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ABSTRACT: We demonstrate the rational design and fab-
rication of hierarchical In,S;-CdIn,S, heterostructured
nanotubes as efficient and stable photocatalysts for visible
light CO, reduction. The novel self-templated strategy, in-
cluding sequential anion- and cation-exchange reactions,
effectively integrates two distinct sulfide semiconductors
into hierarchical tubular hybrids with homogeneous inter-
facial contacts and ultrathin two-dimensional (2D)
nanosheet subunits. Accordingly, the hierarchical hetero-
structured nanotubes can remarkably facilitate the separa-
tion and migration of photoinduced charge carriers, en-
hance the adsorption and concentration of CO, molecules,
and offer rich active sites for surface redox reactions. Ben-
efitting from these unique structural and compositional
features, the optimized hierarchical In,S;-CdIn,S, nano-
tubes without employing any noble metal cocatalysts in
the catalytic system manifest remarkable performance for
deoxygenative reduction of CO, with high CO generation
rate (825 umol h™ g”) and outstanding stability under visi-
ble light irradiation.

Generation of carbon fuels with abundant CO, as the feed-
stock by renewable solar energy is considered as an ideal so-
lution to deal with the global energy and environment chal-
lenges.'3 Semiconductor-mediated photocatalytic conversion
of COz2 to generate value-added products is thus always at-
tracting a lot of attention.+" To date, various semiconductor
materials including TiO,, ZnO, CeO,, Bi,WOs, Ga,O; and
ZnGe,0, have been reported as photocatalysts for CO, reduc-
tion.'4"9 Unfortunately, most of these photocatalysts can only
response to ultraviolet (UV) light and/or show relatively poor
stability upon photoirradiation. Moreover, bulk semiconduc-
tors usually exhibit high recombination rate of photogener-
ated electron-hole pairs. All these drawbacks seriously ham-
per the efficiency and desired long-term practical application
of CO, photoreduction. Therefore, the design and construc-
tion of visible light-responsive, highly efficient and robust cat-
alysts are of significant importance for photocatalytic CO, re-
duction.

Metal sulfides (e.g., In,S;, ZnIn,S, and CdIn,S,) are intri-
guing visible-light-active photocatalysts with unique elec-
tronic structure, tunable optical properties, as well as appro-

priate band gaps and band edges.>*>” Meanwhile, the config-
uration of 2D nanosheets is highly favorable to reduce the dif-
fusion length of charge carriers, provide high surface area and
expose abundant catalytically active sites for heterogeneous
photocatalysis. Consequently, 2D metal sulfide semiconduc-
tors have attracted growing interests in diverse photoredox
catalysis, such as photocatalytic H, evolution,2*** CO, photo-
reduction,?2° and organic photosynthesis.” Despite these in-
spiring progresses, the catalytic performance of single metal
sulfide photocatalysts is still not satisfactory, mainly due to
the sluggish separation and migration kinetics of charge car-
riers. Heterogeneous coupling of two metal sulfide semicon-
ductors with suitable band gap potentials is expected to be an
effective strategy to improve the performance of photocata-
lysts,2%232628 because the existence of built-in potential gradi-
ent between the nanosized interfaces in the as-obtained pho-
tocatalysts can speed up the separation and transfer of elec-
tron-hole pairs and ameliorate photostability of the hybrid
materials, simultaneously.>>?32%28 [n addition, the achieve-
ment of efficient photocatalytic reactions also relies on the
delicate design and fabrication of photocatalysts with proper
architectures.

Hollow particles with various constructions and tailored
compositions have shown great advantages in diverse research
areas.?934 Recently, hollow micro/nanostructures are being in-
tensively investigated as powerful light transducers in solar
energy-related applications, for example photocatalytic CO,
reduction, owing to the structure-dependent virtues over their
solid counterparties.’>'7354° Specifically, the interior cavity fa-
cilitates the separation of charge carriers by decreasing the dif-
fusion length from bulk to surface, offers large surface area to
boost CO, adsorption and concentration, and promotes sur-
face-dependant redox reactions on both sides of the shell.'>37
39 Besides, the permeable shells can be precisely modified with
cocatalysts and/or additional functional materials to acceler-
ate charge transfer and CO, activation at the newly formed in-
terfaces.’>3%3% Furthermore, the hollow spaces can also en-
hance photo-harvesting by internal multi-light scattering/re-
flection.384° Although previous studies on hollow structures
for CO, photoreduction make some encouraging achieve-
ments,’>3739 it still remains a great challenge to develop ad-
vanced hierarchical hollow structured catalysts with desirable
hollow architectures, 2D subunits and heterogeneous compo-
sitions for CO, photofixation with high efficiency.
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Figure 1. Schematic illustration of the synthetic process of the hi-
erarchical In,S;-CdIn,S, heterostructured nanotube. (I) liquid
phase sulfidation, (II) cation exchange reaction.

Herein, we demonstrate the design and synthesis of hierar-
chical In,S;-CdIn,S, heterostructured nanotubes through a
novel self-templated strategy for enhanced visible light CO,
reduction under mild reaction conditions. The overall syn-
thetic strategy for the formation of hierarchical In,S;-CdIn,S,
hybrid nanotubes involves two ion exchange reactions as
schematically illustrated in Figure 1. Starting with an In-based
MOF (MIL-68) hexagonal prism as the precursor, hierarchical
In,S; nanotube is obtained through a liquid phase sulfidation
process (step I).# Afterward, the as-prepared In,S; tubular
nanostructure is controllably transformed into hierarchical
In,S;-CdIn,S, hybrid nanotube through an efficient cation ex-
change reaction (step II). The developed recipe in this work
can realize both the structural and compositional control of
the final In,S;-CdIn,S, hybrid nanotube. When evaluated as a
visible light photocatalyst for CO, reduction, the optimized
In,S;-CdIn,S, heterostructure exhibits considerable activity
and excellent stability for selectively reducing CO, into CO
without the assistance of any noble metal cocatalysts.

Uniform MIL-68 hexagonal prisms with a high aspect ratio
are synthesized via a solvothermal reaction of In3*ions with
organic ligand 1,4-benzenedicarboxylic acid.+* Field-emission
scanning electron microscopy (FESEM) images show that the
average length and diameter of the MIL-68 hexagonal prisms
are about 9 pm and 500 nm, respectively (Figure 2a,b). The
high-magnification FESEM image clearly reveals the hexago-
nal prism-shaped morphology of the MIL-68 precursors with
smooth surface (Figure 2c). The powder X-ray diffraction
(XRD) analysis further demonstrates the formation of In-
based MIL-68 (Figure S1).4* These In-based MOF hexagonal
prisms can be easily converted into hierarchical In,S; nano-
tubes through a liquid phase sulfidation treatment at 180 °C
for 3 h. The powder XRD analysis indicates that the MIL-68
precursors are completely converted into cubic In,S; phase
(JCPDS card No. 65-0459) without detectable impurities (Fig-
ure Sz2). The energy-dispersive X-ray spectroscopy (EDX)
measurement of the In,S; products reveals only In and S ele-
ments are detected with a In/S molar ratio of 2: 2.98 (Figure
S3), which reaffirms the complete conversion of the In-based
MOF precursors into the In,S; phase. FESEM images demon-
strate the as-obtained In,S; materials well inherit the one-di-
mensional (1D) morphology from their MIL-68 precursors
with rather rough surface and the average diameter of about
600 nm (Figure 2d,e). The magnified FESEM image shows the

surface of the In,S; product is composed of randomly assem-
bled ultrathin nanosheets (Figure 2f). Transmission electron
microscopy (TEM) images clearly present the well-defined hi-
erarchical hollow structures of the In,S; nanotubes with the
shell thickness of about 100 nm (Figure 2g,h). The elemental
mappings of an individual In,S; nanotube show that the S and
In elements are uniformly distributed in the whole nanostruc-
ture (Figure 2i).

Figure 2. (a-c) FESEM images of MIL-68 hexagonal prisms, (d-f)
FESEM and (g,h) TEM images of hierarchical In,S, nanotubes, and
(i) elemental mappings of an individual In,S; nanotube.

Then, the as-synthesized In,S; nanotubes are transformed
into In,S;-CdIn,S, hybrids through an efficient hydrothermal
cation exchange reaction with Cd** ions at 6o °C. By control-
ling the reaction time, the composition of the final composite
products can be adjusted. The sample obtained after the ion
exchange reaction for 5 min is designated as In,S;-CdIn,S,-5,
where the suffix indicates the reaction time in minutes. The
EDX analysis reveals that the In,S;-CdIn,S,-5 sample holds a
Cd/In molar ratio of 1: 2.72 (Figure S4), suggesting In3*is par-
tially exchanged by Cd** and the new phase of CdIn,S, (JCPDS
card No. 31-0229) is generated (Figure Ss). Further prolonging
the reaction time to 10 min, the fraction of CdIn,S, in the In,S;-
CdIn,S,-10 sample further increases with the molar ratio of
Cd/In increased to 1: 2.31 (Figure S6, also see XRD pattern in
Figure S5). When the ion-exchange reaction proceeds for 15
min, the Cd/In molar ratio of the product becomes to be 1:1.98
(Figure S7), and a pure cubic CdIn,S, phase is harvested (Fig-
ure S8). The FESEM images demonstrate that the produced
In,S;-CdIn,S, and CdIn,S, materials perfectly preserve the
overall 1D morphology after the low temperature cation ex-
change reactions (Figure 3a,b, and Figure Sg). Compared with
the original In,S; sample, no noticeable changes are observed
on the surface of In,S;-CdIn,S,-10 nanotube as revealed by a
closer FESEM examination (Figure 3c). TEM images confirm
the hierarchical tubular nanostructures of the In,S;-CdIn,S,
and CdIn,S, materials (Figure 3d,e, and Figure S10). The mag-
nified side view of a single In,S;-CdIn,S,-10 nanotube indicates



the outmost ultrathin sheet-shaped subunits are unaltered af-
ter the ion exchange reaction (Figure 3f). The elemental map-
pings of a single In,S;-CdIn,S,-10 nanotube show the even dis-
tribution of S, In, and Cd elements in the hierarchical
nanostructure (Figure 3g), indicating the formation of homo-
geneous nanosized interfacial contacts between In,S; and
CdIn,S, nanospecies, which is further revealed by the high-
resolution TEM image (Figure Si1).

Figure 3. (a-c) FESEM and (d-f) TEM images of hierarchical
In,S;-CdIn,S,-10 nanotubes, and (g) elemental mappings of a sin-
gle In,S;-CdIn,S,-10 nanotube.

To evaluate these hierarchical tubular nanostructures for
photocatalytic applications, the optical absorption properties
and band gap energies of the materials are investigated by UV-
Vis diffuse reflectance spectroscopy (DRS). The results show
that the In,S;, In,S;-CdIn,S,-5, In,S;-CdIn,S,-10 and CdIn,S,
samples exhibit strong optical absorption extending to the vis-
ible light region (Figure S12). Their band gap energies are cal-
culated to be 2.15, 2.18, 2.21 and 2.22 eV respectively from the
corresponding Tauc plots (Figure S13), which are similar to the
reported values.?*?4 Such findings confirm that these materi-
als can be excited by visible light irradiation to generate elec-
tron-hole pairs for redox reactions. Furthermore, the conduc-
tion bands (CB) of the materials are determined by the Mott-
Schottky plots. The derived flat-band potentials of the In.S;,
In,S;-CdIn,S,-5, In,S;-CdIn,S,-10 and CdIn,S, samples are
about -0.73, -0.95, -1.03, and -1.13 V (vs. normal hydrogen elec-
trode, NHE, pH = 7.0, Figure S14), which ensures their appro-
priate redox potentials to manipulate CO2 reduction reac-
tions.3 The N, adsorption-desorption measurement reveals
that the hierarchical In,S;-CdIn,S,-10 nanotubes possess a
high BET surface area of 68 m? g”. The N, sorption isotherm
processes a hysteresis loop (Figure S15), indicating the exist-
ence of mesopores in the hierarchical structure. The ad-
vantage of such porous characteristics for improving CO, ad-
sorption and concentration is further demonstrated by CO,
adsorption measurements. The result reveals that the hierar-
chical nanotubes exhibit a high CO, uptake of ca. 25 cm3g™ at
760 mmHg and o °C (Figure S16). In addition, the presence of

mesopores can offer more catalytically active sites and accel-
erate mass/charge transfer to promote photoredox catalysis.
The separation-recombination rate of photogenerated
charge carriers of these hybrid materials is estimated by room
temperature photoluminescence (PL) characterization. Re-
sults demonstrate that the In,S;-CdIn,S,-10 sample exhibits a
remarkable fluorescence quenching compared with the In,S;
and CdIn,S, samples (Figure S17). This observation in princi-
ple indicates the greatly inhibited electron-hole recombina-
tion in the heterostructured material, which is favorable for
heterogeneous photocatalysis. On the other hand, the evi-
dently enhanced photocurrent density generated on the In,S;-
CdIn,S,-10 sample strongly illustrates the promoted transfer
kinetics of photoexcited charge carriers (Figure S18). These
photoelectrochemical characterizations provide solid proofs
that the In,S;-CdIn,S,-10 hybrid material possesses enhanced
separation and migration of photoinduced charge carriers,
which is attributed to the unique heterogeneous composition
and hierarchical structure of the In,S;-CdIn,S, nanotubes.
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Figure 4. Performance of In,S,-CdIn,S,-10 nanotubes for CO,
photoreduction. (a) Generation of CO and H, over different sam-
ples. (b) Evolution of CO and H, under various reaction condi-
tions. (c) Results of GC-MS analysis for CO produced from 3CO,
isotope experiment. (d) Production of CO and H, as a function of
reaction time. (e) Formation of CO and H, in stability tests. (f)
Wavelength dependence of yields of CO and H,, and the light ab-
sorption spectrum of In,S;-CdIn,S,-10 photocatalyst.

The photocatalytic CO, reduction performance of the In,S;-
CdIn,S, heterostructured materials is evaluated in a tandem
catalytic system conducted in H,O/acetonitrile mixture with
Co(bpy);** (bpy = 2’2-bipyridine) and triethanolamine (TEOA)
as the cocatalyst and electron donor, respectively, under visi-
ble light irradiation and mild conditions (A = 400 nm, 30 °C, 1
atm CO,).1> Figure 4a shows the performance of CO, reduc-
tion reactions with different samples as the photocatalysts.
The pure In,S; sample only exhibits moderate activity for de-
oxygenative CO, reduction with a CO generation rate of 68
pmol h? g™. Once the In,S;-CdIn,S, heterostructures are em-
ployed, the CO, reduction performance is substantially im-
proved. In particular, the In,S;-CdIn,S,-10 sample manifests
the highest CO production rate of 825 pmol h* g, which is
about 12 times higher than that of the In,S; material. The
achieved CO, reduction rate is fairly comparable to some no-
ble-metal-containing CO, conversion systems (Table S1).59
When using CdIn,S, as the photocatalyst, the catalytic system
displays much decreased activity. These observations high-
light the remarkable CO, photoreduction performance of the



In,S;-CdIn,S,-10 hybrid material. The main reason might be
that the unique structural and compositional features of the
hierarchical nanotubes facilitate the separation and mobility
of charge carriers. No detectable liquid products (e.g.,
HCOOH, CH;0H and CH;CH,OH) are generated in the reac-
tion system, consistent with results of reported works.'*4

Furthermore, the CO,-to-CO conversion reaction stops
completely without the addition of In,S;-CdIn,S,-10 photo-
catalyst in the catalytic system (Figure 4b, column 2). Mean-
while, the cocatalyst of Co(bpy);** is indispensable to realize
efficient CO, reduction performance (Figure 4b, column 3).
1043 Besides, no products are produced in dark, suggesting the
photocatalytic nature of the CO, conversion reaction (Figure
4b, column 4). When the CO, reactant is replaced by N, under
otherwise identical conditions, the reaction system only gen-
erates a small amount of H,, and no CO is detected (Figure 4b,
column 5). This observation indicates the produced CO stems
from the CO, feedstock. To provide direct proof for the carbon
source of evolved CO, 3C-isotopic tracer experiments are car-
ried out. Results of gas chromatography-mass spectrometer
(GC-MS) analysis reveal only 3CO is detected when using
BCO, as the gas source (Figure 4c), which is a strong evidence
that the produced CO is originated from photocatalytic reduc-
tion of CO, molecules. In addition, the physical mixture of
In,S; and CdIn,S, shows much inferior CO, reduction activity
compared to the In,S;-CdIn,S,-10 composite (Figure 4b, col-
umn 6), indicating the formation of heterostructures in the
latter is favorable for photocatalytic CO, conversion.

The time-yield plots of the products are illustrated in Figure
4d. The generation of CO/H, increases almost linearly with re-
action time and no apparent loss in the reaction rate is noticed
after photoreaction for 12 h, reflecting the high stability of the
In,S;-CdIn,S,-10 photocatalyst. During the catalytic reaction,
the accumulated formation of products is ca. 1.55 x 104 pmol g
'. To further examine its stability, the In,S;-CdIn,S,-10 photo-
catalyst is repeatedly used to operate the CO,-to-CO conver-
sion reactions for 24 h and the generation rates of the products
in every 4 h reaction are determined. As shown in Figure e,
no evident deactivation with time is found in the tests of 6
cycles. These findings underline the excellent stability of the
In,S;-CdIn,S,-10 hybrid photocatalyst, which is quite different
from many other single metal sulfide photocatalysts which
usually suffer from photocorrosion.?*2%44 Moreover, XRD and
FESEM characterizations of used In,S;-CdIn,S,-10 after photo-
catalysis also support the high stability of the hybrid material
(Figure S19 and S20). Performance of CO, photoreduction re-
actions is also investigated by light irradiation with different
wavelengths. The trend of CO/H, evolution rate is in good
agreement with the optical absorption spectrum of the In,S;-
CdIn,S,-10 material (Figure 4f). This observation reveals that
the CO, reduction reaction is triggered by photo-excitation of
the In,S;-CdIn,S,-10 catalyst to achieve charge generation,
separation and subsequent tandem electron transfer catalysis.

In summary, hierarchical In,S;-CdIn,S, heterostructured
nanotubes are synthesized through a self-templated strategy
as efficient and stable photocatalysts for CO, reduction with
visible light. The developed strategy, including sequential ion
exchange reactions, can realize both structural and composi-
tional control of the final hybrid materials. These hierarchical
tubular nanostructures hold unique structural and composi-
tional features, such as nanosized interfacial contacts, reduced

diffusion length for charge carriers separation and migration,
large surface area for CO, adsorption and concentration, and
rich catalytically active sites for photochemical reactions.
Consequently, the optimized In,S;-CdIn,S, hybrid photocata-
lyst exhibits remarkable performance for deoxygenative CO,
reduction with high CO generation rate and outstanding sta-
bility under visible light irradiation. This work may provide
some guidelines for the design and construction of complex
semiconductor-based photocatalysts for solar energy-related
applications.
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