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1. Introduction

Super-resolution imaging of photogenerated
charges on CdS/g-CsN4 heterojunctions and its
correlation with photoactivity+

Shuyang Wu,? Jinn-Kye Lee, {22 Pei Chong Lim,? Rong Xu @ ® and
) xa

Zhengyang Zhang'

Construction of heterostructures is an effective way to improve photo-induced charge separation and
photocatalytic performance. Among various structures, type Il and direct Z-scheme heterojunctions with
distinct charge separation mechanisms are the two typical representatives attracting much research atten-
tion. Here we prepared type Il and Z-scheme CdS/g-CsN4 nanocomposites by thermal treatment and
self-assembly chemisorption methods, respectively. High-resolution microscopy techniques including
(scanning) transmission electron microscopy (TEM/STEM) and super-resolution fluorescence microscopy
(SRM) were used to investigate the charge distribution and flow mechanism. The charge tracking results
reveal that the nanocomposite prepared by thermal treatment has a type Il heterostructure with charges
flowing in the opposite direction, while the self-assembly sample possesses a Z-scheme structure. It was
found that the type Il system exhibited the lowest charge migration resistance and the best charge separ-
ation ability and stability of photoactivity, leading to the highest H, generation rate of 2410 pmol h™ g™,
The SRM technique was applied for the first time to map the reactive sites of type Il and Z-scheme struc-
tures at nanometer resolution. The photoactive species (i.e., e~ and h*) were found to be preferentially
distributed at the two end segments of CdS nanorods and the edge boundaries of g-C3N,4. Therefore, our
findings shed more light on the charge distribution and photocatalytic heterogeneity of composite
materials at the nanoscale. Such results would provide guidance on optimizing nanocomposite properties
and help to design better photocatalysts for efficient solar-to-chemical energy conversion.

multifunctional 3D structures. Laminar g-C;N, is one of the
typical 2D nanomaterials, which has many advantages in

Photocatalytic water splitting has been considered as a promis-
ing way to produce renewable H, energy, since Fujishima and
Honda’s pioneer work on water splitting in 1972." Among
various semiconductor materials, functional 2D materials have
attracted enormous research interests owing to their unique
structural features. Compared with 0D and 1D materials, 2D
nanosheets with large lateral size provide numerous active
sites for surface adsorption of reactants and photoreactions.”?
When forming heterostructures, the large surface, especially
with functional groups would facilitate the anchoring and
accommodation of guest components and help to construct
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photocatalytic applications.” A layered structure bonded by
weak van der Waals force largely facilitates morphology modi-
fication, which can be easily decorated with other materials.
The high stability and earth-abundant resources for synthesis
and a simple preparation route make g-C;N, a promising cata-
lyst for various applications.” However, despite these merits,
pristine g-C3;N, suffers from significant drawbacks of high
charge recombination rates and limited utilization of visible
light, which restrict its photocatalytic efficiency. Hence, many
strategies such as a good morphology design, defect control,
element doping, and coupling with other components have
been applied to overcome these limitations.®’

Fabrication of heterojunctions has been proved an effective
way to enhance the charge separation efficiency of g-C;N,-based
photocatalysts.>” Numerous semiconductors have been investi-
gated to form heterojunctions with g-C3N,, such as metal
oxides (e.g., ZnO, TiO, and Cu,0),'>"" metal sulfides (e.g., NiS
and CdS),">"* metal oxyhalides (e.g., BIOCI and BiOBr)'*'*> and
other semiconductors (e.g., perovskites and layered double
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hydroxides).">'” Based on the charge separation mechanism,
these heterojunctions can be generally classified into two types:
a type II heterostructure and an all-solid-state Z-scheme hetero-
structure. In the type II heterostructure, photogenerated elec-
trons (e”) and holes (h") kinetically flow in the opposite direc-
tions, leading to enhanced spatial charge separation."® In con-
trast, the Z-scheme configuration maintains e~ and h" at rela-
tively higher redox potentials, accompanied by a certain charge
extinction with or without redox mediators."” The Z-scheme
system without charge mediators is called a direct Z-scheme, in
which the two semiconductors have a direct interfacial contact.
In this report, we construct CdS/g-C;N, composites with these
two heterostructures by coupling CdS nanorods and g-C;N,
nanosheets. CdS is chosen due to its small bandgap energy
(~2.4 eV) which has light absorption up to 520 nm.*® It has
been widely used as a photosensitizer for wide-bandgap semi-
conductors like g-C3N,, which significantly extends the visible
light response.”’ Although it has been validated that CdS/
2-C3N, composites can be successfully constructed due to their
well-matched band alignment,?” a direct observation of photo-
reactions and mapping of photoactive species on CdS/g-C;N, at
the nanoscale have not been reported. Therefore, there is a
great need to apply a spatially resolved technique to map the
reactive sites at nanometer resolution and correlate the micro-
scopic study with the bulk activity measurement.

Super-resolution fluorescence microscopy (SRM) such as
point accumulation for imaging in nanoscale topography
(PAINT) and stochastic optical reconstruction microscopy
(STORM) have been applied as optical imaging techniques that
can achieve nanoscale spatial resolution.>** These methods
can quantify catalysis by characterizing the single-turnover
events and localize the fluorescent molecules (i.e., reactive sites)
down to nanoscale resolution. Sambur et al applied super-
resolution imaging to map photoelectrocatalytic activities
driven by electrons and holes in single TiO, nanorods. It was
discovered that the site-selective deposition of an oxygen evol-
ution catalyst could enhance the overall activity of a nanorod,
which provided an effective strategy to rationally engineer
photoelectrodes.”® Ha et al. unveiled two different charge separ-
ation mechanisms on single Au-CdS hybrid catalysts using
superlocalization fluorescence imaging.>® It proposed a new
strategy for engineering the charge flow direction by controlling
the incident light wavelength. Hence, such results prove SRM
an effective technique to study the catalytic kinetics and photo-
excited charge distribution on a single nanocatalyst. However,
previous works have not revealed such nature and photocatalytic
properties on type II and Z-scheme heterostructures. Besides,
the photoredox probing method has been applied to detect the
e~ and h' locations by photo-deposition of metal or metal
oxides,”” but this method has the limitation of low spatially
resolved resolution and cannot visualize single-turnover events.
Therefore, it is highly desirable to apply the SRM technique to
further explore the charge distribution and photocatalytic het-
erogeneity in composite materials at the nanoscale.

Herein, we prepared type II and Z-scheme CdS/g-C3N, nano-
composites and investigated their photocatalytic performance
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for H, generation under visible light. The charge separation
mechanisms were systematically studied by photo-deposition
and SRM methods, which revealed two distinct charge
migration routes for the CdS/g-C;N, composites. In addition,
the SRM technique was applied for the first time to unveil the
distribution of reactive sites on type II and Z-scheme systems
at the nanoscale. It was found that the two end segments of
CdS nanorods and the edge boundaries of g-C;N, have higher
reactivity than other parts probably due to the less saturated
surface sites. The bulk photoactivity measurement indicates a
superior photocatalytic activity and stability of the type II struc-
ture to the Z-scheme one owing to the improved charge separ-
ation and moving holes away from CdS to avoid photocorro-
sion. Through the combination of microscopic study and bulk
property measurement, this work provides a deeper insight
into the understanding of “structure-activity” correlations,
which benefits the morphology design, interface engineering,
and electronic band modulation and the control of charge and
energy flows in nanocomposites.

2. Experimental section

2.1. Synthesis of the photocatalysts

Preparation of g-C;N, nanosheets. g-C;N, nanosheets were
facilely synthesized by thermal polymerization of urea at an air
atmosphere.?® In a typical procedure, a 50 g portion of urea
(Sigma, 99.0-100.5%) was placed in a crucible with a cover and
then heated in the muffle furnace at 550 °C for 3 h with a
ramping rate of 0.5 °C min~". After the thermal treatment and
cooling down, the product was ground into powder without
further treatment.

Preparation of CdS nanorods. CdS nanorods were syn-
thesized through a solvothermal route.”® Typically, 4.66 g of
cadmium nitrate tetrahydrate (Sigma, >99.0%) and 3.45 g of
thiourea (Sigma, >99.0%) were dispersed in 70 mL of ethylene-
diamine (Sigma, >99%). The solution was placed in an auto-
clave and then heated at 160 °C for 48 h. After cooling down,
the yellow product was washed with ethanol and DI water
several times to remove the organic residues.

Preparation of CdS/g-C;N, by thermal treatment (CS/CN-II).
A CS/CN-1I sample was prepared via a mixing and thermal
treatment route."® In a typical process, 300 mg of CdS nano-
rods and 200 mg of g2-C3;N, (mass ratio of CdS/g-C;N, = 3:2)
were dispersed in a solution containing 15 mL of DI water and
15 mL of ethanol. Subsequently, the suspension was sonicated
for 2 h and then dried in an oil bath at 60 °C with stirring. The
dried powder was heated in a muffle furnace at 300 °C for 2 h
with a ramping rate of 5 °C min~". A yellow product was finally
obtained and denoted as CS/CN-II.

Preparation of CdS/g-C;N, by self-assembly chemisorption
(CS/CN-Z). A CS/CN-Z sample was synthesized by a self-assem-
bly chemisorption method."® Typically, 200 mg of g-C;N, was
dispersed in 80 mL of DI water and sonicated for 1 h. Then,
300 mg of CdS nanorods were added into the suspension
(mass ratio of CdS/g-C;N, = 3 :2), followed by sonication treat-
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ment for another 1 h. Subsequently, the suspension was
stirred for 24 h at room temperature. After washing with DI
water several times and dried at 60 °C, the final product was
obtained and denoted as CS/CN-Z.

2.2. Materials characterization

The crystal structure was analyzed by X-ray diffraction (XRD)
using a Bruker D2 Phaser diffractometer with Cu Ka irradiation
(A =1.54184 A) as the incident beam at 30 kV and 10 mA. Field
emission scanning electron microscopy (FESEM) images were
obtained on a JEOL JSM 6701F microscope. Transmission elec-
tron microscopy (TEM) images were taken on a JEOL
JEM-2100Plus microscope, and the high-angle annular dark-
field (HAADF) scanning TEM (STEM) images were obtained on
a JEOL JEM-ARM200F microscope. UV-vis diffuse reflection
spectroscopy (DRS) spectra were recorded on a Shimadzu
UV-2450 spectrophotometer using BaSO, as the reference. X-ray/
ultraviolet photoelectron spectroscopy (XPS/UPS) was performed
on a Shimadzu Kratos Axis Supra spectrometer equipped with
an Al Ka source (1486.7 eV) for XPS and a He-I photon source
(21.21 eV) for UPS. The XPS binding energies were referenced to
the C 1s peak at 284.7 eV. Fourier transform infrared
spectroscopy (FTIR) was conducted on a PerkinElmer spectro-
photometer (Spectrum 100). Inductively coupled plasma (ICP)
measurement was performed on Prodigy High Dispersion ICP
spectrometer. In a typical measurement, a Pt-loaded sample
was first treated in H, at 300 °C for 4 h to fully convert PtO, to
Pt°. Subsequently, Pt° was dissolved in aqua regia to form Pt**
and then analyzed by an ICP instrument.

2.3. Photoelectrochemical measurement

The photocurrent was measured in a conventional three-elec-
trode system composed of a working electrode (photocatalyst-
deposited ITO glass), a reference electrode (Ag/AgCl) and a Pt
counter electrode, which was controlled by an electrochemical
workstation (CHI 660E). To prepare the working electrode,
5 mg of photocatalyst was dispersed in a 1 mL solution con-
taining 980 pL of ethanol and 20 pL of 5 wt% Nafion. Then,
after ultrasonication for 30 min, 40 pL of the as-prepared solu-
tion was deposited on ITO glass with an area of 0.196 cm”.
Subsequently, the deposited electrode was dried in an 80 °C
oven overnight. The light source was a 300 W Xe lamp
(Newport) equipped with a cut-off filter (4 > 400 nm). The
photocurrent was measured in a 0.5 M Na,SO, solution over
several ON/OFF irradiation cycles at 0.6 V bias voltage. EIS was
conducted at a voltage of 10 mV applied to the electrode and
in the frequency range of 0.1 Hz-10> Hz under irradiation.

2.4. Photocatalytic measurement

Photocatalytic H, generation was conducted in a 300 mL Pyrex
glass reactor connected to a gas circulation and evacuation
system. In a typical measurement, 50 mg of photocatalyst and
500 pL of 1 mg Pt mL~" H,PtCl, solution (1 wt% Pt) were added
into a 20 vol% lactic acid aqueous solution (100 mL). The sus-
pension was subsequently ultrasonicated for 15 min. The light
source was a 300 W Xe lamp (Newport) equipped with a cut-off
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filter (1 > 400 nm). The temperature of the reactor was main-
tained at 18 °C by a cycle cooling water system. Before
irradiation, the air in the reactor was fully removed by evacuat-
ing and purging Ar several times. The reactor was finally refilled
with Ar to reach 30 Torr. The evolved H, was detected and
measured using an online gas chromatograph (Agilent 6890N)
equipped with a thermal conductivity detector. The stability of
the photocatalysts was evaluated by four consecutive runs for
6 h for each run under the same conditions. The H, evolved
after each run was fully removed by evacuating and purging the
reactor with Ar several times.

2.5. Selective photo-deposition experiment

Photocatalysts with 1 wt% Pt deposited were obtained from
the suspension after the photocatalytic activity measurement.
The suspension was centrifuged, washed with DI water and
then dried in an oven at 60°. For photo-deposition of 3 wt%
PbO,, the experiment was conducted under the same con-
ditions, but using Pb(NO3), as the precursor and NalO; as the
electron scavenger. In a typical process, 50 mg of photocatalyst
and a calculated amount of Pb(NOj3), were added into an
aqueous NalOj; solution (0.01 M, 100 mL). Then, the suspen-
sion was irradiated under a Xe lamp (1 > 400 nm) for 6 h. A
3 wt% PbO, loaded photocatalyst was obtained after washing
with DI water and drying in an oven.

2.6. Super-resolution fluorescence imaging

The single-molecule fluorescence images were obtained on a
total internal reflection fluorescence (TIRF) microscope (Nikon
Eclipse Ti-U). In a typical procedure, 30 pL of photocatalyst
aqueous suspension (5 mg mL™") was drop-cast onto a cleaned
glass coverslip and dried in an oven. Then the photocatalyst-
deposited coverslip was gently rinsed with DI water to remove
the unbound compounds and fully dried in an oven at 80 °C.
The coverslip was mounted onto a cell holder and then trans-
ferred to the microscope stage. 1 mL of 50 nM non-fluorescent
probe (i.e., resazurin or Amplex Red) solution was added to the
cell. The conventional brightfield images were collected
without irradiation. To obtain the fluorescence images, circu-
larly polarized 532 nm laser (20 mW, L6CC Oxxius) and
405 nm laser (2 mW) were used to excite the probe molecules
and photocatalysts, respectively. The emission signal was fil-
tered by a band-pass filter (ET605/70 m, Chroma) and then col-
lected through an oil-immersion objective lens (Nikon Plan
Apo 1 100x, NA 1.45) via a quad-edge laser dichroic mirror
(Di03-R405/488/532/635-t1-25x36, Semrock). The fluorescence
images were captured by an electron multiplying charge
coupled device (EMCCD) camera (Andor iXon3) at 60 Hz. A
movie composed of around 30000 frames was collected for
each run and finally analyzed by the software.

3. Results and discussion
3.1. Physicochemical properties of the as-prepared photocatalysts

XRD analysis was conducted to determine the crystal phase
structures of CdS, g-C3N,, CS/CN-II and CS/CN-Z. As shown in

This journal is © The Royal Society of Chemistry 2022
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Fig. S1, pure CdS exhibits the characteristic peaks at 24.8°,
26.5°, 28.2°, 36.6°, 43.7°, 47.8°, 51.9°, and 52.8°, which corres-
pond to the (100), (002), (101), (102), (110), (103), (112) and
(201) planes of the hexagonal wurtzite structure of CdS (JCPDS
no. 41-1049), respectively. Pure g-C;N, has two diffraction
peaks at 13.1° and 27.4°, which belong to the (100) and (002)
planes of graphite-like g-C3N, (JCPDS no. 87-1526), respect-
ively. The former with a weak intensity is ascribed to the in-
plane packing of tri-s-triazine rings. The latter strong one is
related to the interplanar stacking of conjugated aromatic
rings."® The binary composites, CS/CN-II and CS/CN-Z, show
similar XRD patterns as that of CdS and no evident g-C3N,
characteristic peaks are observed in the composites. Such a
result may arise from the less g-C3N, percentage in the compo-
sites, lower crystallinity of g-C;N, and peak overlapping with
CdS. This phenomenon was also reported in the previous lit-
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erature for CdS/g-C;N, composites."****' However, the pres-
ence of g-C3N,; can be confirmed by other characterization
methods such as FESEM, TEM, XPS and FTIR. Besides, the
crystallinity of CS/CN-II is enhanced compared to that of CS/
CN-Z due to calcination at elevated temperature (300 °C).
FESEM and TEM were used to study the morphology of the
samples. In Fig. S2a and S2b,t pure CdS nanorods can be
clearly identified. Pure g-C;N, nanosheets have graphene-like
laminar morphology, and are transparent because of their
ultrathin nature (Fig. S2c and S2d¥). The morphologies of the
CdS/g-C3N, composites are shown in Fig. 1. The FESEM and
TEM images in Fig. 1a and b demonstrate that the g-C;N,
nanosheets and CdS nanorods are tightly adhered with each
other in CS/CN-II. Therefore, the heterojunctions with closely
contacted interfaces are formed between the two components,
which could greatly improve the photogenerated charge separ-

Fig. 1 Morphologies of CS/CN-Il and CS/CN-Z. (a) FESEM image, (b) TEM image and (c) HRTEM image of CS/CN-II ((c) is the close-up of the

marked areas (yellow dashed line) in (b)). (d) TEM image of CS/CN-Z.

This journal is © The Royal Society of Chemistry 2022
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ation. In Fig. 1c, the lattice spacing of 0.33 nm can be indexed
to the (002) planes of hexagonal CdS, which is in accordance
with the XRD results (Fig. S17). In Fig. 1d, the CS/CN-Z sample
exhibits a similar morphology to CS/CN-II. The heterostructure
between the thin-layered g-C;N, and CdS nanorods can be
clearly identified. Hence, the FESEM and TEM results confirm
that the synthesis of CS/CN-II by the calcination method and
CS/CN-Z through the chemisorption route was successful.

The composition and chemical valence of the as-prepared
samples were analyzed by XPS. The survey spectra in Fig. S3t
confirm the presence of elements in the pure and composite
materials. High-resolution XPS spectra were obtained for CS/
CN-II. In the C 1s spectra (Fig. S4af), the peak located at
284.7 eV for CS/CN-II is ascribed to the sp> C-C bonds in
2-C3N,. The peak at 288.2 eV corresponds to the hybridized
carbon in N-C=N.?” Fig. S4b} shows the N 1s spectra which
are deconvoluted into three peaks. The peaks at 398.7 eV,
399.7 eV and 400.8 eV can be assigned to the sp>bonded N
in the triazine rings (C-N=C), tertiary nitrogen (N-(C);) and
amino functional groups (C-N-H), respectively.>> The charac-
teristic bands for Cd 3d at 405.3 eV and 412.0 eV further
confirm that the chemical valence state of the Cd element is
Cd*" (Fig. S4ct). The S 2p peaks at 161.5 eV and 162.8 eV
belong to the S*~ ions in CdS nanorods (Fig. S4df). Besides,
it can be noticed that the XPS peaks of CS/CN-II have a slight

CS/CN-II
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shift to the high-energy region compared to those of pure
CdS and g-C;N,. This is attributed to the formation of hetero-
junctions with a tight interface between the two components
in CS/CN-IL'®

The interaction of CdS nanorods with g-C;N, nanosheets
was also investigated by FTIR. In Fig. 2a, for pure CdS, the
absorption bands located in the ranges of 700-820 cm " and
1250-1660 cm™' arise from the Cd-S bonds.***> For pure
2-C;N,, the broad band at 3150 cm™ belongs to the stretching
mode of the N-H bonds. The characteristic bands between
1200 and 1750 cm™ ' are related to the skeletal stretching
vibration of aromatic g-C;N, heterocycles.’® Additionally, the
band located at 809 cm™' is ascribed to the out-of-plane
bending vibration mode of g-C;N, triazine rings.*' For the
CdS/g-C3N, composites, it is worth noting that this vibration
mode has red shifts of 3 em™" and 13 cm™" for CS/CN-Z and
CS/CN-I1, respectively (inset of Fig. 2a). The red shift of this
characteristic band suggests that the bond strengths of C-N
and C=N are weakened due to the strong interaction between
CdS and g-C3N,.*” As the CS/CN-Z sample was prepared
through the chemisorption and self-assembly method by
mechanically mixing at room temperature, a weak interaction
was found between the two compounds, resulting in a small
red shift of the characteristic band. In contrast, the CS/CN-II
sample has a large red shift of 13 ecm™". This is probably
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Fig. 2 Physicochemical and photophysical properties of the as-prepared samples. (a) FTIR spectra (inset: enlarged spectra in the range of
865-740 cm™), (b) UV-vis DRS spectra, (c) transient photocurrent density and (d) EIS spectra of CdS, g-C3sN4, CS/CN-Il and CS/CN-Z.
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because the thermal treatment (300 °C) in the synthetic
process could provide an intense binding strength between
CdS and g-C;N,, which weakens the bonds between the C and
N atoms. Therefore, both FTIR spectra and XPS results demon-
strate that a closely contacted interface and an intense inter-
action between CdS and g-C3;N, were developed in CS/CN-II,
which are stronger than those developed in CS/CN-Z.

The optical absorption spectra obtained by UV-vis DRS are
shown in Fig. 2b. Pure g-C3N, and CdS exhibit the absorption
edges at 435 and 525 nm, respectively, due to their intrinsic
electronic properties. For composite materials, the incorpor-
ation of CdS plays a key role in sensitizing g-C;N, and improv-
ing its optical response to visible light. Hence, the absorptions
of CS/CN-II and CS/CN-Z are notably extended to the visible
light region due to synergistic absorption. Compared to the
physically mixed CdS/g-C3;N, sample with an absorption
threshold of 507 nm, the absorption edges of CS/CN-Z and CS/
CN-II are red-shifted to 512 and 521 nm, respectively which are
close to that of CdS (Fig. S51). This proves the formation of
heterojunctions at the interface of CdS and g-C;N, and the
more intense interaction leads to a larger band edge shift. The
bandgap energies (Ey) of CdS and g-C;N, were obtained by
fitting the DRS data using the Tauc/Davis-Mott model.*® As
revealed by the Tauc plot in Fig. S6,T the bandgap energies of
CdS and g-C3N, were found to be 2.36 and 2.85 eV, respect-
ively. The bandgap energies of the composite materials are
between those of CdS and g-C;N,, and closer to that of CdS
due to the photosensitization by CdS. Moreover, the valence
band (VB) potential (Eyg) was measured by UPS. In Fig. S7a
and S7b,t the VB top positions of CdS and g-C;N, were
measured to be 1.83 and 1.64 eV, respectively versus the Fermi
levels of the samples. Therefore, based on the formula E, = Eyg
— Ecg, the conduction band (CB) potentials (Ecg) of CdS and
2-C3N, are found to be —0.53 and —1.21 eV. Besides, the Ecg
and Eyp values of CdS and g-C;N, can be also determined by
the following equations:*°

E'cg =y —E® —1/2E, (1)
E,VB = Eg + E’CB (2)

where y is the electronegativity of the semiconductor, which is
the geometric average of the absolute electronegativity of the
constituent atoms and E° is the energy of free electrons on the
hydrogen scale (~4.5 eV). According to E, = 2.36 eV for CdS,
the calculated E'cg and E'yg values for CdS based on eqn (1)
and (2) are —0.50 and 1.86 eV, respectively. Similarly, for
g-C3N, with E, = 2.85 €V, the E'cy and E'yg values for g-C3N,
are found to be —1.22 and 1.63 eV, respectively. Hence, the
experimental values of Ecg and Eyp for CdS and g-C;N, are
very close to the calculated results using the equations (E'cg
and E'ygp), which proves the good accuracy of the electronic
band measurement.

The transient photocurrent was measured to study the
charge separation properties of photocatalysts. As shown in
Fig. 2c, all the samples exhibit a reproducible photocurrent
during each ON/OFF irradiation cycle. The composite

This journal is © The Royal Society of Chemistry 2022
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materials show a higher photocurrent density than those of
pure CdS and g-C;N,. This indicates that the formation of het-
erojunctions can significantly improve the charge separation.
CS/CN-II possesses the highest photocurrent density, which is
about 23% higher than that of CS/CN-Z. This result demon-
strates that the type II heterostructure of CdS/g-C;N, has a
superior charge separation ability to the Z-scheme one.
Furthermore, the electron impedance spectroscopy (EIS) study
provides the information of charge migration kinetics at the
photoelectrode/electrolyte interface. Generally, the smaller arc
radius of EIS spectra indicates the lower charge migration re-
sistance and faster charge transfer rate at the interface.’® In
Fig. 2d, the CS/CN-II sample has the smallest arc radius
among the samples, suggesting the lowest interfacial charge
transfer resistance. The large radius of g-C3;N, can be attribu-
ted to the low electrical conductivity of the C-N network. The
results of photocurrent and EIS spectra exhibit a similar trend,
which signifies that the construction of heterojunctions can
efficiently facilitate the charge separation and transportation,
The type II composite shows a superior photoelectrochemical
performance to the Z-scheme system. Such properties would
eventually have a significant impact on their photocatalytic
activities.

3.2. Photocatalytic activity

The photocatalytic activity was evaluated in a closed gas circu-
lation system under visible light illumination (4 > 400 nm). To
optimize the conditions of photoreactions, H, generation was
first measured in aqueous solutions containing different sca-
vengers such as methanol, lactic acid, triethanolamine (TEOA)
and Na,S/Na,SO; solutions. In Fig. $8,7 the photocatalyst in a
20 vol% lactic acid solution (pH = 3) exhibits the highest H,
evolution, suggesting that lactic acid is the optimal sacrificial
reagent for the as-prepared samples. This is consistent with
the conclusions reported by previous works, in which lactic
acid was wused as a hole scavenger for CdS-based
photocatalysts.>*®**™** As shown in Fig. 3a, CS/CN-II exhibits
the highest H, generation rate of 2410 pmol h™" g™ with
1 wt% Pt loaded as a cocatalyst. The evolution rate is 33%
higher than that of CS/CN-Z and about 11 times that of pure
g-C3N,. It is not surprising to note that the trend of H, pro-
duction of the samples is in good agreement with those of
photocurrent and EIS (Fig. 2c and d). The excellent charge sep-
aration and rapid charge migration in CS/CN-II lead to a
remarkable H, generation activity. The performance is better
than or comparable to some of the best CdS/g-C;N, photocata-
lysts reported for visible-light-driven H, generation (Table S17).
Pure CdS exhibits much higher photocatalytic performance
than that of g-C3N, due to the extended visible light absorp-
tion (Fig. 2b). The stabilities of H, generation on CS/CN-II, CS/
CN-Z and CdS were tested for four consecutive runs under the
same conditions. In Fig. 3b, the photocatalytic activity of CS/
CN-II decreased 12% after four runs, indicating a good stabi-
lity of CS/CN-IL. In contrast, after 24 h reaction, the perform-
ances of CS/CN-Z and CdS decreased by 29% and 44%, respect-
ively (Fig. 3c and d). The decrease in the activity of CdS-based
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Fig. 3 Photocatalytic activity and stability of the samples. (a) Photocatalytic H, generation for 6 h over the as-prepared samples (50 mg of photoca-
talysts, 1 wt% Pt, 20 vol% lactic acid, 300 W Xe lamp, >400 nm). Stability tests of (b) CS/CN-II, (c) CS/CN-Z and (d) CdS under the same conditions.

catalysts is mainly attributed to the accumulation of photo-
generated h” on CdS.** S> ions are very susceptible to oxidiza-
tion by h" during the photoreaction. CS/CN-II has a good stabi-
lity because h" migrate from the CdS VB to the g-C;N, VB,
which will be discussed in the later parts. Hence, photocorro-
sion can be effectively suppressed when h' transport away
from the sulfide. For CS/CN-Z and pure CdS, the photo-oxi-
dation reaction mainly occurs at CdS which makes the photo-
catalyst very unstable, leading to a severe photocorrosion and
activity decrease.

3.3. Photo-deposition of Pt/PbO, on CS/CN-II and CS/CN-Z

To study the charge separation properties of CdS/g-C;N, com-
posites, photoreduction and photo-oxidation probing reac-
tions were performed to monitor the photogenerated e~ and
h" distributions. HAADF STEM and high-resolution TEM
(HRTEM) images were obtained for CS/CN-II loaded with
1 wt% Pt. As shown in Fig. 4a and b and S9a,7 the Pt nano-
particles evolved from the photoreduction of Pt by electrons
were located on CdS nanorods. The lattice spacing of
0.225 nm is assigned to the (111) plane of metallic Pt and
the planar space of 0.33 nm corresponds to CdS (002) planes
(Fig. S9at). This confirms that Pt nanoparticles are loaded on
the CdS surface due to the accumulated electrons.
Correspondingly, to probe the distribution of photo-excited

5618 | Nanoscale, 2022, 14, 5612-5624

h*, photo-deposition of PbO, was also conducted. PbO, is
formed by photo-oxidation of Pb>* with 105~ used as an elec-
tron scavenger. In Fig. 4c and S9b,T it can be seen that the
PbO, clusters are selectively deposited on g-C3;N, nanosheets,
especially at the edge positions. This suggests that holes pre-
ferentially accumulate at the edge of g-C;N, rather than the
basal planes, leading to a higher reactivity of edges than that
of basal planes. The lattice spacing of 0.28 nm in the HRTEM
image can be ascribed to the (101) planes of PbO, (inset of
Fig. S9b7). The results of probing reactions demonstrate that
the photo-induced e~ and h' are spatially separated on CS/
CN-1II. Electrons transfer to the CB of CdS which is ready for
the photoreduction reactions (i.e., formation of metallic Pt or
H, generation). Meanwhile, the holes flow to the VB of
g-C3N, accounting for the photo-oxidation reactions (i.e., oxi-
dation of Pb*>" or sacrificial reagents). These results confirm
the formation of a type II heterostructure in CS/CN-IIL.
Furthermore, the probing reactions were also performed on
CS/CN-Z. As shown in Fig. S9c,t Pt nanoparticles with (111)
facets were deposited on the g-C;N, nanosheets. The HAADF
image in Fig. 4d clearly shows that numerous tiny Pt nano-
particles were selectively distributed on g-C;N, instead of
CdS. More Pt nanoparticles are found at the edge of g-C3N,
with fewer identified at the basal planes. This demonstrates
that the edge of g-C;N, could facilitate localizing the elec-

This journal is © The Royal Society of Chemistry 2022
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200 nm

Fig. 4 Charge distribution on CS/CN-Il and CS/CN-Z. HAADF images of CS/CN-Il with (a and b) 1 wt% Pt and (c) 3 wt% PbO, loaded, and CS/CN-Z

with (d) 1 wt% Pt and (e) 3 wt% PbO, loaded.

trons and anchoring Pt nanoparticles, which act as active
sites for photoreduction reactions. Moreover, the PbO, clus-
ters with (101) facets were located on the CdS nanorods
(Fig. 4e and S9dft). Therefore, it can be concluded that the
electrons are distributed at the CB of g-C3;N, and the holes
are located at the VB of CdS for CS/CN-Z. Charge extinction
may exist in CS/CN-Z through recombination of e~ at the CdS
CB and h' at the g-C;N4 VB. Although spatial charge separ-
ation is achieved by CS/CN-Z, it has a different charge separ-
ation mechanism and transfer route compared to CS/CN-II.
XPS analysis was conducted to analyze the chemical valence
of Pt and Pb after the photoreactions. Since metallic Pt° is
regarded as the active site for photocatalytic H, generation,*’
its percentage in the Pt species will largely affect the photo-
catalytic activity. As shown in Fig. S10a and S10b,f the two
main bands located at 71.1 and 74.3 eV are ascribed to the Pt
4f,, and Pt 4f5, of Pt respectively. The spectra demonstrate
that most of the Pt species loaded on CS/CN-II and CS/CN-Z
exist in the form of Pt’. The shoulder peaks at 72.4 and 75.6

This journal is © The Royal Society of Chemistry 2022

eV which belong to the Pt 4f of Pt>" species indicate a small
portion of Pt'" was partially reduced to Pt>". In Table S2,}
based on the XPS and ICP results, the actual percentage of Pt°
loading in CS/CN-II is 0.69 wt%, which is 23% higher than
that of CS/CN-Z (0.56 wt%). This may result in a higher photo-
catalytic performance of CS/CN-II due to the more Pt° reactive
sites. Fig. S10c and S10dt{ show the Pb species loaded on CS/
CN-II and CS/CN-Z after the photo-deposition. The two main
peaks at 137.4 and 142.3 eV correspond to the Pb 4f;,, and Pb
af,, of Pb*, respectively. It suggests that most of Pb*>* was oxi-
dized to Pb** on both samples. Less amount of Pb>" exists in
the samples which is evidenced by the shoulder peaks at 138.7
and 143.5 eV. Higher percentages of Pt’ and Pb*" species on
CS/CN-II indicate a superior charge separation efficiency,
which is consistent with the photocurrent result (Fig. 2c).
More photo-excited e~ and h" are spatially separated and avail-
able for photoredox reactions in CS/CN-II. Such properties
accounts for the excellent photocatalytic H, generation activity
of CS/CN-II.
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3.4. SRM study of charge distribution at single-turnover
resolution

To study the charge distribution and photocatalytic heterogen-
eity at single-turnover resolution, super-resolution fluo-
rescence microscopy was used to visualize the photoreactions
(Fig. 5a). Fluorogenic reactions were designed to obtain the
mappings of photo-excited e~ and h”, in which the non-fluo-
rescent reactants are catalyzed to highly fluorescent products.
The photoreduction of non-fluorescent resazurin to fluo-
rescent resorufin can be applied to localize the electrons.*
Correspondingly, photogenerated h' can be detected by an
indirect mechanism, in which non-fluorescent Amplex Red
can be oxidized to resorufin by ‘OH produced from the reac-
tion between holes and adsorbed H,0.?® Hence, each fluo-
rescence burst observed in the SRM image originates from a
single photocatalytic turnover which leads to the formation of
a fluorescent resorufin molecule at a reactive site (Fig. 5b). As
shown in the intensity trajectory in Fig. 5c¢, 7. represents the
waiting time before the formation of each resorufin molecule,
while 7., signifies the residence time of resorufin on the cata-
lyst surface before dissociation. Thus, the one-step ON/OFF
change of fluorescence signals with low background in Fig. 5c
suggests the stochastic single-turnover events. By recording the
locations of millions of catalytic events, all the single-molecule
frames containing fluorescent bursts were integrated and
fitted by point spread function. Consequently, SRM images
can be reconstructed with a spatial resolution of 16 nm
(Fig. S117). Fig. S121 shows the brightfield images, SRM
images and density maps of pure CdS nanorods with resa-
zurin. The SRM images provide the information of super-local-
ization of photoactive species and reactive sites with nano-
meter-scale precision. The density maps processed from SRM
images clearly demonstrate the density of these species, cata-
lytic reactivity and heterogeneity at different locations. Under
laser excitation, the fluorescent bursts of resorufin are mainly
located at the end segments of CdS nanorods and detected
less at the central parts, as shown at the positions 1, 2, 3, and
4 in Fig. S12.F This demonstrates that the separated electrons

z::'z‘z:a,z;" y CdS
T Al
re RS

ﬁ:,> Q Resorufin

Objective

Excitation Emission to
laser detector
—)
: 4

View Article Online

Nanoscale

are predominantly distributed at the ends of CdS nanorods,
indicating a higher reactivity at this region. Such phenomena
are likely due to the low-coordination environment and dis-
ordered structure at the end segments, which can be observed
from the positions 1, 2, and 3 in Fig. S2b.t The regions such
as defects, terrace, kinks, steps and corner sites are believed to
have a higher catalytic performance owing to the high coordi-
native unsaturation.*®™*® Fig. $131 shows the morphologies of
CdS before and after illumination with Amplex Red. The CdS
nanorods suffer from severe photocorrosion when h* are loca-
lized and react with Amplex Red. Hence, the morphology of
CdS totally changed after irradiation (Fig. S13b}) and no SRM
images can be obtained. For pure g-C;Ny, it was found that the
fluorescent bursts of resazurin photoreduction mostly take
place at the edges of nanosheets, suggesting the photogene-
rated e migrated and concentrated at this position (Fig. S147).
Moreover, the fluorescent spots generated from the photo-oxi-
dation of Amplex Red mainly emerged at the central parts of
¢-C3N, nanosheets (Fig. S157). This indicates that the h* are
mostly distributed at the basal planes of nanosheets.
Therefore, spatial charge separation can be also achieved and
observed on pure g-C3N,.

The SRM images were also obtained for CdS/g-C;N, nano-
composites to study the charge flow and distribution. In
Fig. 6a—c, the fluorescent bursts on CS/CN-II from resazurin
photoreduction mainly occurred at CdS nanorods, suggesting
the diffusion direction and preferred location of photo-
induced electrons. More electrons are found at the end seg-
ments of CdS than the central parts, which is also observed for
pure CdS (Fig. S127). Correspondingly, the h* are found to be
distributed at the edges of g-C3N, as shown in Fig. 6d-f. It has
been reported that the charge (i.e., e and h") density at the
edge of g-C;N,/N-doped graphene is higher than that of basal
planes owing to the higher local curvature of edges than that
of basal planes.*® A similar phenomenon was also observed for
other 2D layered materials using the SRM method.>® With elec-
trons flowing to CdS in the composite, the holes would prefer-
entially locate at the edge position of g-C3N, in CS/CN-II. The
reason why holes are located at the basal planes of pure
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Fig. 5 Super-resolution imaging of charge locations using fluorescent probes. (a) Schematic of total internal reflection fluorescence microscopy.
(b) A single-frame image of fluorescent resorufin molecules (in yellow circles) on CdS nanorods. Scale bar: 1 pm. (c) Typical fluorescence intensity
trajectory for an area of 500 nm x 500 nm in the marked green square in (b) (bin time: 30 ms).
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Fig. 6 Single-molecule SRM of CS/CN-II at single-turnover resolution. Conventional brightfield images, SRM images and density maps of CS/CN-II
with (a—c) resazurin (inset: the close-up of the marked area (orange dashed line) in (c), bin size: 10 nm X 10 nm) and (d—f) Amplex Red (bin size:

25 nm x 25 nm). Scale bar: 1 pm.

2-C3N, is possibly because electrons are preferable to occupy
the high curvature sites at edges without the heterojunction
structure.”® Future studies are needed to further clarify the
detailed mechanism of charge distribution and catalytic events
on pure 2D nanosheets. Fig. 7 shows the conventional images,
SRM images and density maps of CS/CN-Z with resazurin.
Under laser excitation, the fluorescent spots which represent
the locations of photo-induced e~ are distributed at the edges
of g-C3N, nanosheets. This result suggests that the electrons
are accumulated at g-C3N, in CS/CN-Z. However, the photo-oxi-
dation of Amplex Red on CS/CN-Z leads to the photocorrosion
of CdS in the composite, as indicated in the conventional
images of CS/CN-Z before and after laser irradiation

(Fig. S167). This indicates that the h" are located at CdS, which
proves the Z-scheme structure of CS/CN-Z. Therefore, the
super-resolution mapping results clearly reveal the surface
reactive sites at the nanoscale and elucidate the two charge
separation mechanisms of CS/CN-II and CS/CN-Z.

Based on the charge tracking results of photo-deposition
and super-resolution fluorescence imaging, two charge trans-
fer routes were confirmed for CS/CN-II and CS/CN-Z. In
Scheme 1a, the band alignment of CdS and g-C3;N, in CS/CN-II
makes the charges migrate in the opposite direction, leading
to an efficient spatial charge separation. Charge extinction can
be significantly suppressed through this configuration which
contributes to the excellent photocatalytic performance and

100 »
No. of
products

0

Fig. 7 Single-molecule SRM of CS/CN-Z at single-turnover resolution. (a) Conventional brightfield images, (b) SRM images and (c) density maps

(bin size: 25 nm x 25 nm) of CS/CN-Z with resazurin. Scale bar: 1 pm.
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Scheme 1 Schematic of charge transfer and photocatalytic reactions on (a) CS/CN-Il and (b) CS/CN-Z.

stability of CS/CN-IL. In contrast, CS/CN-Z exhibits a different
charge transfer route with charge recombination present
between the CdS CB and the g-C;N, VB (Scheme 1b). Hence,
the charge separation efficiency is expected to be lower than
that of CS/CN-II. Besides. as shown in Fig. S7c,T CS/CN-II exhi-
bits a VB potential of 1.71 eV, which is closer to the g-C;N, VB
(1.64 eV). This implies that the h* in the composite rapidly
transfer to the VB of g-C;N,. In contrast, the VB potential of
CS/CN-Z (1.77 eV) is found to be closer to that of CdS (1.83 eV),
indicating the accumulation of h" on the CdS VB (Fig. S7d¥).
Despite the stronger oxidative VB potential of CS/CN-Z com-
pared to CS/CN-II, the photocatalytic performance is inferior
to CS/CN-II (Fig. 3a). This is because the poor charge separ-
ation efficiency and serious photocorrosion in CS/CN-Z act as
the main factors limiting the photocatalytic efficiency and
stability. Although CS/CN-II and CS/CN-Z have the same
content of CdS and g-C3;N,, two distinct heterostructures were
formed due to the different synthetic routes. As revealed by the
FTIR and XPS results (Fig. 2a and S47}), an intense interaction
between CdS and g-C;N, was developed in CS/CN-II because of
thermal calcination at 300 °C. The closely contacted interface
is a key prerequisite and can promote the kinetic flow of
charges between the two components. In the case of CS/CN-Z,
which was prepared by the self-assembly method at room
temperature, the charges do not prefer to transfer kinetically
and tend to stay at their own electronic band due to the weak
interaction. Furthermore, it was found that CdS in CS/CN-II at
the interface position is more crystalline than that in CS/CN-Z.
As shown in the HRTEM images in Fig. S17a,t the highly crys-
talline CdS at the interface was observed for CS/CN-II due to
calcination. However, some disordered areas which contain
bulk defects were identified for CS/CN-Z (Fig. S17b¥). The bulk
defects could act as deep trapping sites for photogenerated e~
and h" and retard their mobility, leading to the formation of
charge recombination centers at these sites. In contrast, a well-
ordered crystalline structure of CdS at the interface of CS/CN-II
facilitates rapid charge transportation to the catalyst surface
for redox reactions. The notably enhanced crystallinity of CS/
CN-II can be also verified by the XRD results (Fig. S17).

5622 | Nanoscale, 2022, 14, 5612-5624

Therefore, the more intense interaction and the enhanced crys-
talline structure in CS/CN-II due to thermal calcination
account for the efficient interfacial charge transfer and separ-
ation. Hence, based on the above discussion, our work demon-
strates a direct imaging method to visualize and map the
photoactive species in composites at the nanoscale. It provides
an in-depth understanding of charge distribution and energy
flows in two distinct heterostructures and correlates these pro-
perties with the photocatalytic activity. We expect that this
study would benefit the rational design of type II and
Z-scheme composites, intended for efficient photocatalytic
applications.

4. Conclusion

In conclusion, we applied the techniques of HRTEM, HAADF
STEM and SRM to investigate the charge separation mecha-
nisms of type II and Z-scheme CdS/g-C;N, composites.
Different charge transfer routes were observed for the two
heterostructures. In particular, the SRM method was used for
the first time to map the photoactive sites on type II and
Z-scheme heterojunctions at the nanoscale. It was found that
the photo-excited electrons are predominantly located at the
two end segments of CdS nanorods while the photoactive
species are accumulated at the edges of g-C;N,. As revealed by
the photoactivity measurement, type II heterostructure of CdS/
g-C3N, exhibits a superior photocatalytic performance to the
Z-scheme one, due to the higher charge separation efficiency
and less photocorrosion. Therefore, this work is essential for
the following reasons. First, through combining the micro-
scopic study with the bulk activity measurement, our findings
provide a deep insight into the understanding of “structure-
activity” correlations in nanocomposites. Second, it enables us
to potentially control the energy and charge flows and engin-
eer the reactive sites in these materials. Third, such investi-
gation would benefit the electronic band modulation and
interface engineering of heterogeneous catalysts, leading to an
enhancement of photocatalytic activity under visible light.

This journal is © The Royal Society of Chemistry 2022
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