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Solar CO, reduction to renewable hydrocarbon fuels offers a promising pathway to carbon neutrality, but it
is retarded by tough CO, activation, complicated mechanisms, sluggish charge transport kinetics, and
a scarcity of strategies for precise tuning of charge transport pathways. Herein, we first conceptually
design a novel insulating polymer-mediated electron-tunneling artificial photosystem via progressive
interface configuration regulation, wherein tailor-made Ag@citrate nanocrystals (NCs) are controllably
self-assembled on transition metal chalcogenides (TMCs) assisted by an ultrathin insulating polymer
interim layer, ie., poly(allylamine hydrochloride) (PAH). In this multilayered nano-architecture, a solid
ultra-thin insulating PAH interim layer serves as an unexpected charge tunneling mediator to stimulate
smooth electron transfer from the TMC substrate to the terminal electron reservoirs of Ag@citrate NCs,

engendering the tandem charge transfer route and significantly boosting the visible-light-driven
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TMC-insulating polymer—metal NC tunneling photosystems are universal. This study would spark new
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1. Introduction

Solar CO, conversion to syngas has been considered an alter-
native, sustainable and emerging strategy to provide renewable
energy and achieve carbon neutrality in the near future."?
However, it is hampered by the chemical inertness of CO,
molecules, sluggish charge transfer kinetics and difficulty in
accurately mediating the charge transport pathway.>* In addi-
tion, the CO, reduction reaction involves multi-step electron
transfer, representing a complex reaction mechanism. To
surmount these obstacles, multifarious strategies have thus
been carried out. Thus far, the majority of researchers have
been devoted to exploring high-performance CO, reduction
photocatalysts that promote the adsorption and activation of
inert CO,.* Despite the advancement, there is a lack of studies
that focus on the precise tuning of carrier transport behaviors
by crafting spatially controllable charge transfer pathways at the
micro-level in photocatalytic CO, reduction reactions. The
endeavor in this field would significantly unleash the correla-
tion between charge transfer characteristics and the
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diversifying non-conjugated polymer-based artificial photosystems for solar-to-fuel energy conversion.

photocatalytic CO, reduction pathway, which will without doubt
reinforce our fundamental understanding of the photocatalytic
mechanism of this emerging CO, conversion technique.

The harmonious interface design has been established as
the essential premise for dictating spatially regulated vectorial
charge transport pathways in artificial photosystems.® Funda-
mentally, elegant interface design should rationally consider
the following crucial factors: intimate integration of building
blocks for crafting a clean interface, applicable interfacial co-
catalyst engineering, and tunable optimization of interface
configuration.” To this end, construction of semiconductor-
insulator-metal (SIM) photosystems requires precise interface
configuration regulation for triggering spatially directional
photocarrier migration via the electron tunneling effect and
accessing charge separation.® Noteworthily, as for the conven-
tional SIM electron-tunneling photosystems, insulating layers
are merely confined to oxides such as Al,O3; and TiO,, while
exploration of non-conjugated insulating polymers as the
intermediate layer has not yet been reported.® This leads us to
consider whether solid non-conjugated insulating polymers,
which account for a vast majority of polymers, can be harnessed
to mediate the electron tunneling process and what specific
influence they would exert on the charge transfer mechanism in
heterogeneous photocatalysis.

Inspired by the above discussion, we choose transition metal
chalcogenides (TMCs) with excellent light-harvesting capability
as substrates, solid non-conjugated insulating polymer as an
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interim layer, and tailor-made metal nanocrystals (NCs) as the
terminal electron reservoirs for smartly constructing novel
TMC-insulating polymer-metal NCs electron tunneling photo-
systems. Inspired by the charge properties of the ligand capped
on the metal NCs surface, we speculate that the metal NCs can
be accurately self-assembled on TMC substrates modified with
an oppositely charged insulating polymer that serves as
“molecular glue” via electrostatic interaction, which would
produce well-defined TMC/insulating polymer/metal NC heter-
ostructures.'®' Considering the Schottky junction formed
between TMCs and metal NCs, we believe spontaneous charge
transfer would be stimulated once electron tunneling is trig-
gered in such TMC-insulating polymer-metal NC photosys-
tems."” In this way, photoexcited electrons from the TMCs will
effectively tunnel through the ultrathin insulating polymer
interim layer and directionally migrate to the terminal electro-
reservoirs of metal NCs, engendering the tandem charge
transfer route.

Herein, an efficient, easily accessible, and controllable
electron-tunneling-mediated tandem charge transfer pathway is
designed over TMC@insulating polymer/metal NC photosys-
tems by an electrostatic self-assembly tactic, for which tailor-
made negatively charged Ag@citrate NCs are accurately self-
assembled on the positively charged ultrathin insulating pol-
y(allylamine hydrochloride) (PAH) encapsulated CdS substrate
at ambient conditions. Directional charge transfer is unantici-
patedly stimulated over the CdS@PAH/Ag@citrate NCs hetero-
structure by electron tunneling penetrating the intermediate
ultrathin insulating polymer layer, synergistically endowing the
CdS@PAH/Ag@citrate NCs photosystem with excellent photo-
activity toward CO,-to-syngas conversion under visible light
irradiation. Furthermore, we ascertain that the insulating
polymer-mediated electron tunneling photosystem is universal.
Our study represents the construction of novel insulating
polymer-based electron tunneling artificial photosystems for
controllable charge transport modulation toward solar-to-fuel
energy conversion.

2. Experimental section
2.1 Materials

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

2.2 Preparation of photocatalysts

Experimental procedures for preparing different photocatalysts
in this study are provided in the ESL.T CdS/Ag@citrate NCs 1%
was labeled as C/Al. CdS@PAH 1%/Ag@citrate NCs 1% was
labeled as C@P1/A1.

2.3 Characterization

Specific details are provided in the ESL
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2.4 Photocatalytic CO, reduction

Photocatalytic CO, reduction products were analyzed by gas
chromatography (SHIMADZU, GC-2014C). The specific opera-
tional information is provided in the ESI.{

2.5 Selective photocatalytic reduction performance

Photocatalytic reduction of nitroaromatics to amino
compounds was performed in an anaerobic environment (inert
atmosphere N,), along with the addition of a hole scavenger.
Photoreduction products were analyzed by a UV-vis absorption
spectrophotometer (Thermal Genesis). Specific operational
information is provided in the ESL

2.6 Photoelectrochemical (PEC) measurements

PEC measurements were carried out on an electrochemical
workstation (CHI660E, CHI Shanghai, Inc.) with a conventional
three-electrode system, and a 0.5 M Na,SO, aqueous solution
(pH = 6.69) was utilized as the electrolyte. Specific operational
information is provided in the ESL

3. Results and discussion

Scheme 1 depicts the flowchart for electrostatic self-assembly of
CdS@PAH/Ag@citrate NCs (C@P/A) heterostructure under
ambient conditions. Specifically, CdS nano-leaves are first
closely encapsulated with an ultrathin PAH layer, which endows
CdS nano-leaves with a positively charged surface (Fig. S11). In
contrast, Ag@citrate NCs are prepared by the reduction of silver
precursors with citrate, thus presenting a carboxylic acid-
capped negatively charged surface (Fig. S1f). Eventually,
driven by electrostatic force, Ag@citrate NCs can be spontane-
ously and uniformly anchored on the positively charged
CdS@PAH nano-leaves framework, forming the multilayered
CdS@PAH/Ag@citrate NCs (C@P/A) ternary heterostructure.

3.1 Structural characterization

Fig. 1a shows the X-ray diffraction (XRD) patterns of samples,
peaks at 24.90°, 26.52°, 28.28°, 36.72°, 43.83°, 47.94" and 51.97°
are indexed to the (100), (002), (101), (102), (110), (103) and (112)
crystal planes of hexagonal CdS (PDF# 6-314). Apparently,
encapsulating PAH on CdS does not cause the crystal phase
change. No peaks attributable to Ag@citrate NCs can be
observed in the XRD patterns of C/A1 and C@P1/A1 hetero-
structures, which is mainly attributed to the low loading
amount of Ag@citrate NCs. An analogous result is observed in
Raman results (Fig. S21), in which the peaks at 300 (E;) and
602 cm™ ' (E,) for all these samples are attributed to CdS, and no
characteristic peaks of Ag@citrate NCs and PAH are observed,
consistent with XRD results. As demonstrated in Fig. 1b and
Table S1,t the FTIR spectrum of CdS exhibits two bands at 3470
and 1665 cm ™", which correspond to the surface hydroxyl (-OH)
group.” In comparison with CdS, two bands at 2955 and
2882 cm ™ are seen in the FTIR spectra of C@P1 and C@P1/A1,
which arise from the stretching vibration mode of -CH,- groups
from PAH." Intriguingly, the band at ca. 1665 cm™ " attributed

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic flowchart for fabrication of CdS@PAH/Ag@citrate NC heterostructures.

to —-NH,- functional groups in the FTIR spectra of C@P1 and
C@P1/A1 exhibits a more enhanced intensity compared to other
counterparts, corroborating the successful attachment of the
PAH layer to the CdS substrate.

Optical properties of the samples were probed by UV-vis
diffuse reflectance spectroscopy (DRS). As shown in Fig. 1c, all
the samples exhibit a light absorption band edge at ca. 520 nm,
and this stems from the inherent bandgap photoexcitation of
the CdS substrate. It is worth noting that C@P1 and CdS exhibit
an almost identical absorption band edge, implying PAH
encapsulation exerts no influence on the light absorption of the
CdS substrate, thus ruling out the photosensitization effect of
PAH (Fig. S31). Similarly, citrate does not possess photosensi-
tivity (Fig. S41). In addition, compared with pristine CdS, C/A
and C@P1/A1 heterostructures present enhanced light absorp-
tion in the visible region ranging from 500 to 800 nm, verifying
that integration of Ag@citrate NCs with the CdS substrate can
enhance the light absorption capacity (Fig. S5). According to
the Kubelka-Munk function, the determination of the bandgap
(E,) is displayed in Fig. 1d, whereby E, of CdS is determined to
be ca. 2.39 eV, and it is revealed that PAH and Ag@citrate NCs
deposition fails to alter the optical properties of the CdS
substrate.

The surface elemental composition and chemical states of
the samples were analyzed by X-ray photoelectron spectroscopy
(XPS). As revealed in Fig. 1e(Il), the high-resolution Cd 3d
spectrum of the C@P1/A1 heterostructure with peaks situated at
404.62 (Cd 3ds),) and 411.40 eV (Cd 3dj),) is attributed to Cd>*
species.” The high-resolution S 2p spectrum of the C@P1/A1
heterostructure exhibits two featured peaks at 160.94 (S 2ps/»)
and 162.07 eV (S 2py,,), ascribed to the S*~ species (Fig. 1f(II)).*®
Intriguingly, compared with pristine CdS, the Cd 3d and S 2p
peaks of the C@P1/A1 heterostructure are shifted to a lower
binding energy. This indicates a strong interaction, resulting in

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

the overlap of the charge transfer state or electron wave function
between CdS and Ag@citrate NCs."” As displayed in Fig. 1g, the
high-resolution Ag 3d spectrum of C@P1/A1 shows two peaks at
373.11 (Ag 3d3/,) and 367.0 eV (Ag 3ds/,), which correspond to
Ag® and Ag" species,®® respectively, confirming the Ag@citrate
NCs deposition on C@P1. The high-resolution N 1s (Fig. 1h)
spectrum of C@P1/A1 exhibits a peak at 399.36 eV, which is
assigned to nitrogen-containing (-NH,-) species from PAH.* As
depicted in Fig. 1i, the high-resolution CI 2p spectrum of C@P1/
A1 with two peaks located at 198.0 (Cl 2p3/,) and 199.61 eV (Cl
2p1/») originates from the Cl™ species of PAH.* Perspicuously,
the distinct elemental signals of Cd, S, Ag, N, and Cl unequiv-
ocally validate the successful fabrication of the C@P1/A1 het-
erostructure (Table S27).

The morphology and textural structure of the samples were
characterized by FESEM and TEM measurements. As shown in
Fig. 2a and d, pristine CdS exhibits a leaf-like morphology,
characterized by a pronounced trunk and meticulously
arranged nano-leaves ranging in size from 4 to 6 um. These
unique nano-leaves structures not only expose a high density of
active sites but also effectively reduce the vertical travel distance
of photogenerated carriers, thereby suppressing charge recom-
bination over CdS.** The morphology of CdS encapsulated with
an ultrathin PAH layer does not show the apparent change
(Fig. 2b), primarily due to the low deposition amount of PAH.
When Ag@citrate NCs are anchored on CdS@PAH by electro-
static self-assembly, as revealed in Fig. 2¢, the morphology of
CdS@PAH/Ag NCs is not markedly altered compared with
CdS@PAH, which is due to the relatively small size of Ag@ci-
trate NCs [Fig. S6, ca. 11.27 nm], rendering clear differentia-
tion of them merely from SEM images rather difficult.
Furthermore, the approximate specific surface of CdS (4.325 m?>
¢™') and C@P15@Au7 (3.587 m”> g ') confirms the above
statement (Fig. S7 and Table S37). Fig. 2e shows the HRTEM

Chem. Sci., 2024, 15, 10625-10637 | 10627
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Fig. 1

(a) XRD patterns of CdS, C@P1, C/Al and C@P1/A1; (b) FTIR spectra of CdS, C@P1 and C@P1/Al; (c) DRS results of CdS, C@P1, C/Al and

C@P1/Al with (d) transformed plots based on the Kubelka—Munk function vs. energy of light. High-resolution (e) Cd 3d, (f) S 2p, (g) Ag 3d, (h) N 1s

and (i) Cl 2p spectra of (1) pristine CdS and (Il) CaP1/AL.

image of pristine CdS, whose designated area exhibits a clear
crystalline structure with a distinguishable lattice fringe of ca.
0.336 nm, corresponding to the (002) crystal facet of hexagonal
CdS. Moreover, as shown in Fig. 2f, it is apparent that an
amorphous PAH layer is closely and uniformly tethered to the
outermost surface of CdS. To more intuitively understand the
integration mode of building blocks in C@P1/A1, TEM and
HRTEM images were probed. As displayed in Fig. 2g and h,
various discernible Ag@citrate NCs are evenly distributed on
the C@P1 nano-leaves substrate. HRTEM images of the C@P1/
Al heterostructure (Fig. 2i) show the lattice fringes of ca. 0.336
and 0.237 nm, matching well with the (002) and (111) crystal
facets of CdS and Ag@citrate NCs, respectively. In addition, it
can be observed that an ultrathin amorphous polymer layer
tightly encases the edge of the CdS substrate, strongly con-
firming the existence of an elegant interface (C@P1/A1). More-
over, the PAH layer encapsulation on CdS can be corroborated
by energy-dispersive X-ray spectroscopy (EDX) and elemental
mapping results, as displayed in Fig. S8at and 2j. Among
them, N and ClI signals originating from PAH are distributed
along the nano-leaves skeleton, verifying that the PAH layer is

10628 | Chem. Sci, 2024, 15, 10625-10637

seamlessly coated on the whole CdS substrate. EDS (Fig. S8bt)
and TEM elemental mapping (Fig. 2k1-6) results revealed the
co-existence of Cd, S, C, Ag, N, and Cl elements, implying that
CdS, PDDA and Au@citrate NCs are concurrently integrated in
the C@P1/A1 heterostructure. Similarly, EDS and FESEM
mapping results of C@P1/A1 (Fig. S91) also point to an analo-
gous conclusion.

3.2 Photocatalytic reduction activities

Photocatalytic CO, reduction was carried out to evaluate the
photoactivities of the C@P/A heterostructure under visible light
irradiation (A > 420 nm). After testing, it was determined that
syngas (CO and H,) is the primary product of photocatalytic CO,
reduction reactions.”® Fig. 3a illustrates the trend of syngas
evolution over the C@P heterostructure as the PAH amount
increases, based on which C@P1 is determined as the optimal
encapsulation ratio. The excessive PAH encapsulation leads to
a decrease in the photoactivity of C@P, which stems from the
inherent insulating properties of PAH. Note that the molecular
structure of PAH does not possess the m-conjugated structure,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FESEM images of (a) CdS, (b) C@P1 and (c) C@P1/Al with schematic models in insets; TEM images of (d) CdS and (g and h) C@QP1/AL;
HRTEM images of (e) CdS, (f) C@Pl, (i) C@P1/Al; and elemental mapping results of (j) C@P1 and (k) C@P1/Al.

indicating it is an insulating polymer in a solid state (Fig.-
S10at). Thus, encapsulation of CdS with PAH should remark-
ably increase the interfacial charge transfer resistance
(Fig. S10bt) and even completely cut off the interfacial charge
transfer, giving rise to reduced photoactivity. Nonetheless, it

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

should be particularly stressed that the photoactivities of C@P
are comparable to those of pristine CdS with minute fluctua-
tion, implying that the insulating PAH coating in our case
actually fails to retard the interfacial charge transfer and must
function as an electron tunneling mediator to enable electron

Chem. Sci., 2024, 15, 10625-10637 | 10629
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Fig. 3

(a) Photocatalytic CO, reduction performances of CdS and C@P-X% (X: 0.5, 1, 2, 5, and 10) with different mass ratios of PAH under visible

light (A > 420 nm) irradiation; (b) photocatalytic CO, reduction performances of C/Al and C@P1/A-X% (X: 0.5, 1, 2, 3, and 5) heterostructures with
different mass ratios of Ag@citrate NCs; photoactivities of C@P1/Al (c) using varying sacrificial reagents, (d) under different light intensity, (e)
under different monochromatic light irradiation; cyclic photocatalytic reactions of (f) blank CdS and (g) C@P1/A1; (h) CO product generated from
the *CO, isotope experiment; and (i) CO, photoreduction performances of C@P1/Al under different reaction conditions.

flow by penetrating through the PAH layer. In other words, the
electrons photoexcited over CdS can still migrate to the outer-
most surface of the insulating PAH layer to participate in the
photocatalytic CO, reduction reaction. Inspired by this, we
selected Ag@citrate NCs as the terminal electron reservoirs and
homogeneously anchored them on the C@P1 heterostructure
using a self-assembly strategy with a view to constructing
a cascade charge transport chain given the Schottky junction
endowed by NCs deposition. As shown in Fig. 3b, the CO
evolution activity of C@P/A heterostructures gradually
enhances with increasing the Ag@citrate NCs amount, and
C@P1/A1 reaches the optimal photoactivity. The strong host-
guest interaction between C@P1 and Ag@citrate NCs can
facilitate the conversion of CO, into CO. Obviously, driven by
the Schottky barrier, the C@P/A heterostructure bursts out the
more powerful potential of electron tunneling.”® The excessive
loading of Ag@citrate NCs leads to the occupation of a majority
of the active sites by H', thus limiting the contact of CO, with
the active sites and facilitating the generation of H,.>* Since the
photocatalytic syngas evolution process is rigorous and
complicated, which involves the adsorption and activation of
CO, (ref. 25) and vectorial charge transport, the yield of CO,
which accounts for the important ingredient of syngas, can

10630 | Chem. Sci, 2024, 15, 10625-10637

reflect the CO, conversion efficiency. Therefore, great attention
is paid to the conversion of CO, to CO in our current work.
Undoubtedly, the optimal interface configuration is observed
over C@P1/Al. It is clear that the syngas production rate of
C@P1/A1 (CO: 52.60 umol g ' h™", H,: 270.54 umol g ' h™") is
significantly higher than that of CdS (CO: 18 umol g * h™*, H,:
38.241 pumol ¢! h™"), confirming the importance of harmo-
nious interface configuration design. Noteworthily, the C/A1
heterostructure, which is fabricated by directly depositing the
same amount of Ag@citrate NCs on the CdS substrate, exhibits
a slight enhancement in CO production rate (CO: 23.22 pmol
¢ ' h™ ") relative to the CdS substrate, but it is far inferior to the
C@P1/A1 heterostructure under same conditions. The
enhancement of syngas production rate over the C@P1/A1
heterostructure relative to the C/A1 heterostructure reveals the
crucial role of the insulating PAH interim layer as an electron
tunneling mediator in boosting the syngas evolution activities,
i.e., PAH induces the photoelectron tunneling of CdS, which
triggers the cascade electron transport and thus accelerates the
interfacial charge separation.

Fig. 3c manifests that the sacrificial reagent category
substantially influences the photoactivity of the C@P1/A1 het-
erostructure, among which TEOA demonstrates the optimal

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Photocatalytic performances of C/Al and C@P1/Al heterostructures toward selective reduction of nitroaromatics under visible light
irradiation (1 > 420 nm) with the addition of ammonium formate as a hole scavenger and N, bubbling at ambient conditions, including (a)
nitrobenzene, (b) 4-nitrotoluene, (c) 4-nitroanisole, (d) 4-NA, (e) 3-NA and (f) o-nitroacetophenone.

efficiency. Compared with TEOA, methanol and lactic acid have
higher oxidation potentials, which means they need more
energy during the oxidation process, resulting in a weaker
ability to capture holes and slowing down the efficiency of
electron-hole separation. Additionally, dissociation of lactic
acid in the photoreaction leads to an increase in the concen-
tration of protons, thereby accelerating the production of H,
and forming a competitive reaction with the evolution of CO. As
revealed in Fig. 3d, the photoactivity of the C@P1/A1 hetero-
structure increases with increasing light intensity, indicating
the photocatalytic syngas evolution reaction is indeed a photo-
catalytic process. Fig. 3e shows the syngas evolution rates of the
C@P1/A1 heterostructure at different excitation wavelengths,
which reveals the optimal syngas evolution activity at an inci-
dent wavelength of 520 nm. Note that the action spectrum is in
faithful agreement with the DRS result, implying the predomi-
nant role of bandgap photoexcitation of the CdS substrate in
triggering the photocatalytic CO, reduction reaction. Apart from
their outstanding photoactivity, stability is also an important
indicator for evaluating the performance of the photocatalysts.
As displayed in Fig. 3f and g, the reusability tests suggest that
the photoactivities of CdS and the C@P1/A1 heterostructure
show varying decay degrees after several sets of cyclic reactions,
with CdS showing the most severe photoactivity decay.
Disruption of nano-leaf morphology or dissociation of sodium
citrate may cause a decrease in catalyst activity (Fig. S117).
However, the decrease in stability mainly arises from the
generic photo-corrosion of the CdS substrate. C@P1/A1 ach-
ieves the directional charge transport modulation with the
assistance of electron tunneling, which reduces the electron-
hole pair recombination and retards the detrimental photo-

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

corrosion of CdS. Furthermore, XRD (Fig. S12f), FTIR
(Fig. S13t), Raman spectroscopy (Fig. S14t), and XPS (Fig. S151)
results of C@P1/A1 after cyclic reaction verify its relatively
favorable photostability. To prove the true carbon source of CO,
3C0, labeling experiments were carried out using *CO, as the
reactant. Mass spectrum signals revealed that only ">CO (m/z =
29) is probed (Fig. 3h), corroborating that the CO product
indeed originates from the photocatalytic reduction of CO,
reactant.”® Several control experiments were also conducted for
the C@P1/A1 heterostructure, including testing with and
without catalyst, TEOA, or CO, under otherwise same reaction
conditions (Fig. 3i). The results suggest that the design of
a solar-driven CO,-to-syngas conversion photocatalytic system
in our work is reasonable and efficient.

Apart from the photocatalytic CO, reduction, aromatic nitro
compounds (6 electrons) were chosen for selective photore-
duction to verify the universality of the PAH-mediated electron
tunneling effect. Photoactivities of C/A1 and C@P1/A1 hetero-
structures 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, purging under ambient
conditions. As shown in Fig. 4a, the C@P1/A1 heterostructure
can complete the photoreduction of nitrobenzene to amino-
benzene within 100 s, with a conversion rate as high as nearly
85%, far exceeding that of C/A1. More intriguingly, as displayed
in Fig. 4b-f and Table S5, analogous results are visualized in
the photoreduction of other nitro-aromatics, including 4-
nitrotoluene, 4-nitroanisole, 4-nitroaniline (4-NA), 3-nitroani-
line (3-NA) and o-nitroacetophenone. Based on the above anal-
ysis, it can be concluded that the PAH-mediated electron
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Fig. 5

(a) Photocurrent, (b) open-circuit potential decay, and (c) EIS Nyquist plots of C@Al and C@P1/Al under visible light (1 > 420 nm) irra-

diation in an agqueous Na,SO, solution (0.5 M, pH = 6.69); (d) Mott—Schottky plots, (e) charge carrier densities, (f) PL spectra, (g) time-resolved
transient PL decay of C@Al and C@P1/Al heterostructures, and (h) schematic illustration of the PEC mechanism.

tunneling photosystem is general for diverse photo-reduction
reactions apart from photocatalytic CO, reduction reactions.

3.3 PEC and spectroscopic analysis

Photoelectrochemical (PEC) measurements were performed to
disclose the interfacial charge separation efficiency of the
electron tunneling photosystem. Fig. 5a shows the transient
photocurrent response (/-t) of C/A1 and C@P1/A1 photo-
electrodes under intermittent visible light (1 > 420 nm) irradi-
ation, wherein the photocurrent density of C@P1/A is
significantly higher than that of C/A1. The apparent photocur-
rent density difference between above-mentioned photo-
electrodes provides compelling evidence that the PAH-mediated
electron tunneling photosystem shows higher charge separa-
tion and transport efficiency. Consistently, as shown in Fig. 5b,
the open-circuit photovoltage decay (OCVD) test exhibits the
analogous result. Electrochemical impedance spectroscopy
(EIS) was utilized to evaluate the interfacial charge transfer

10632 | Chem. Sci, 2024, 15, 10625-10637

resistance between the photoelectrodes and electrolytes under
visible light irradiation.?” In the Nyquist plots of EIS results, the
semicircle arc radius represents the charge transfer resistance
between the photoelectrode and electrolyte, with a smaller arc
radius indicating lower charge transfer resistance. As exhibited
in Fig. 5¢ and Table S4,f compared with C/A1 (19510 ohm),
C@P1/A1 (5159 ohm) exhibits a smaller charge transfer resis-
tance (R.;), manifesting its faster interfacial charge transfer rate.
Additionally, to further evaluate the efficiency of interfacial
charge separation, the charge carrier density (Np) of the pho-
toelectrodes was determined by analyzing Mott-Schottky (M-S)
results (Fig. 5d and e). The charge carrier density (Np) of the
photoelectrode is calculated using the following equation:

w2l

dv

© 2024 The Author(s). Published by the Royal Society of Chemistry
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photoactivities of C@P1/Al, C@P1@S/Al, and C@P1/A1-700 °C toward

nitrobenzene reduction; (d and i) photocurrents and (e and j) open-circuit potential decay results of C@P1/Al, C@P1/A1-700 °C, and C@Pl@S/Al;
in situ irradiated high-resolution (f) Cd 3d, (g) S 2p and (h) Ag 3d spectra of C@P1/Al.

where ¢, denotes the dielectric constant of the semiconductor
(ecas = 8.9), € denotes the permittivity of the vacuum (8.86 x
107> Fm™ ), e, is the electronic charge unit (1.6 x 10~ *° C), Vis
the potential applied on the electrode, and C is the capacitance.
The Np, values of C/A1 and C@P1/A1 are determined to be 10.5
x 10*° and 14.7 x 10%° em™, respectively, implying a more
efficient charge separation over C@P1/A. Subsequently, photo-
luminescence (PL) spectra were utilized to further evaluate the
interfacial charge separation efficiency of C/A1 and C@P1/A1
(Fig. 5f). The PL spectrum presents one emission peak at ca.
530 nm for all the samples, which is caused by the charge
recombination of CdS. Strikingly, remarkable fluorescence
quenching over C@P1/A1 is observed compared with C/A1,
manifesting the electrons photoexcited over CdS substrate can
be more efficiently transferred through the ultra-thin insulating
PAH interim layer to Ag@citrate NCs. Moreover, time-resolved
photoluminescence (TRPL) spectra (Fig. 5g) confirmed the
above speculation since the average fluorescence lifetime of
C@P1/A1 (6.1578 ns) is smaller than that of C@A1 (6.5788 ns),
which is rationalized by the fact that the smaller fluorescence

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

lifetime implies a faster electron transfer rate.”® Fig. 5h illus-
trates the PEC water dissociation mechanism of the C@P1/A1
heterostructure.

3.4 Photocatalytic mechanism

To highlight the influence of the ultra-thin insulating PAH
interim layer on the electron-tunneling effect, insulating SiO,
was encapsulated on the C@P1 surface for blocking electron
transport, and the thus prepared control sample was labeled as
C@P1@S/A1 (Fig. S16-181 and 6a). Another control sample
named C@P1/A1-700 °C is simultaneously prepared, for which
the C@P1/A1 heterostructure underwent high-temperature
calcination in an inert atmosphere to eliminate the PAH layer
(Fig. S191 and 6b). Compared with pristine C@P1/A1, C@P1/A1
after high-temperature calcination in a nitrogen atmosphere
showed slight fragmentation at the edge of its nano-leaves, but
still retained the nano-leaves skeleton (Fig. S20t). As shown in
Fig. 6¢, the photoactivities of the samples towards photore-
duction of nitrobenzene follow the order of C@P1/A1 > C@P1/

Chem. Sci., 2024, 15, 10625-10637 | 10633
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CdS, (d) C@P1l and (f) C@P1/Al after CO, adsorption in the dark for 5 min.

A1-700 °C > C@P1@S/Al. Unsurprisingly, interfacial charge
transfer between C@P1 and Ag@citrate NCs is blocked by the
SiO, interim layer. In other words, the electrons photoexcited
over C@P1 cannot tunnel through the insulating SiO, layer to
Ag@citrate NCs, thus resulting in markedly decreased photo-
activity. Consistently, as shown in Fig. 6d and e, compared with
C@P1/A1, C@P1@S/A1 exhibits the lower photocurrent density
and photovoltage, confirming that the SiO, interim layer indeed
cuts off the interfacial electron transport chain between C@P1
and Ag@citrate NCs. Unlike the SiO, insulating layer, the
insulating PAH interim layer exhibits excellent electron
tunneling capability, facilitating interfacial electron transport.
This speculation is also rationalized by the in situ XPS
measurement, which was generally used to determine interfa-
cial charge migration paths. As shown in Fig. 6f-h, compared
with C@P1/A1 in the dark, the binding energies of Cd 3d and S

10634 | Chem. Sci, 2024, 15, 10625-10637

2p for C@P1/A1 under visible light irradiation markedly move
to the higher energy level, while the binding energy of Ag 3d
obviously shifts to the lower energy level. The variation of the
elemental binding energy directly reflects the change in elec-
tron density, where a positive shift in the binding energy of the
core element suggests an electron density reduction and vice
versa.”® This implies that the electron density around Cd and S
atoms is depleted, and the electrons pour into Ag atoms. This
result strongly confirms that photoelectrons flow from CdS to
Ag@citrate NCs in the C@P1/A1 heterostructure under the PAH-
mediated electron tunneling effect.

Although it is generally believed that high-temperature
calcination can facilitate the interfacial integration of building
blocks in heterostructure and effectively shorten the interfacial
carrier transport distance,* the reality is that the photoactivity
of C@P1/A1-700 °C is far inferior to that of C@P1/A1. This is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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ascribed to the destruction of the molecular structure of PAH,
rendering the electron tunneling effect disappear. Undoubtedly,
introducing an ultra-thin PAH interim layer in the C@P1/A1
heterostructure benefits interfacial electron transport. Consis-
tently, transient photocurrent density and OCVD measurement
results further confirm that the carrier separation efficiency of
C@P1/A1 is much higher than that of C@P1/A1-700 °C (Fig. 6i
and j). Based on the above analysis, we ascertain that the PAH
interim layer can harmoniously modulate the charge migration
by triggering the tunneling effect. Analogous results have also
been observed in the photoreduction of other nitro-aromatics,
including 4-nitrotoluene, 4-nitroanisole, 4-nitroaniline (4-NA),
3-nitroaniline (3-NA), 2-nitrophenol (2-NP) and o-nitro-
acetophenone, over C@P1/A1, C@P1@S/A1, and C@P1/A1-700 °
C (Fig. S21 and Table S61), and the results point to the same
conclusion, thereby signifying the universal role of PAH as
electron tunneling mediator.

In situ diffuse reflectance infrared Fourier-transform spec-
troscopy (DRIFTS) was used to reveal the evolution of interme-
diates during the CO, photocatalytic reduction process. As
shown in Fig. 7(a, c and e), the distinct peak at 1510 cm ™" could
be attributed to monodentate carbonate (m-CO3>~) groups,*
while the band at 1340 cm ™' corresponds to the asymmetric
0-C-O stretches of b-CO;>~ groups,® which originated from the
interaction of H,O and CO,. The peak at 1224 cm ™" is assigned
to HCO; ™ .** The appearance of carbonate species suggested that
CO, could be efficiently absorbed and activated on the surface
of catalysts.** Importantly, a new peak at ca. 1547 cm™ " arises
and is gradually strengthened when the irradiation time is
prolonged, and the peak could be assigned to COOH* species,*®
which represents key intermediates during photoreduction of
CO, to CO. The result affirms that CO, is reduced to CO through

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

the COOH* intermediate under light irradiation in our current
work. It is noteworthy that the peak intensity of COOH* is
particularly substantial for the DRIFTS spectrum of the C@P1/
A1 heterostructure, showing the pivotal role of Ag@citrate
NCs to adsorb, activate and convert CO,, which is also consis-
tent with the photocatalytic CO, reduction performance afore-
mentioned. In addition, strong peaks centered at 1723 cm ™" are
attributed to the bending vibration of C=0, which is derived
from the accumulation of CO.***” Fig. 7(b, d and f) display the
adsorption FTIR spectra of CdS, C@P1, and C@P1/A1 under
similar experimental conditions. Noteworthily, C@P1 and
C@P1/A1 exhibit similar CO, adsorption capacities, but both of
them are lower than those of the CdS substrate. This result also
confirms that the introduction of an ultra-thin insulating PAH
interim layer does not increase the CO, adsorption capacity;
thus, the efficient evolution of CO over the C@P1/A1 hetero-
structure can be attributed to the PAH-mediated electron
tunneling effect.

According to the DRS and M-S results, the conduction band
(CB) and valence band (VB) positions of the CdS NC substrate
are determined to be —0.7 and 1.69 V vs. NHE, respectively
(Fig. S227). Based on the above analysis, CO, photoreduction
over the C@P/A heterostructure may undergo the following
steps (Scheme 2). Upon the irradiation of visible light, CdS is
photoexcited to produce electron-hole pairs, with electrons
flowing to the CB and leaving holes in the VB. Subsequently, the
ultra-thin insulating PAH layer intercalated between CdS and
Ag@citrate NCs functions as an efficient electron tunneling
modulator to stimulate the electron transport from CdS to
Ag@citrate NCs. Ag@citrate NCs are characterized by their high
conductivity, which enables the accumulation of more photo-
electrons. At the same time, adsorbed CO, species over
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Ag@citrate NCs capture the electrons to form the carboxyl
intermediate (COOH*) with the assistance of the protons
(CO, +H* + e~ —COOH).*® Through a further COOH*
protonation process, CO* molecules are yielded progressively
(COOH* + H' + e~ — CO* + H,0), which are eventually trans-
formed into a free CO product (CO* — CO). Simultaneously,
holes remaining in the VB of CdS are quenched by electron
donors (TEOA). In addition, hydrogen ions in the water can
inevitably react with photoelectrons to produce H,, ultimately
fulfilling the photoreduction of CO, to syngas.

4. Conclusions

In summary, tandem charge transfer was stimulated over
a C@P/A heterostructure, assisted by the electron tunneling
effect endowed by an ultra-thin insulating polymer interim
layer. In this well-defined heterostructure nano-architecture,
the CdS substrate functions as a light-harvesting antenna for
generating electron-hole pairs. The ultra-thin insulating PAH
interim layer induces electron tunneling, accelerating the
migration of photoelectrons from CdS to the terminal electron
reservoir of Ag@citrate NCs, forming the electron relay.
Benefiting from this synergistic effect, the C@P/A hetero-
structure demonstrates significantly enhanced photocatalytic
CO,-to-syngas conversion performances under visible light
irradiation. Our work offers new inspiration for finely modu-
lating the charge transfer via novel non-conjugated insulating
polymer-mediated electron-tunneling photosystems towards
solar-to-fuel conversion.
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