spectra
exhibit the featured peaks of CdS, and the peak intensity of
C@P15 and C@P15@Au7 spectra shows a sequential weak-
ening trend, which also corroborates the seamless PDDA
encapsulation and Au@citrate NCs anchoring. The above
analysis also confirms that our electrostatic self-assembly
strategy developed to achieve the construction of hetero-
structures is efficient and accessible. Similarly, the difference in
average pore size between CdS and C@P15@Au7 in the Bru-
nauer-Emmett-Teller (BET) results also corroborates the above

CdS@PDDA@M NCs

Scheme 1 Schematic flowchart for the fabrication of CdS@PDDA@M NCs [C@P@M (M: Au, Ag, Pt)] heterostructures.

2900 | Chem. Sci,, 2024, 15, 2898-2913

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc05761e

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

Open Access Article. Published on 09 January 2024. Downloaded on 8/1/2025 7:20:47 PM.

(cc)

View Article Online

Edge Article Chemical Science
amn Au PDF#2-1095 300—] ——Cas
a (220) b C —C@P15
7~ 1 A ~ ~
= 092) 10 +:Au NPs = = — C@P15@AuT
G| oo [tUOD sl gy aicas = B x
~ Y \(102)4 LJ\J ] ~ 2923 cmzsss emt 1633 em” 1387 el ~|
Q C@P15@Au7| Q _é}
z 11 . corn = 2
ol | o y ) [
~ ~— *E
L= cds = — cas =
—c@p15 d
e g  CASPDEAGIY 3426 em — C@P15@Au7 v AR W :
10 20 30 40 50 60 70 80 4000 3000 2000 1000 200 400 600 800
2 Theta (degree) Wavenumber (¢cm™) Raman shift (cm™)
? d T @ @ . e f @05.32 ¢V) Cd3d
r o PRTTETTTY an am av) — cds s Cd 3ds, i~ (412.0 eV)
| 7 T\ ’;‘ —C@P15 = Aideslz
a7 ® |— C@Au7 <
= 4 &R |— C@P15@Aul0 Tl
= ~
& | — cds 1) ~ |7 C@P15@Au7 g (404.70 eV)
e — C@P15 (IT) > | C@r15@Aus 2 Cdi3ds; 411.38 eV
© | — c@au7 amy = ) il
_8 —— C@P15@Aul0 K 233eV = TR
< — C@P15@Au7 (IV) 2.37eV =
— C@P15@Au5 239 0V
o e
300 400 500 600 700 800 2.0 2.5 3.0 402 404 406 408 410 412 414
Photon Energy (eV) Binding Energy (eV)
g h ; €12p i 283 V) Audf
~ % S~ i Au 47,
= = = (8658 eV)
s . » Audfy,
8 I 3 s =
£ £ z
2] 175) -
wn
g g £
~— ~— D
E E Bl i Sl e
11 [Set
159 160 161 162 163 164 165 194 196 198 200 202 80 8 84 8 88 90
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
Fig.1 (a) XRD patterns of CdS, C@P15 and C@P15@Au7 heterostructures, (b) FTIR spectra and (c) Raman of CdS, C@P15 and C@P15@Au7, and (d)

DRS results of CdS, C@P15, C@Au7, C@P15@Aul0, C@P15@Au7 and C@P15@Au5 with (e) transformed plots based on the Kubelka—Munk
function vs. energy of light. High-resolution (f) Cd 3d, (g) S 2p, (h) Cl 2p and (i) Au 4f spectra of (I) pristine CdS and (ll) C@P15@Au7.

speculation, wherein the average pore size of CdS and
C@P15@Au7 is 6.548 and 7.214 nm, respectively (Fig. S4a,
bt and Table S2t). In order to investigate the structural
advantage and universality of the “sandwich layer” PDDA, we
have also prepared some extension heterostructures such as
C@M vs. C@P15@M (M: Ag, Pt)-7, C@M vs. C@P15@M (M: Ni,
Co, Cu)-7 and C@X vs. C@P15@X (X: NiSe,, CoSe,, CuSe)-7
(Scheme S1t). The characterization of these heterostructures
and Ag@citrate & Pt@citrate NCs is provided in Fig. S5, S6, S20
and S21,T respectively.

The optical properties of the samples were probed by UV-vis
diffuse reflectance spectroscopy (DRS) to explore the light
absorption capacity. As shown in Fig. 1d, all the samples
demonstrate a characteristic absorption band edge at ca.
500 nm, and this stems from the inherent band-gap photoex-
citation of the CdS substrate. Note that the CdS absorption band
edge does not change after PDDA encapsulation, which stems
from the fact that PDDA features an amorphous polymer with
no optical response in the visible spectral domain, excluding its

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

possibility as a photosensitizer (Fig. S71).>® Similarly, citrate has
no light response within the visible spectrum domain, thus
ruling out its photosensitization effect (Fig. S8 and S107).
However, compared with pristine CdS and C@P15, C@Au7 and
C@P15@Au (5, 7, 10) heterostructures exhibit remarkably
enhanced light absorption in the visible region ranging from
500 to 800 nm, and meanwhile the absorption band edge
presents a weak red shift, which is mainly attributed to the
background absorption of Au@citrate NCs in the visible region
(Fig. S3f). The band gaps (E,) of the above samples were
calculated using the following formula based on the Kubelka-
Munk function:

(ahv)* = A(hw — E,) (1)

where «, hv, and A denote the absorption coefficient, photon
energy, and constant, respectively. In Fig. le, the bandgap
values of CdS, C@Au7 and C@P15@Au7 are roughly deter-
mined to be 2.39, 2.33 and 2.39 eV, indicating that Au@citrate

Chem. Sci., 2024, 15, 2898-2913 | 2901
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NCs decoration does not cause substantial E, variation for the
CdS substrate. Although the ultrathin PDDA layer and Au@ci-
trate NCs decoration do not substantially change the E, of CdS,
harmonious integration of PDDA and Au@citrate NCs on the
CdS substrate using electrostatic self-assembly can effectively
stimulate the photon capture in the visible light region by
forming the heterostructures. It is noteworthy that the SPR
band of Au (ca. 521 nm) is not observed in the DRS results of
C@Au7 and C@P15@Au7, which is mainly ascribed to the
overlapping absorption of the Au@citrate NCs with CdS
substrate, thereby shielding the plasmonic peak of Au@citrate
NCs.

With a view to revealing the cooperativity of Au@citrate NCs,
PDDA and CdS, Xray photoelectron spectroscopy (XPS)
measurements were performed to unravel the elemental
chemical states of the ingredients. The survey spectrum
[Fig. S8a(I)f] of the C@P15@Au7 heterostructure unveils the
presence of Cd, S, Au, C and Cl signals, among which Au is
derived from Au@citrate NCs, C and Cl elements are from PDDA
(Fig. S91), and Cd and S elements originate from the CdS
substrate. As displayed in the high-resolution Cd 3d spectrum
of C@P15@Au7 [Fig. 1f(Il)], the peaks situated at 404.70 (Cd
3ds;) and 411.38 eV (Cd 3djj,) are attributed to the Cd**
species.”” As revealed in Fig. 1g(Il), the high-resolution S 2p
spectrum of C@P15@Au7 with two peaks at 161.08 (S 2ps/,) and
162.25 €V (S 2py,) are ascribed to the S~ species.?® Perspicu-
ously, the characteristic Cd and S peaks of C@P15@Au7 show
significant shift toward lower binding energy compared to
pristine CdS. Coincidentally, this interesting phenomenon also
appears in the XPS results of extension heterostructure samples
such as C@P15@Ag7, C@P15@Pt7, C@P15@Ni7, etc. (Fig. S11-
S18%), implying that electronic interaction does occur among
CdS, PDDA and Au@gcitrate NCs (Ag, Pt, etc.).?® Deposition of an
ultrathin PDDA layer on the CdS substrate is confirmed by the
high-resolution Cl 2p spectrum (Fig. 1h), wherein the peaks at
198.0 (Cl 2p3,,) and 199.86 eV (Cl 2p4,) belong to Cl™ species
from PDDA.*° Fig. 1i demonstrates two peaks in the high-
resolution Au 4f spectrum of C@P15@Au7, in which the
peaks at 82.83 (Au 4f;;,) and 86.58 eV (Au 4fs;,) point to the
metallic Au species (i.e., Au®).** Consequently, XPS results
(Table S3t) strongly corroborate that PDDA and Au@citrate NCs
have been successfully self-assembled on the CdS substrate for
the C@P15@Au7 heterostructure.

The morphologies and microstructures of the samples were
studied by field-emission scanning electron microscopy
(FESEM) and transmission electron microscopy (TEM). As
shown in Fig. 2a and d, pristine CdS exhibits a clear and well-
defined pinnate leaf-like structure with a pronounced trunk
and highly ordered branches distributed on both sides of the
trunk, wherein the dimension of the nano-leave is in the range
of 4-6 um. The CdS surface is smooth and composed of several
parallel laminar layers with multiple steps. These unique nano-
leaf structures not only expose a high density of active sites but
also effectively shorten the vertical travel distance of the pho-
togenerated carriers and thus inhibit the charge recombination
over CdS.*> When CdS was encapsulated with a PDDA layer, as
revealed in Fig. 2b, the morphology of C@P15 is not altered

2902 | Chem. Sci, 2024, 15, 2898-2913
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compared with that of CdS, which is due to the ultrathin
thickness of the PDDA layer, making a clear differentiation of
them merely from FESEM images rather difficult. As displayed
in Fig. 2c, C@P@Au7 exhibits an apparently rough surface that
is different from the morphology of CdS and C@P15, mani-
festing deposition of Au@citrate NCs on the CdS substrate with
the help of PDDA by electrostatic self-assembly. Fig. 2e shows
the HRTEM image of pristine CdS, whose designated area
exhibits a clear crystalline structure with a distinguishable
lattice fringe of ca. 0.358 nm, corresponding to the (100) crystal
facet of hexagonal CdS. In order to obtain more information on
the ultrathin PDDA layer encapsulation on the CdS substrate,
the HRTEM image of C@P15 is presented. Similarly, as shown
in Fig. 2f, a clear lattice stripe with a lattice fringe of ca.
0.209 nm is obviously observed, which is attributed to the (110)
crystal facet of hexagonal CdS. As marked by the yellow dotted
line, it is apparent that an amorphous PDDA layer is closely and
uniformly tethered on the outermost surface of the CdS
substrate. Moreover, PDDA encapsulation on the CdS can also
be corroborated by the EDX and elemental mapping results of
C@P15, as displayed in Fig. S19af and 2j. Among them, N and
Cl signals originating from PDDA can be clearly observed,
verifying that the PDDA layer is successfully encapsulated on
the CdS substrate. In particular, as reflected by Fig. 2j4 and 5,
the signal distribution patterns of N and Cl elements exhibit
a nano-leaf framework, which once again more intuitively
verifies that the PDDA layer is seamlessly coated on the whole
skeleton of CdS nano-leaves. The intimate integration of
Au@citrate NCs with CdS@PDDA15 is unveiled by the TEM
image in Fig. 2g, in which Au@citrate NCs are uniformly and
closely anchored on the C@P15 nano-leaves with the aid of
electrostatic driving force. The mean diameter of Au@citrate
NCs is about 14.01 nm (Fig. S20t). Fig. 2h and i show the
HRTEM images of C@P15@Au7, wherein an ultra-thin PDDA
layer is integrated between CdS and Au@citrate NCs, with
visible lattice stripes of ca. 0.358 and 0.236 nm corresponding to
the (100) and (111) crystal planes of hexagonal CdS and cubic Au
NCs, respectively. EDS and TEM elemental mapping results in
Fig. S19bt and 2k confirm the co-existence of Cd, S, C, Au, N,
and Cl elements, implying that CdS, PDDA and Au@scitrate NCs
are concurrently integrated in the C@P15@Au7 hetero-
structure. The above analysis is also consistent with the
previous XPS results. Similarly, EDS and FESEM mapping
results of C@P15@Au7 (Fig. S231) and extension hetero-
structures (Fig. S24-S31f) also point to the analogous
conclusion.

3.2 Photocatalytic reduction activities

The photocatalytic hydrogen generation performances of the
samples under visible light irradiation (1 > 420 nm) were probed
to unlock the synergistic contribution of CdS, PDDA and
Au@citrate NCs in boosting the solar-to-hydrogen conversion
efficiency.*® As shown in Fig. 3a, pristine CdS exhibits a low
photocatalytic H, evolution rate of 6.814 mmol h™* ¢! under
visible light irradiation, and this is mainly due to its intrinsic
photo-corrosion and built-in electric field limitation. After ultra-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 (a—c) FESEM images of CdS, C@P15 and C@P15@Au7 with schematic models in the inset, low-magnification TEM images of (d and g) CdS
and C@P15@Au7 with schematic models in the inset, HRTEM images of (e) CdS, (f) C@P15 and (h—i) C@P15@Au7, and elemental mapping results
of (j) C@P15 and (k) C@P15@Au7.

© 2024 The Author(s). Published by the Royal Society of Chemistry Chem. Sci,, 2024, 15, 2898-2913 | 2903
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Fig. 3

(a) Photocatalytic H, evolution performances of CdS and C@P-X% (X: 1, 5, 10, 15, 20, 25) with different mass ratios of PDDA under visible

light (A > 420 nm) irradiation, (b) photocatalytic hydrogen evolution rates of C@P15@Au-X% (X: 0.5, 1, 3, 5, 7, 10, 13, 16) heterostructures with
different mass ratios of Au@citrate NCs, (c) photocatalytic hydrogen evolution rates of C@P15@Au7 in the presence of different sacrificial
reagents, and (d) under different monochromatic light irradiation, (e and f) photocatalytic cyclic reaction of blank CdS and C@P15@Au7 and (g—i)
photocatalytic hydrogen production rates of extension heterostructures including C@M vs. C@P15@M (M: Au, Ag, Pt)-7, CaM vs. C@P15@M (M:

Ni, Co, Cu)-7 and C@X vs. C@P15@X (X: NiSe,, CoSe,, CuSe)-7

thin PDDA encapsulation, the photocatalytic hydrogen genera-
tion rate of C@P shows an increasing trend and then decreases
with increasing the PDDA encapsulation amount. Perspicu-
ously, ultrathin PDDA coating on the CdS substrate contributes
to boosted photocatalytic H, evolution performance but this is
closely related to the PDDA amount. On the basis of the
systematic investigation, C@P15 is determined as the optimal
sample with the photocatalytic H, evolution rate reaching
8.562 mmol g ' h™'. Technically, efficient separation and
directional photoelectron migration are the essential prerequi-
sites for photocatalytic H, evolution. Since PDDA fails to serve
as a photosensitizer (Fig. S7T), photoelectron generation of the
C@P heterostructure still depends on the intrinsic band-gap-

2904 | Chem. Sci., 2024, 15, 2898-2913

photoexcitation of the CdS substrate. In view of the enhanced
H, evolution activity of C@P, it is certain that PDDA plays an
active role in promoting the directional migration of photo-
electrons.** Over-coating PDDA on the CdS leads to reduced
photoactivity, which is probably caused by the fact that thicker
PDDA coating increases the electron transport distance.

In order to judiciously harness the pivotal role of PDDA in
mediating interfacial charge transfer, Au@citrate NCs were
chosen as the electron traps to construct a ternary hetero-
structure with a fine interface (i.e., C@15P@Au) by electrostatic
self-assembly in conjunction with exploring its H, evolution
activity. As displayed in Fig. 3b, the photocatalytic H, evolution
rates of C@P15@Au-X% (X: 0.5, 1, 3, 5, 7, 10, 13, 16) are heavily

© 2024 The Author(s). Published by the Royal Society of Chemistry
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dependent on the Au@citrate NCs loading amount, among
which C@P15@Au7 exhibits an optimal hydrogen evolution
rate of 89.441 mmol g~ " h™", far exceeding those of the pristine
CdsS and C@Au7 counterparts. The significant difference in H,
evolution performance between C@Au7 and C@P15@Au7
indicates that introducing the PDDA interfacial layer can
accelerate electron transfer between the CdS substrate and
Au@citrate NCs. Furthermore, we have performed contact angle
tests for CdS, C@P15@Au7 and C@Au7 samples, as shown in
Fig. S32.f Obviously, the three samples are all hydrophilic
materials with contact angles close to 12~16°. In order to more
clearly ascertain the pivotal role of the PDDA interim layer in
constructing accelerated electron transfer channels, the
C@P15@Au7 photocatalyst was calcined at high temperature to
remove PDDA and then used as a control sample to evaluate its
photocatalytic H, evolution activity. The thermogravimetric
analysis (TGA) curve of C@P15@Au7 was recorded under
a nitrogen atmosphere. As shown in Fig. S33,1 a substantial
weight loss is observed between 250 and 450 °C in the TGA curve
of C@P15@Au7, which is mainly due to the gradual decompo-
sition of PDDA as the calcination temperature increases.
Fig. S341 shows the H, evolution performance of CdS vs. CdS-
450 °C, C@Au7 vs. C@Au7-450 °C and C@P15@Au7 vs.
C@P15@Au7-450 °C heterostructures. The H, evolution activi-
ties of CdS and C@Au7 only change slightly before and after
calcination, corroborating that the high-temperature calcina-
tion process does not significantly compromise the photo-
activity of CdS and Au@citrate NCs. However, unexpectedly, the
photocatalytic H, evolution rate of C@P15@Au7-450 °C is far
inferior to that of the original C@P15@Au7, strongly confirm-
ing that PDDA indeed plays a crucial role in accelerating the
interfacial directional electron migration.

As mirrored in Fig. 3c, the photocatalytic H, evolution rate of
C@P15@Au7 is considerably influenced by the type of sacrifi-
cial reagent, among which lactic acid demonstrates the optimal
efficiency owing to its high deprotonation efficiency.*® Fig. 3d
reveals the photocatalytic H, evolution rates of C@P15@Au7 at
different excitation wavelengths, which reveals optimal
hydrogen evolution activity at an incident wavelength of
500 nm. Note that the action spectrum is in good agreement
with the DRS result, implying the predominant role of band-
gap-photoexcitation of the CdS substrate. To elaborate the
influence of light absorption on the photocatalytic H, evolution
activity, the wavelength-dependent apparent quantum yield
(A.Q.Y) of C@P15@Au7 was probed (Fig. S35 and Table S77).
Apparently, C@P15@Au7 exhibits the highest AQ Y efficiency of
26.91% at 450 nm, indicating that the photocatalytic H, evolu-
tion reaction of C@P15@Au is truly driven by the intrinsic
photoexcitation of the CdS substrate. Apart from the
outstanding photoactivity, excellent stability is also an impor-
tant indicator for evaluating excellent photocatalysts. The cyclic
photocatalytic H, evolution performances of CdS and
C@P15@Au7 under visible light irradiation were probed by
performing six consecutive photocatalytic reactions with each
cycle lasting for 2 h. As displayed in Fig. 3e and f, the photo-
catalytic H, evolution activities of both CdS and C@P15@Au7
show varying degrees of decay after several sets of cyclic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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reactions, among which the CdS attenuation was the most
severe. To investigate the key factors restricting the photo-
catalytic hydrogen evolution stability of CdS and C@P15@Au7,
controlled experiments were performed after four sets of cycles
with supplementing solvent (water) and a hole trapping agent
(lactic acid) as the modulating variables. After the above
adjustment, the photocatalytic hydrogen evolution activity of
CdS still shows a substantial decay. Obviously, the hydrogen
evolution activity decay of CdS under continuous light irradia-
tion is inevitable, which is caused by its inherent photo-
corrosion (Fig. S36aft). Intriguingly, as displayed in Fig. 3f, the
photocatalytic H, evolution activity of C@P15@Au7 shows
a significant recovery after supplementing the electron donor
(lactic acid). Thus, it can be speculated that the decrease in the
photocatalytic H, evolution activity of C@P15@Au7 after
continuous light irradiation may be caused by the consumption
of the sacrificial reagent. Additionally, we have characterized
C@P15@Au7 after cyclic photoreactions using XRD, XPS, FTIR
SEM, and TEM to more comprehensively dissect the factors
influencing the stability of the photocatalyst. Consistently, the
XRD (Fig. S37at), FTIR (Fig. S37b¥) and XPS (Fig. S387) results of
C@P15@Au7 after cyclic reactions are not altered, and the
results agree well with those of the freshly prepared counter-
part. Fig. S39a and bf show the FESEM and low-magnification
TEM images of C@P15@Au7 after cyclic photoreactions,
respectively. Obviously, the continuous stirring during the
cyclic reactions causes the fragmentation of the CdS nano-
leaves, and the substantial accumulation of these CdS frag-
ments inevitably leads to the shielding of active sites, thus
inhibiting the photoactivity. Fig. S39gt displays the element
mapping results of C@P15@Au7 after cyclic photoreactions.
Upon the CdS nano-leaf skeleton, the Au@citrate NCs are
observed to be sparsely distributed, which is due to the
destruction of surface citrate ligands during the photoreaction
process, causing the Au@citrate NCs to detach from the CdS
nano-leaves. This is also one of the reasons for the poor stability
of the photocatalysts. In summary, fine interface engineering
over the C@P15@Au heterostructure constructed by electro-
static self-assembly affords efficient photoactivity, and intro-
ducing an interfacial electron-withdrawing medium (PDDA)
favors the construction of a characteristic electron transport
channel.

Besides C@P15@Au7, with a view to evaluating the univer-
sality of PDDA in mediating electron transfer, we also prepared
other heterostructures and evaluated their photocatalytic H,
evolution activities. Since the photoelectrons originate from the
photoexcitation of the CdS substrate, the universality of PDDA
can be keenly detected by replacing the outermost electron
acceptors. As displayed in Fig. 3g-i, the photocatalytic H,
evolution trend of these heterostructures follows the order of
C@P15@M7 (M: Ag, Pt, Ni, Co, Cu) > C@M?7 (M: Ag, Pt, Ni, Co,
Cu) and C@P15@X7 (X: NiSe,, CoSe,, CuSe) > C@X7 (X: NiSe,,
CoSe,, CuSe). Obviously, alternative electron acceptors whether
from precious metal NCs to non-precious metal or to the
semiconductor, PDDA, can always trigger the synergistic effect
by accelerating the directional electron transfer.

Chem. Sci., 2024, 15, 2898-2913 | 2905
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Apart from the photocatalytic H, evolution reaction,
aromatic nitro compounds with more stringent triggering
conditions (6 electrons) were selected for selective photore-
duction to verify the universality of the PDDA mediated electron
transport model (Fig. 41). The photoactivities of the samples
were evaluated by anaerobic photocatalytic reduction of
aromatic nitro compounds to amino derivatives under visible
light irradiation (A > 420 nm) with the addition of ammonium
formate as a hole quencher and N, bubbling under ambient
conditions, which makes electrons the only active species
during the reaction. Fig. 4a shows the photoactivities of the CdS
substrate, C@Au7 and C@P15@Au7 heterostructures under
visible light irradiation, from which it is apparent to see that
C@P15@Au can fulfil the photoreduction of 4-nitroaniline (4-
NA) to 4-phenylenediamine (4-PDA) within 100 s, far exceeding
the blank CdS and C@Au7 counterparts. To gain insight into
the decisive role of photogenerated electrons in triggering the
photoreduction performance of C@P15@Au7, controlled
experiments were conducted by adding AgNO; as the electron
scavenger. As exhibited in Fig. S40,f C@P15@Au7 exhibits
negligible photoactivity with adding AgNO; for electron
quenching. Similarly, in a controlled experiment, the photore-
duction conversion rate of C@P15@Au7-450 °C is also
substantially reduced (Fig. S411). Obviously, as the core species
of the photoreduction reaction, targeted photoelectron migra-
tion to the active site is essential to drive the photoreduction
reaction. Based on the above analysis, although the triggering
conditions of the photoreduction reaction are harsher than
those of the photocatalytic hydrogen evolution reaction, PDDA
still shows powerful electron transport potential in the photo-
catalytic selective organic transformation reaction.

In order to further highlight the general role of PDDA in
mediating photoreduction reactions, apart from 4-NA (Fig. 4a),
a series of nitroaromatics including 3-nitroaniline (3-NA), 2-
nitroaniline (2-NA), 3-nitrophenol (3-NP) and 2-nitrophenol (2-
NP) were also utilized as the substrates for selective photore-
duction catalysis (Fig. 4b-e). Consistently, C@P15@Au7 still
maintains the significant photoreduction advantage in these
reactions compared with CdS and C@Au7. In addition to the
generalized photoreduction experiments of nitroaromatic
species, we also performed a 4-NA photoreduction probe reac-
tion based on a series of PDDA-mediated heterostructures
(C@M vs. C@P15@M and C@X vs. C@P15@X). Analogous
photoreduction trends have also been observed in these
extended heterostructure based photosystems (Fig. 4f-k).

Compared with the photocatalytic hydrogen evolution and
aromatic nitro compound reduction reactions, photocatalytic CO,
reduction is a multi-electron involved reaction that results in the
formation of multiple intermediate molecules, making the prod-
ucts diverse, and moreover, the chemical inertness of CO, makes
the reaction more complex.***” Under such harsh triggering
conditions, we probed the photocatalytic CO, reduction perfor-
mance of the C@P15@Au7 heterostructure to unveil whether
PDDA can still function as a powerful charge transport mediator.
The photocatalytic CO, reduction activities of the samples were
explored under visible light irradiation (1 > 420 nm) with trietha-
nolamine (TEOA) as the hole quencher. As displayed in Fig. 5a, the
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photoreduction rate of CO, to CO over C@P15@Au7 is enhanced
by 9.1 and 2.9 times relative to those over blank CdS and C@Au7,
respectively. As a controlled experiment, the CO evolution rate of
C@P15@Au7 is 5.3 times larger than that of C@P15@Au7-450 °C
(Fig. S421). Apparently, utilizing PDDA as the electron transport
mediator, C@P15@Au? exhibits the most considerably enhanced
photoactivity with respect to CdS and C@Au7, confirming the
previous presumption and universal role of PDDA. In addition, an
isotopic tracer experiment is carried out to identify the origin of the
carbonaceous products.® The overwhelming signals of m/z = 29
and m/z = 17 originating from the "*CO, carbon source indicate
that the obtained carbon products (CH, and CO) are derived from
CO, rather than any other impurities (Fig. 5b).*® Furthermore, we
carried out cyclic experiments (Fig. 5c¢) and found that
C@P15@Au7 still exhibits retained photocatalytic activity after
seven runs (i.e., 14 h in total), which proves the favorable stability
of C@P15@Au?. Finally, a series of universal experiments (Fig. 5d-
i) manifest that the ultrathin PDDA interim layer as an electron
transport mediator can not only match different electron collectors
(Ag, Pt, Ni, Co, NiSe,, and CoSe,) but also still show inexhaustible
electron transport capability.

3.3 Photocatalytic oxidation activities

Apart from photocatalytic hydrogen evolution, selective reduction
of aromatic nitro compounds and CO, reduction, photocatalytic
selective oxidation of aromatic alcohols to the corresponding
aldehydes was also carried out. As shown in Fig. S43,7 the
C@P15@Au7 heterostructure exhibits substantially enhanced
visible-light-driven photoactivity toward the oxidation of aromatic
alcohols to aldehydes with high conversion and yield. In contrast,
CdS and C@Au7 exhibit very poor photoactivity in terms of
conversion and yield, which is reasonable considering the ultra-
fast carrier recombination rate of CdS and C@Au?7. As expected,
the interfacial PDDA interim layer in the C@P15@Au7 hetero-
structure can effectively boost the carrier separation rate, which is
beneficial to the conversion of alcohols to aldehydes. Furthermore,
the dominant active species responsible for the photocatalytic
oxidation of aromatic alcohols to aldehydes over the C@P15@Au7
heterostructure were determined by quenching experiments
through adding different scavengers. Among them, benzoquinone
(BQ), potassium persulfate (K,S,0s), tert-butylalcohol (TBA), and
Na,SO; were added into the reaction system to quench superoxide
radicals ('O, "), electrons (e™), hydroxyl radicals ("OH) and holes
(h"), respectively. Besides, a controlled experiment with N, purge
was performed to unveil the effect of dissolved O, on photoactivity.
As manifested in Fig. S44,7 the photoactivity of C@P15@Au7
utilizing N,-saturated BTF solvent is markedly lower than that
utilizing O,-saturated BTF solvent, which is understandable
because dissolved O, is beneficial for the production of ‘O, ", "OH
and other oxygen-containing active species, which significantly
influence the efficiency of photocatalytic reactions. The above
conclusion is also confirmed by the control reaction for quenching
of ‘O, and "OH radicals. Also, introducing K,S,0g as an electron
scavenger also causes similar photoactivity inhibition, which can
be ascribed to the fact that electron quenching retards the
formation of ‘O, and "OH active species. The correlation of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 Photocatalytic performances of CdS, C@Au7 and C@P15@Au7 heterostructures toward selective reduction of nitroaromatics under visible
light irradiation (A > 420 nm) with the addition of ammonium formate as a hole scavenger and N, bubbling under ambient conditions including (a)
4-NA, (b) 3-NA, (c) 2-NA, (d) 3-NP, and (e) 2-NP and (f-k) photoreduction of 4-NA of extension heterostructures including C@aM vs. CaP15@M
(M: Ag, Pt)-7, C@M vs. C@P15@M (M: Ni, Co)-7 and C@X vs. C@P15@X (X: NiSe,, CoSe,)-7, and (l) typical reaction model under the current
experimental conditions.

play an important role in promoting the photoactivity of
C@P15@Au7. Based on the above analysis, contributing roles of
these active species follow the order of ‘'OH > e~ > '0,~ > h*. These
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Fig. 5

(a) Photocatalytic CO, reduction performances of CdS, C@QAu7 and C@P15@Au7 heterostructures under visible light (A > 420 nm) irra-

diation, (b) CO and CH, products generated from the *CO, isotope experiments, (c) photocatalytic cyclic reaction of C@P15@Au7 and (d—i)
photocatalytic CO, reduction performances of extension heterostructures including C@M vs. C@P15@M (M: Ag, Pt)-7, CaM vs. C@P15@M (M: Nj,

Co)-7 and C@X vs. C@P15@X (X: NiSe,, CoSe,)-7.

results strongly signify the general role of PDDA in photoredox
catalysis for improving the charge migration and separation.

02 +e — '027 (2)
.027 + .027 + I‘I+ - H202 + 02 (3)
H202 + '027 — 'OH + OH™ + 02 (4)

3.4 PEC and spectroscopic analysis

Photoelectrochemical (PEC) measurements were carried out to
evaluate the separation efficiency of photoinduced electron-
hole pairs over the different samples. Transient photocurrent
response is considered to be the most intuitive means to

2908 | Chem. Sci., 2024, 15, 2898-2913

evaluate the efficiency of carrier separation at the photo-elec-
trode.*>** Fig. 6a shows the periodic on/off transient photocur-
rent response of C@Au7 and C@P15@Au7 heterostructures
under intermittent visible light irradiation (1 > 420 nm), from
which it is apparent that the photocurrent density of
C@P15@Au7 is much larger than that of C@Au7. The great
disparity of photocurrent density indicates that embedding of
an interfacial PDDA interim layer can indeed accelerate the
interfacial electron transport to improve the carrier separation
efficiency, which is consistent with the photocatalytic perfor-
mance analysis aforementioned. Electrochemical impedance
spectroscopy (EIS), as a simple method to monitor the charge
transfer process on the electrode and at the contact interface
between the electrode and electrolyte,** has further confirmed
that C@P15@Au7 embedded with an ultrathin intermediate

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Photocurrent and (b) EIS Nyquist plots of C@Au7 and C@P15@Au7 under visible light (A > 420 nm) irradiation in an aqueous Na,SO4

solution (0.5 M and pH = 6.69), (c) open-circuit potential decay, (d) charge carrier densities, (e) PL spectra, and (f) time-resolved transient PL

decay.

PDDA layer can more effectively improve the charge migration
compared to C@Au7. As exhibited in Fig. 6b, the smaller
semicircular arc radius of C@P15@Au7 relative to that of
C@Au7 indicates its smaller charge transfer resistance and
higher charge separation efficiency.*> Together with the simu-
lated results (Table S81), C@P15@Au7 (3158 ohm) exhibits
smaller charge transfer resistance (R.) in comparison with
C@Au7 (4698 ohm) under the same conditions, implying that
the R, of C@P15@Au7 is greatly reduced with a PDDA layer
intercalated in-between CdS and Au NCs. To explore the carrier
recombination kinetics, open circuit photovoltage decay
(OCVD) results of photo-electrodes were explored, which is
deemed to be an effective tool to monitor the open circuit
voltage (V) decay upon turning off the light irradiation in
a steady state. As revealed in Fig. 6¢c, C@P15@Au7 exhibits
a larger photovoltage compared with C@Au7, which once again
corroborates that more enhanced charge separation occurs over
C@P15@Au7 with respect to C@Au7. Alternatively, Mott-
Schottky (M-S) measurement provides a simple approach to
determine the charge carrier density of photoelectrodes (Fig. 6d
and S457). The charge carrier density (ND) of the photoelectrode
can be calculated by using the following equation:

1 —1
2y (4(e)
Er€0€0

No = dv

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

where ¢, denotes the dielectric constant of the semiconductor
(ecas = 8.9), &o denotes the permittivity of vacuum (8.86 x 102
F m™), e, is the electronic charge unit (1.6 x 10~ C), V is the
potential applied on the electrode, and C is the capacitance. The
Np values of C@Au7 and C@P15@Au7 are determined to be
1.41 x 10%° and 2.26 x 10*° cm? (Fig. 6d), respectively, which
verifies that C@P15@Au7 demonstrates larger charge transfer
efficiency than C@Au7 on account of the strong electron-
withdrawing ability of PDDA. Thus, PEC results indicate that
incorporating an ultra-thin PDDA layer at the interfacial
domain of CdS and Au@citrate NCs can boost the interfacial
charge transfer efficiency, wherein the PDDA interim layer
serves as an efficient electron transfer mediator.

In order to gain insight into the action mechanism of PDDA
in photocatalytic reactions, charge transport processes of
C@Au7 and C@P15@Au7 heterostructures were investigated by
spectroscopic techniques. Fig. 6e and f record the photo-
luminescence (PL) and time-resolved photoluminescence
(TRPL) decay curves of C@Au7 and C@P@Au?. In principle, the
PL emission peak is the product of the radiative recombination
of charge carriers in a material.** As exhibited in Fig. 6e, obvi-
ously, the PL quenching amplitude of C@P15@Au7 is larger
than that of C@Au7, strongly suggesting that recombination of
photogenerated carriers over C@P15@Au7 is remarkably
inhibited. TRPL spectra are used to study the specific carrier
dynamics of the photosystems. As displayed in Fig. 6f, fitting
results reveal an average lifetime of 4.145 ps for C@P15@Au7
and 1.967 us for C@Au7. The increase in the PL lifetime can be
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explained by the decrease in the radiative recombination, which
means that there are more carriers that are available to partic-
ipate in the photocatalytic reaction.*® There is no doubt that
introducing PDDA as an interfacial interim layer can effectively
suppress the carrier recombination.

3.5 Photocatalytic mechanism

The in situ XPS tool has been determined as an effective tech-
nique to analyze the surface chemistry and charge transport
mechanism of photocatalysts.*® The variation of element
binding energy can directly reflect the change of electron
density, where a positive shift in the binding energy of the core
element suggests an electron density reduction and vice versa.*’
As shown in Fig. 7a and b, compared with C@P15@Au7 in the
dark, the binding energy of Cd 3d and S 2p in C@P15@Au?
under light irradiation markedly moves to a higher energy level.
Contrarily, the binding energy of Cl 2p in C@P15@Au7 obvi-
ously shifts to a lower energy level (Fig. 7c), suggesting photo-
electron transfer from the CdS substrate to PDDA under light
irradiation. The result confirms that PDDA possesses a strong
electron-withdrawing ability. Besides, as displayed in Fig. 7d,
the binding energy of Au 4f in C@P15@Au7 obviously shifts
toward a lower energy level under visible light irradiation,
meaning an increase in the electron density of Au@citrate NCs.
Apparently, Au@citrate NCs accepts the photoelectrons relayed
by PDDA, indicating that a unidirectional cascade charge
transfer chain originating from the substrate (CdS) pointing to
the electron reservoir (Au@citrate NCs) has been successfully
constructed in our photosystem (Fig. 7e).

In order to unveil the interfacial carrier dynamics, ultrafast
transient absorption (TA) spectroscopy as a robust tool was
utilized to track the carrier dynamics in real time. Fig. 7f, i and
S4671 separately exhibit the 2D pseudo-color maps of TA spectra
at 400 nm excitation and TA spectra profiles taken at several
representative time delays of C@Au7 and C@P@Au7 hetero-
structures. The negative AOD bleaching signal is attributed to
the well-known band filling effect.*® Fig. 7g and j compare the
kinetics trace of C@Au7 and C@P@Au7, which can be fitted
with biexponential and tri-exponential decay functions,
respectively. Generally, different decay durations indicate the
consecutive pathway of electron relaxation to different trap
states with diverse trap depths.*® In our work, as for
C@P15@Au7, the relaxation time implies electron transfer (ET)
from the conduction band (CB) minimum to a shallow trap
state Trap1 and then to a deep trap state Trap2, and recombine
with the holes (Trap3), featuring the different decay times of 1,
7, and T3, respectively. The carrier transport process is illus-
trated in Fig. 7h and k. In terms of the electron relaxation time
174, the time corresponding to C@P15@Au7 is 66.8 ps, which is
significantly shorter than that of C@Au7 (108.26 ps). The
shorter the relaxation time, the faster the electron transfer rate,
and thus this phenomenon intuitively and powerfully confirms
that PDDA can act as an electron-relay mediator in the kinetics
process. Apparently, PDDA can capture electrons from the CdS
substrate more efficiently than Au@citrate NCs. In addition, as
for C@Au7 and C@P15@Au7, relaxation times for electrons
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falling back from Au@citrate NCs to the CB of CdS are 532.40
and 711.99 ps, respectively. Notably, the longer electron
residing time over Au@citrate NCs means that the electron
supply quantity increases, and more electrons can participate in
the reaction. The above analysis confirms that introducing an
ultrathin PDDA interim layer into the C@P15@Au7 hetero-
structure effectively activates the interfacial charge transport
kinetics, and we believe that a unidirectional cascade charge
transport channel can be precisely and efficiently constructed to
accelerate electron transport with the synergistic effect of PDDA
and Au@citrate NCs.

In light of the above analysis, the photocatalytic mechanisms
of the C@P15@Au heterostructure are illustrated in Scheme 2.
According to the M-S results (Fig. S47at), the flat band potential
(Eqp) of CdS is determined to be —0.6 V vs. NHE, and considering
that the Eg, of n-type semiconductors is more positive by 0.1 V
than the CB potential (Ecg), the Ecg of CdS is calibrated to be
—0.7 Vvs. NHE. Since the band gap of CdS is 2.39 eV based on
the DRS result (Fig. S47b¥), the valence band (VB) potential (Eyg)
of CdS is calculated to be 1.69 V vs. NHE. The energy band
structure of CdS is shown in Fig. S47c.f Due to the uneven
distribution of space charge, pristine CdS is prone to form
a built-in electric field, which is not conducive to the photo-
electron transfer from the CdS matrix to the surface, thus seri-
ously limiting the photocatalytic activity (Fig. S48%).*
Noteworthily, the ultrathin intermediate PDDA layer as an
electron traction “pump” in the C@P@Au heterostructure
demonstrates powerful electron-withdrawing ability, which can
extract the electrons enriched on the CdS surface in time, thus
effectively eliminating the detrimental influence of the built-in
electric field. At the same time, Au@citrate NCs act as terminal
“electron reservoirs” to rapidly receive the electrons relayed
from the PDDA interim layer. In this regard, an efficient vecto-
rial cascade charge transport chain is constructed between CdS
and Au@citrate NCs with the assistance of PDDA (Fig. S487).
Specifically, CdS is photoexcited under visible light irradiation
to produce electron-hole pairs with electrons flowing to the CB,
leaving holes in the VB. Subsequently, the intermediate PDDA
layer functions as an electron-withdrawing mediator to draw
electrons from the CB of CdS and then accelerates the unidi-
rectional electron transport to terminal Au@citrate NCs.
Subsequently, the electrons aggregating on the surface of
Au@citrate NCs initiate multifarious photoredox catalysis: (1)
electrons trigger proton reduction to produce H, (2e"), while
holes residing in the VB of CdS are quenched by the electron
donor (lactic acid); (2) as important active species, electrons and
protons synergistically coordinate to participate in the multi-
step coupling to form azo intermediates (Fig. S491) and finally
promote the photoreduction of aromatic nitro compounds to
amino derivatives (6e”). Concurrently, holes remaining in the
VB of CdS are quenched by the electron donor (ammonium
formate); (3) electrons react with the activated CO, to produce
CO," " radicals with the involvement of proton and electron
transfer, wherein the C-O bond breaks to generate CO (CO, +
2H" + 2e” — CO + H,0) and CH, (CO, + 8H"' + 8¢~ — CH, +
2H,0) along the CO,~ - CO—C.—CH; —CH,
(Fig. S507).*° Simultaneously, holes remaining in the VB of CdS

route

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 In situ irradiated high-resolution spectra of (a) Cd 3d, (b) S 2p, (c) Cl 2p and (d) Au 4f for C@P15@Au7, (e) schematic diagram of
photoelectron transfer over the C@P15@Au7 heterostructure, (f and i) 2D pseudo-color maps of TA spectra under 400 hm excitation, (g and j)
relaxation kinetics measured at a probing wavelength of 800 nm for C@Au7 and C@P15@Au7, and (h and k) schematic diagrams of the possible
charge transfer mechanisms.

are also quenched by the electron donor (TEOA); (4) electrons and ‘O, radicals that synergistically trigger the photocatalytic
combine with the dissolved oxygen in the reaction system to selective oxidation of aromatic alcohols to aldehydes by
generate two primary oxidation active species including ‘OH deprotonation processes (Fig. S517). It should be emphasized
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Scheme 2 Schematic illustration of the photocatalytic mechanisms of the C@P@Au heterostructure.

that even under more severe triggering conditions, PDDA-
mediated vectorial charge transport chains still retain inex-
haustible electron transport capability. Furthermore, more
intriguingly, it was evidenced that the PDDA mediated unidi-
rectional charge transfer model (CdAS@PDDA®@M) is universal
for a large variety of noble metals (M: Au, Ag, Pt), non-noble
metals (M: Ni, Co, Cu) and semiconductor (M: NiSe,, CoSe,,
CusSe) reducing co-catalysts as terminal “electron reservoirs”.

4. Conclusions

In summary, we conceptually constructed a novel cascade
charge transport chain over a transition metal chalcogenide
(CdS) by introducing an ultrathin non-conjugated insulating
polymer (PDDA) layer at the interface via a progressive self-
assembly strategy for multifarious photoredox catalysis. We
found that such an ultrathin intermediate PDDA layer demon-
strates powerful electron-withdrawing ability for relaying elec-
trons between the CdS substrate and terminal electron
reservoirs, considerably accelerating the interfacial charge
transfer kinetics towards multifarious visible-light-driven pho-
toredox reactions including photocatalytic hydrogen genera-
tion, anaerobic photocatalytic ~organic transformation
(aromatic nitro compound reduction and aromatic alcohol

oxidation), and photocatalytic CO,-to-fuel conversion.

2912 | Chem. Sci, 2024, 15, 2898-2913

Furthermore, the PDDA mediated unidirectional charge trans-
fer model (CdS@PDDA@M) is universal for diverse noble
metals (M: Au, Ag, Pt), non-noble metals (M: Ni, Co, Cu) and
semiconductor (M: NiSe,, CoSe,, CuSe) reducing co-catalysts.
Our work would provide a novel and feasible way to finely
regulate unexpected charge flow via insulating polymers for
solar energy conversion.
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