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Abstract: Improving spectral utilization and carrier separation efficiency is a key point in photocataly-
sis research. Herein, we prepare hollow g-C3N4 nanospheres by the template method and synthesize
a g-C3Ny4@Cug 5In 5S core-shell S-scheme photothermal nanoreactor by a simple chemical deposition
method. The unique hollow core-shell structure of g-C3N;@Cug 5Ing 5S is beneficial to expand the
spectral absorption range and improving photon utilization. At the same time, the photogenerated
carriers can be separated, driven by the internal electric field. In addition, g-C3N4@Cu 5Ing 55 also
has a significantly enhanced photothermal effect, which promotes the photocatalytic reaction by
increasing the temperature of the reactor. The benefit from the synergistic effect of light and heat, the
H, evolution rate of g-C3N4@Cug 5In 55 is as high as 2325.68 umol h-! gfl, and the degradation
efficiency of oxytetracycline under visible light is 95.7%. The strategy of combining S-scheme hetero-
junction with photothermal effects provides a promising insight for the development of an efficient
photocatalytic reaction.

Keywords: g-C3N4@Cug5Ing5S; S-scheme heterojunction; hollow nanostructure; photothermal
effect; photocatalysis

1. Introduction

With the development of industry, the problem of energy shortage and environmental
pollution is becoming more and more serious [1-3]. It is extremely urgent to develop green,
renewable energy and control environmental pollution. The development of photocatalysis
technology provides an effective way for the conversion of solar energy into clean fuel and
the degradation of organic pollutants [4-7]. The key to the effective use of photocatalysis
technology is to develop efficient semiconductor photocatalysts. Graphite phase carbon
nitride (g-C3Ny) is a new type of conjugated polymeric semiconductor photocatalyst. It
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has become a new research hotspot in the field of energy conversion and environmental
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remediation because of its simple synthesis, attractive band structure, high stability, and rich
reserves of constituent elements [8-11]. Although g-C3N4 has many excellent properties as
a photocatalyst, there are still some shortcomings in the bulk g-C3Ny prepared by direct
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10/). surface. Therefore, it is necessary to modify g-C3Ny to improve its photocatalytic activity.
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Recombination with narrow band gap semiconductors is one of the effective methods
to improve the spectral response of g-C3Njy. Different from doping or manufacturing
defects, the introduction of narrow band gap semiconductors does not affect the band
structure of g-C3Ny, which means it has the ability of a broad-spectrum light response
while maintaining a strong enough redox ability [12,13]. Huang et al. loaded g-C3Ny
nanowires on the surface of Znln,S; nanotubes, which effectively expanded the range
of the g-C3Ny light response with stronger light absorption capacity and can effectively
carry out photocatalytic CO, reduction reaction [14]. In addition, some narrow-band gap
metal sulfides with strong photothermal effects generate heat by using near-infrared or
even infrared sunlight [15,16]. The photothermal effect is rarely considered or even directly
ignored in traditional photocatalytic systems, but this part of the energy is very important
for the construction of efficient photocatalytic systems. In the heat-assisted photocatalytic
reaction based on photochemistry, the catalytic reaction is not directly driven by heat, but
this part of the heat can increase the local temperature of the catalyst and help to excite the
carrier [17]. Thermal energy can help to further reduce the apparent activation energy of
photocatalysis, promote the mobility and mass transfer of photogenerated carriers, and
accelerate the transport of materials on the material surface, which is beneficial to increase
the rate of the catalytic reaction [18-20].

The morphology of the catalyst affects the exposure of the active site and thus the
photocatalytic activity. The low specific surface area of the bulk g-C3Ny leads to the lack of
a reactive center. The photocatalyst with a hollow structure has an inner surface and an
outer surface, which can provide more active sites [21,22]. Compared with bulk g-C3Ny,
g-C3Ny with hollow structure has a higher specific surface area and more surface-active
centers. In addition, the hollow structure made the distance of charge conduction shorter,
reduced the recombination of carriers, enhanced the effects of light scattering and multiple
refractions, and improved the absorption and utilization of light [23-26]. More importantly,
the well-designed hollow g-C3Njy provides different loading surfaces for both oxidizing
and reducing co-catalysts, the electrons, and holes migrate to the outer and inner surfaces,
respectively. The wall of the hollow structure acted as a cell membrane, which enabled the
spatial separation of redox-active centers on the nanometer scale [27].

The construction of heterojunctions can inhibit the rapid recombination of photogen-
erated carriers by the charge transfer between semiconductors. In recent years, a new
S-scheme heterojunction has been extensively investigated, which drives the spatial sep-
aration of carriers by creating an internal electric field [28-30]. S-scheme heterojunctions
consist of reduction semiconductors (RS) and oxidation semiconductors (OS), where differ-
ences in Fermi energy levels lead to the transfer of electrons from RS to OS, creating internal
electric fields and energy band bending at the interface. Under light, the free electrons of
photocatalysts are transferred from the conduction band (CB) of OS to the valence band
(VB) of RS driven by the internal electric field; at the same time, the band bending prevents
the transfer of electrons from RS to OS. This special charge transfer pathway not only
suppresses the rapid recombination of electrons and holes but also maintains the strong
redox ability of the photocatalyst [31-33]. The g-C3Ny is an ideal reduction semiconduc-
tor because of its rather negative CB position. The S-scheme heterojunction formed by
oxidation semiconductors with suitable band structures and g-C3Ny4 not only facilitates
charge separation but also enhances the oxidation ability of photocatalysts [34-36]. Fan
et al. successfully constructed S-scheme heterostructures with g-C3Ny4 nanowires and TiO,
nanoparticles. The low reductive electrons on TiO; recombine with holes in g-C3Ny4 and
show effective charge separation and excellent photocatalytic hydrogen production [37].

In this work, we have constructed a hollow g-CsN4s@Cug5Ing5S (HCN@CIS) core-
shell S-scheme photothermal nanoreactor by combining S-scheme heterojunctions with
photothermal effects. Hollow g-C3Ny nanospheres (HCN) were first prepared by the
template method and then narrow band gap Cug5Ing5S (CIS) nanosheets were grown on
its surface. The hollow core-shell structure enhances light absorption, promotes charge
separation, and provides more active centers. The photothermal effect converts some of the
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light energy into heat, which raises the near-field temperature of the catalyst by radiation
and conduction. Benefiting from the effective charge separation and photothermal effect,
the HCN@CIS photothermal catalyst offers improved photocatalytic hydrogen production
efficiency and excellent oxytetracycline (OTC) degradation performance. In addition, the
formation of S-scheme heterojunction is demonstrated by a series of characterization and
experiments, and the performance enhancement mechanism of the HCN@CIS photothermal
catalyst is analyzed. We believe that this photothermal nanoreactor with fast charge transfer
and high efficiency will provide some valuable insights for the development of g-C3Njy-
based photocatalysts for energy conversion and environmental remediation.

2. Results and Discussion
2.1. Morphological and Structural Analysis

The preparation process of the HCN@CIS hollow core-shell nanoreactor is observed
by a scanning electron microscope (SEM). Figure S1 shows that the diameter of the S5iO,
nanospheres is about 200 nm, which determines the size of the HCN cavity. Due to the
uniform size of the template SiO; nanospheres, the prepared HCN morphology is also
uniform, and the diameter is about 300 nm (Figure 1a). Figure 1b is a magnified SEM
diagram of a single HCN. The notch on the surface shows the typical hollow spherical
structure of HCN, and the cross-section of the hollow spherical wall is shown near the
notch, which shows the relatively loose particle stacking structure of HCN. The cyanamide
is polymerized in SiO, mesoporous shell to form g-C3Ny, and the SiO; template forms
this stacking shape after being etched. From Figure 1c, the surface of the HCN sphere is
wrapped by a CIS nanosheet, which is in the shape of flower ball, and the multi-stage struc-
ture of HCN@CIS is more favorable for the exposure of active parts [38,39]. A transmission
electron microscope (TEM) can observe this hollow multi-stage core-shell structure more
clearly. Figure 1d shows that SiO,@g-C3Ny is a core-shell structure with a dense SiO; core
and a loose mesoporous 51O, /g-C3Ny shell before the SiO, template is etched. The HCN
presents a unique hollow spherical structure after the SiO, is etched. The cavity size is
the same as the dense SiO, core, and the thickness of the spherical wall is about 50 nm
(Figure 1le). The surface of HCN@CIS still has a hollow structure after the formation of
CIS, and the CIS nanosheets are arranged vertically on the surface of the HCN, and the
overall size of the nanosphere increases significantly (Figure 1f). Figure 1f,g shows that
the thickness of the CIS nanosheets on the surface of the HCN is between 50-100 nm. The
lattice fringes of 0.195 nm (Figure 1h,i) can be observed in the high-resolution transmission
electron microscope images of HCN@ZIS, which can be assigned to the 024 crystal plane
of CIS. Figure 1j shows the element distribution map of HCN@CIS, which clearly shows
that the distribution of C (red) and N (blue) elements shows the outline of a hollow sphere,
and the element groups of Cn (green), In (yellow) and S (purple) are mainly distributed
outside the hollow sphere. These results further prove that the HCN@CIS hollow core-shell
structure was prepared successfully.

2.2. Phase Structure, Elemental Composition, and Band Structure Analysis

The crystal structure and composition of photocatalysts are studied by X-ray diffraction
(XRD). Figure 2a shows that HCN has two diffraction peaks at 13.1° and 27.3°. The
two peaks refer to the interlaminar accumulation of aromatic compounds and the in-
plane periodic structure of melon compounds, which correspond to the graphite phase
carbon nitride (100) and (002) crystal planes, respectively [40,41]. There are three obvious
diffraction peaks of CIS at 29.9°, 46.3°, and 55.1°, which correspond to the (112), (024),
and (132) crystal planes of CugsIngsS, respectively. The result is consistent with the
characteristic peak in the standard sample Cug5Ing 55 (JCPDS No.47-1372). The diffraction
peak of HCN@CIS contained all the characteristic peaks of HCN and CIS, indicating
that CIS is successfully loaded on HCN. Figure 2b is the survey X-ray photoelectron
spectroscopy (XPS) of HCN, CIS, and HCN@CIS. The C and N elements are visible in the
survey XPS spectrum of HCN, the survey XPS spectrum of HCN contains the signals of S,
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In, and Cu elements, and the survey XPS spectrum of HCN@CIS contains the characteristic
signals of HCN and CIS, which further indicates that the HCN@CIS composite has been
prepared successfully. UV-visible diffuse reflectance spectroscopy (UV-vis DRS) is used
to analyze the spectral absorption properties and determine the absorption edge of the
powder photocatalysts. Figure 2c shows that the light absorption threshold of HCN is
about 470 nm, which can absorb ultraviolet light and part of visible light. The CIS has
a broad-spectrum response capability that covers almost the whole spectrum, which is
related to its narrow band gap and dark characteristics [42]. Compared with the original
HCN, the absorption range of HCN@CIS is significantly expanded and still has a strong
spectral response in the visible-near infrared region. Figure 2d shows the optical band
gap (Eg) of HCN and CIS are 2.61 eV and 2.17 eV, respectively. The valence band energies
of HCN and CIS measured by XPS valence band spectroscopy (VB-XPS) are 1.31 eV and
1.52 eV, respectively. The energy of the samples relative to the standard hydrogen electrode
(Enng) is calculated by the following formula: ENpgg = @ + Eypxps — 4.44, where ¢ is the
work function of the instrument (4.5 eV); therefore, the valence band energy of HCN and
CIS relative to the standard hydrogen electrode is about 1.37 and 1.58 eV [43]. According
to the relationship between the Ecp potential and Eg (Ecg = Evp — Eg), the CB potentials
of HCN and CIS are determined to be —1.19 eV and —0.24 eV, respectively. Therefore, the
band structure arrangement of HCN and CIS can be determined as shown in Figure 2f. The
CB position of CIS is between CB and VB of HCN, and the VB position of HCN is between
CB and VB of CIS, which accords with the staggered energy level arrangement and meets
the formation basis of S-scheme heterojunction [44].

2.3. Charge Transfer Pathways of Catalysts

The work function of a semiconductor represents the minimum energy required for
an electron in a semiconductor whose energy is equal to the Fermi level to escape into
a vacuum. A large work function means that it is difficult for the electrons to leave the
semiconductor and a smaller one means that the semiconductor is prone to losing electrons.
Therefore, the possible electron transfer pathways of the contact interface of the two kinds
of semiconductors can be studied by measuring the work function [45]. The relative surface
potential of HCN and CIS are measured by a scanning kelvin probe (SKP), and the real
work function is calculated by the difference between the semiconductor surface and the
highly sensitive probe [46]. Figure 3a shows that the surface potential of Au, HCN, and
CIS are 127.87 eV, —103.02 eV, and —562.13 eV, respectively. The real work function of the
Au is 5.1 eV; therefore, the real work functions of HCN and CIS are 4.41 eV and 4.83 eV,
respectively. The Fermi level of CIS is relatively lower than that of HCN, and the electrons
on HCN will transfer to CIS when they are contacted. As a highly sensitive analytical
method, XPS can identify the changes in element binding energy and chemical environment
in materials. The change in binding energy is closely related to the changes in electron
density and element valence state. Normally, if a material loses electrons, its binding energy
moves to a higher energy, and when it gains electrons, the binding energy moves to a
lower energy [47]. Figure 3b shows the high-resolution XPS spectrum of Cls. The peak at
284.8 eV is an indeterminate carbon. The peaks at 286.5 and 288.34 eV in HCN correspond
to C-N and N-C=N, respectively. The peaks of binding energies 398.24 eV, 400.08 eV, and
401.02 eV in the N1s spectra are attributed to sp? coordination nitrogen (N-C=N), tertiary
nitrogen (N-(C)3), and surface amino group (N-Hy) (Figure 3c) [48]. The peaks of Cu
2p in CIS at 931.79 eV and 951.68 eV correspond to Cu 2p3,, and Cu 2py /», respectively
(Figure 3d) [49]. The two peaks at 444.72 eV and 452.35 eV are attributed to the In 3d3,,
and 3d; /,, respectively (Figure 3e). The S 2p spectrum in Figure 3f is fitted into two peaks,
S2p3/» (161.76 eV) and S 2py /5 (163.05 eV). Figure 3b—f shows that the binding energy of
C and N elements in the HCN@CIS samples increases when the heterojunction is formed,
which indicates the loss of electrons in HCN. The binding energies of C and N elements in
HCN@CIS samples shift to low energy under light, indicating that HCN obtains electrons
again. Correspondingly, the binding energies of Cu, In, and S in HCN@CIS increase after
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contact, indicating that the electrons lost by HCN are transferred to CIS. The binding
energy of Cu, In, and S elements in HCN@CIS samples shifts to a high energy under
light, indicating that the electrons on the CIS flow back to the HCN. The results of in situ
irradiation of XPS further verified the charge transfer mechanism in HCN@CIS [50]. When
the HCN and CIS come into contact, the free electrons on the HCN will be transferred
to the CIS through the contact interface until the Fermi level is balanced. At this time,
electrons accumulate on the CIS and a large number of holes remain on the HCN. Therefore,
an internal electric field orienting from the HCN to the CIS is formed. Due to charge
interactions, the band of the HCN at the interface bends upward, while the band of the ZIS
bends downward. The HCN and CIS are excited by light to produce carriers. Under the
action of the internal electric field and band bending, the electrons in the CB of the CIS will
recombine with the holes in the VB of the HCN, thus completing the charge transfer of the
S-scheme pathway:.
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Figure 1. SEM images of HCN (a,b) and HCN@CIS (c). TEM images of SiO,@g-C3Ny (d), HCN (e),
and HCN@CIS (f,g). HRTEM images of HCN@ZIS (h,i). Elemental mapping images of HCN@CIS (j).
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Figure 2. XRD pattern (a), XPS spectra (b), and UV-vis spectra (c) of HCN, CIS, and HCN@CIS. Tauc
plots (d) and VB-XPS spectra (e) of HCN and CIS. Band structure alignments of HCN and CIS (f).

2.4. Photothermal Properties of Catalysts

The Arrhenius formula shows that the chemical reaction rate is positively related
to the reaction temperature, so the photothermal effect of a photocatalyst can promote
the catalytic reaction [51]. The change in temperature of the powder photocatalyst with
illumination time was recorded by an infrared camera. A 300 W xenon lamp illuminates
the powder photocatalyst vertically at a distance of 30 cm. The initial temperature of the
HCN powder is 21.7 °C. After 90 s of irradiation, the surface temperature rises to 62.7 °C
(Figure 4a), and the surface temperature increased by 41 °C. Under the same conditions,
the heating range of the CIS powder is 116.2 °C, which is 2.8 times that of the HCN. The
strong photothermal effect of CIS is related to its narrow band gap and dark color, which is
easy to absorb light (Figure S3). It is worth noting that after 90 s of irradiation, the surface
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temperature of HCN@CIS powder increases from 22.8 °C to 153 °C, which is 3.2 times
higher than that of pure HCN and 14 °C higher than that of pure CIS. This may be due to
the layered structure formed by the CIS arranged vertically on the HCN surface, facilitating
enhanced light absorption. The multiple reflections and absorptions in the hollow structure
are also reasons for the improvement of the photothermal performance of HCN@CIS.
In addition, the rapid carrier transfer process between heterojunctions can also convert
part of the mechanical energy into thermal energy [52]. The unique hollow core-shell
structure of HCN@CIS provides a basis for the effective utilization of heat generated by
the photothermal effect. We assume that the heat generated by the photothermal effect of
HCN@CIS spreads to the external aqueous solution and the internal space at the same time.
It is difficult to increase the overall temperature of the solution by the photothermal effect
alone, but there is only a small amount of water inside the hollow sphere that needs to be
heated. Therefore, under the action of double shell heat preservation and heat collection,
the internal temperature of the HCN@CIS reactor should be much higher than that of the
external solution [53]. The increase in HCN@CIS temperature will accelerate the movement
of surrounding water molecules, which is beneficial to increase the collision probability of
carriers and active radicals with reactant molecules and improve the photocatalytic reaction
rate by promoting local mass transfer kinetics.
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Schematic representation of the formation process and charge transfer mechanism of the HCN@CIS
S-scheme heterojunction (g).



Catalysts 2023, 13, 723

8 of 16

Figure 4. The IR images of temperature variation with light time for HCN (a), CIS (b), and HCN@CIS
(c) (The light source is a 300 W Xe lamp with a 420 nm filter).

2.5. Photocatalytic Hy Production and Pollutant Removal

Figure 5a shows the photocatalytic H; production performance of the different samples.
HCN@CIS with 20% CIS load has the best photocatalytic H, production performance
(unless otherwise specified, the HCN@ZIS in this paper refers to the optimum sample),
and the hydrogen production rate is as high as 2325.68 umol h~! ¢!, which is 62.8 and
12.2 times higher than that of pure HCN and CIS, respectively. Compared with other
heterojunction photocatalysts reported recently, the HCN@CIS has excellent performance
for Hp evolution (Table S1). The HCN@CIS shows excellent stability in the 20 h cycle
test (Figure 5b). There are two reasons why the HCN@ZIS sample has good hydrogen
production performance. On the one hand, the S-scheme heterojunction provides fast
carrier separation efficiency, and on the other hand, the photothermal effect activates the
water molecules in the cavity, which promotes the evolution of active H* species and
accelerates the formation of Hp [9]. Figure 5c shows the photocatalytic degradation curves
of different samples for OTC. The solution reached dynamic adsorption equilibrium after
the reaction was conducted in the dark for 30 min, and then the

Photocatalytic degradation experiment was carried out. It can be seen that the
HCN@CIS with a 20% ZIS load has the best degradation effect of OTC, and the degradation
rate in 120 min is as high as 95.7%, indicating that the reaction active site can be fully
exposed with an appropriate load. Figure 5d shows that the apparent reaction rate of
the HCN@CIS is 9.4 and 5.9 times higher that of pure HCN and ZIS, respectively, indi-
cating that the efficient charge separation of the S-scheme heterojunction can improve
the photocatalytic reaction rate. In addition, the HCN@CIS composite photocatalyst has
excellent stability, with only a slight decrease in degradation efficiency after 600 min of
cycling (Figure 5e). The active species in photocatalytic reactions are analyzed by a radi-
cal quenching experiment. Benzoquinone (BQ), silver nitrate (AgNO3), triethanolamine
(TEOA), and isopropanol (IPA) were used as quenching agents of -O,~, e~, h" and -OH,
respectively [54]. It can be seen from Figure 5f that the contribution rate of free radicals
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in the process of photocatalysis is -O,~ > e~ > h* > -OH. Among them, -O,~, e~, and h*
play an important role, and electron trapping may decrease the yield of -O,~ and affect
the photocatalytic activity. The VB potential of CIS in HCN@CIS is not enough to oxidize
water to produce -OH, so the addition of IPA has almost no effect on the efficiency of
photocatalytic degradation.
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Figure 5. Photocatalytic H, evolution for all samples (a) and H; production cycle test of HCN@CIS
(b). Photocatalytic degradation of OTC for all samples (c) and the corresponding apparent reaction
rate constants k (d). Cycling tests (e) and free radical quenching experiments (f) on HCN@CIS
degraded OTC.

2.6. Analysis of Charge-Transfer Dynamics

The photoelectrochemical test is used to analyze the charge separation characteristics
in the photocatalyst. Figure 6a shows the photocurrent response curve obtained by a cyclic
switching light source, and the HCN@CIS shows the highest current density, indicating that
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the S-scheme heterojunction has better charge separation ability [55,56]. Electrochemical
impedance spectroscopy (EIS) shows that the radius of the Nyquist curve of HCN@CIS is
the smallest (Figure 6b), which means that the resistance of surface charge transfer is lower,
which is beneficial to rapid carrier separation and transfer [57]. The kinetics of charge
transfer of the photocatalysts is closely related to the catalytic performance. Figure 54 shows
the steady-state photoluminescence (PL) emission spectra of HCN, CIS, and HCN@CIS. It
can be seen that the fluorescence quenching intensity of HCN@CIS is much lower than that
of pure HCN and CIS, which indicates that S-scheme heterojunctions effectively reduce
the recombination of photogenerated carriers [58,59]. The charge transfer kinetics at the
interface are further analyzed by time-resolved photoluminescence (TRPL) spectra. The
TRPL kinetic spectra of HCN, CIS, and HCN@CIS are shown in Figure 6¢. The normalized
results show that the average PL lifetime of HCN@CIS (3.57 ns) is longer than that of pure
HCN (1.97 ns) and CIS (2.23 ns). The longer carrier lifetime in S-scheme heterojunctions is
beneficial to the full contact of electrons and holes with surface adsorption molecules and
improves the effective utilization of photogenerated carriers [60]. The analysis of the active
species and content of photocatalytic production is considered an important means to
determine the mechanism of photocatalysis. The VB of HCN@CIS is not enough to oxidize
H,0O to form -OH, so the -O, ™ spin signal produced in the process of the photocatalysis is
detected by the electron spin resonance (EPR) technique and DMPO (5-dimethyl-1-proline-
N-oxide) as spin trap. Figure 6d shows that HCN, CIS, and HCN@CIS can all produce
‘O, 7, but the HCN@CIS -O, ™ spin signal is the strongest. The reduction of O, adsorbed on
the surface by conduction band electrons of the photocatalyst affects the formation of -O; ™.
The HCN@ZIS can produce -O, ™ more efficiently, indicating that the electron reduction
ability of the CB of the HCN@CIS composite photocatalyst has not decreased, and the
possibility of forming Type-II heterojunction between HCN and CIS can be ruled out [61].
The interlaced HCN and CIS follow the S-scheme charge-transfer mechanism. The rapid
charge separation and excellent photothermal properties of HCN@CIS promote the mass
transfer kinetics of the reaction system and accelerate the formation of -O,~.

Based on a large number of characterization and photocatalytic experiments, the
photocatalytic performance enhancement mechanism of the HCN@CIS heterojunction
photothermal nanoreactor (Scheme 1) was proposed. The HCN@CIS with a unique hollow
core-shell structure generates carriers excited by light, and the carriers follow S-scheme
migration under the action of an internal electric field and interface band bending. The
electrons in the CB of the CIS recombine with the holes in the VB of the HCN. The electrons
with strong reduction ability in the CB of the HCN and the holes with strong oxidation
ability in the VB of the ZIS are successfully retained in the HCN@CIS system. In addition,
the hollow structure can improve the utilization of light, and the double shell can inhibit
the rapid escape of internal heat, provide a local high-temperature place, and accelerate the
reaction kinetics. The free electrons in HCN@CIS are retained on the inner HCN, and the
energy of the photothermal effect is gathered in the inner space. Therefore, the HCN@CIS
photothermal nanoreactor can efficiently carry out photocatalytic hydrogen production
and photocatalytic degradation of oxytetracycline by the synergistic action of S-scheme
heterojunction and the photothermal effect.
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Figure 6. Transient photocurrent density curves (a), EIS Nyquist plots (b), and TRPL decay spectra
(c) of HCN, CIS, and HCN@CIS. EPR signals of HCN, CIS, and HCN@CIS in light (d).
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Scheme 1. Schematic diagram of the HCN@ZIS S-scheme hollow core-shell nanoreactor for photocat-
alytic Hy production and OTC degradation.

3. Materials and Methods

The chemical reagents and auxiliary materials used in this study are listed in Supporting
Information. The chemical reagents are not further treated before use. The steps for the syn-
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thesis of the SiO, template, HCN, and HCN@CIS are shown in Scheme 2. The characterization
parameters and experimental details are in Supporting Information, respectively.

1. |
TEOS '!\
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Stirring » Freeze drying
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Scheme 2. The schematic diagram for the preparation of the HCN@CIS hollow core-shell nanoreactor.
(1) Preparation of mesoporous SiO,/SiO,@CN nanospheres, (2) Synthesis of HCN nanospheres,
(3) Preparation of the HCN@CIS core-shell nanoreactor.

3.1. Preparation of Mesoporous SiO,/Si0O, Nanospheres

SiOy nanosphere templates are prepared by the Stober method. Typical synthesis
methods are as follows: 3.5 mL of TEOS was dropped into the mixed solution of 7.0 mL
NHj3-H,0, 16.5 mL H,O, and 110 mL C;H5O0H under magnetic stirring and stirred at room
temperature for 2 h to form uniformly dispersed silica spheres. C18-TMOS and TEOS were
mixed at a ratio of 2:3 by volume, then dripped into the mixed solution and aged at room
temperature for 3 h. The mixed solution was centrifuged, dried at 60 °C, and calcined at
550 °C for 6 h to obtain mesoporous SiO, /SiO; nanospheres.

3.2. Synthesis of HCN Nanospheres

The 2 g mesoporous SiO, /SiO, template was added to the 10 mL cyanamide solution,
ultrasonic for 2 h, stirred at 60 °C for 6 h, then centrifuged, washed, and freeze-dried. The
dried white powder was placed in a tube furnace, calcined at 550 °C for 4 h under the
protection of nitrogen, and the heating rate was 5 °C/min. The gray-white powder was
5i0,@g-C3Ny, and the SiO, template was etched with 4 mol/L NH4HF, solution. Light
yellow HCN can be obtained by centrifugation and drying.

3.3. Preparation of the HCN@CIS Core-Shell Nanoreactor

In typical synthesis, the prepared HCN (0.1 g) was added to three beakers containing
40 mL deionized water, respectively, and dispersed by ultrasonic for 30 min, then 0.007 g
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CuCl,-2H,0, 0.012 g InCl3-4H,0, and 0.006 g TAA (10 wt%); 0.017 g CuCl,-2H,0, 0.024 g
InCl3-4H,0, and 0.012 g TAA (20 wt%); 0.021 g CuCl,-2H,0, 0.036 g InCl3-4H,0, and 0.018 g
TAA (30 wt%) were added to 3 beakers under magnetic stirring, respectively (x wt% represents
the percentage of Cug5Ing5S mass to g-C3Ny), and the solution pH was adjusted to 2.5 with
hydrochloric acid. The mixed solution was transferred to a 150 mL round-bottom flask and
refluxed in an oil bath at 40 °C for 2 h. Centrifuge and dry the powder at 60 °C overnight to
obtain a black HCN@CIS hollow core-shell nanoreactor.

4. Conclusions

In summary, HCN hollow nanospheres are obtained by the template method, and the
hollow HCN@CIS core-shell S-scheme photothermal nanoreactors are obtained by surface
continuous growth. The charge-transfer mechanism of the S-scheme in HCN@ZIS was
proved by in situ irradiation, XPS, and EPR characterization. In addition, the synergistic
effect of the photothermal effect and S-scheme heterojunction on photocatalytic reactions is
proposed. The fast charge transfer and redox ability of S-scheme heterojunctions intensely
initiate the photocatalytic reaction, and the photothermal effect reduces the activation en-
ergy barrier of the chemical reaction and speeds up the reaction rate. Therefore, HCN@CIS
has enhanced photothermal catalytic activity, and the photocatalytic H, evolution effi-
ciency is 62.8 and 12.2 times higher than that of pure HCN and CIS, respectively, and the
degradation efficiency of oxytetracycline is as high as 95.7%. This work fully demonstrates
the potential of the synergistic effect of S-scheme heterojunction and photothermal effect
and provides a promising strategy for the design of an efficient solar-driven photothermal
catalyst platform.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal13040723/s1, Figure S1: SEM image of the SiO, spheres;
Figure 52: TEM image of SiO,@g-C3Ny; Figure S3: The sample patterns of HCN, CIS and HCN@CIS;
Figure S4: PL emission spectra of HCN, CIS and HCN@CIS; Table S1: Comparison of H, generation
rates of different photocatalysts. References [62—-68] were cited in the Supplementary Materials.
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