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Direct Z-scheme a-MnO,@MnIn,S,; hierarchical
photocatalysts with atomically defined junctions

for improved photocatalytic activitiesy

Min Zhang, Muhammad Arif,

Yuxiang Hua, Bo Qiu, Yue Mao and Xiaoheng Liu (2 *

The use of semiconductor photocatalysts to generate electrons with efficient reducing capability for
organic photoreduction synthesis and the removal of harmful substances has become a hotspot in the
field of green chemistry research. In this work, a-MnO, nanocubes and a-MnO,@MnIn,S, hybrid
photocatalysts with a core—shell structure were synthesized successively by a two-step method. XRD

and XPS verified the coexistence of the two substances (a-MnO, and MnlIn,S,) in hybrid systems.

According to the SEM and TEM characterization, it is clearly seen that MnIn,S,; nanosheets grow on o-
MnO, nanocubes to form a hierarchical structure. Furthermore, HRTEM showed that the interface
contact between a-MnO, and MniIn,S4 resulted in an atomically defined junction. The photocatalytic
performance of the composite catalyst was evaluated by reducing 4-nitroaniline to 4-phenylenediamine

and Cr(vi) to Cr(m), respectively. The results show that the catalytic activity of the composite material is

effectively improved compared to that of the single components. The Z-scheme electron transport
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mechanism was proved by ultraviolet-visible diffuse reflectance spectroscopy, valence band XPS, energy

band structure calculation and active species detection experiments. The constructed Z-scheme
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1 Introduction

Recently, with the development of industrialization, human
society's demand for industrial chemicals has been increasing,
and the issue of environmental pollution has also been paid
more and more attention to."” 4-Phenylenediamine (4-PDA) is
awidely used industrial chemical raw material. It can be used in
the preparation of azo dyes, as well as in the preparation of
developers, rubber antioxidants, and copper-iron indicators.***
The industrial preparation of 4-PDA is mainly carried out by
using 4-nitroaniline (4-NA) as a raw material and adopting
industrial hydrogenation.®'® This method is restricted by strict
reaction conditions and complicated procedures. In recent
years, some research studies involving photocatalytic and elec-
trocatalytic methods to prepare 4-PDA have attracted more and
more attention."™*> Among these methods, highly selective
photoreduction of 4-NA to 4-PDA in water systems has become
a powerful technology. Moreover, dealing with highly toxic
hexavalent chromium is a difficult task in the treatment of
world environmental pollution.”'* Based on trivalent
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hierarchical a-MnO,@MnIn,S, system with an atomically defined junction can improve the redox
performance of semiconductors for organic synthesis and environmental remediation.

chromium's low toxicity and easy flocculation into Cr(OH); in
an alkaline environment, reducing Cr(vi) to trivalent chromium
has become a key procedure for environmental remediation.*>*®
Among the currently developed reduction methods, photo-
catalytic reduction has shown potential application prospects
compared with high-cost chemical reduction methods and
biological reduction methods'® with high environmental
requirements. Therefore, visible-light-driven semiconductor
photocatalysis has received extensive attention in these fields
because of its low cost, environmental friendliness and unique
reaction mechanisms and easy availability of materials.'**
Importantly, photogenerated electrons generated by semi-
conductors with a deeper conduction band top have extremely
strong reducibility and have attracted the attention of
researchers.

Manganese-based materials (MnO,, Mnz0O,, MnFeO,,
MnSiO;, and metal-Mn LDH) are widely used in photocatalytic
environmental remediation, supercapacitors, lithium-sulfur
batteries, and guided cancer treatments due to their low-cost,
easy availability, environmental friendliness, high theoretical
capacitance, and narrow band gap.*** The visible light
absorption capability of manganese oxide among them is high
due to its narrow band gap which makes it a promising candi-
date for photocatalysis. Gaigneaux et al. reported a plasma
chemical reduction method to prepare three kinds of a-, y- and
3-MnO,. Tartrazin yellow was selected as the model pollutant
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for photocatalytic activity evaluation, and the results showed
that a-MnO, has achieved the best overall photocatalytic
performance.”® On the other hand, the weaker photoreduction
ability caused by the higher conduction band potential and the
high recombination efficiency of photogenerated carriers
caused by the narrow band gap limit the in-depth application of
MnO, in the photocatalytic industry. Fortunately, the prepara-
tion of composite nanomaterials and the introduction of the
concept of heterojunction catalysis greatly improve this defect.
Leung et al.*® in situ synthesized a TiO,/MnO, heterojunction
catalyst by a hydrothermal method and used the catalyst for
vacuum ultraviolet (VUV) photocatalytic oxidation of toluene
degradation. The good contact of the heterojunction structure
of TiO,/MnO, effectively inhibited the recombination of photo-
excited electron-hole pairs and improved the catalytic activity.
Qiu et al®* built a Z-scheme mesoporous a-MnO,/Mn;0, het-
erojunction to promote its photocatalytic oxidation activity by
using the characteristics of Mn having multivalent states. It is
proposed that the heterojunction of multivalent manganese
oxide can efficiently prevent the recombination of photo-
generated carriers.

Furthermore, MnIn,S,, which belongs to the AB,X, (A = Cu,
Cd, and Mn; B = Al, Ga, and In; X =S, Se, and Te) family,** has
also received considerable attention in the field of photo-
catalysis due to its suitable band gap and simple preparation.
Chen et al.** synthesized a direct Z-scheme 2D/2D MnlIn,S,/g-
C;N, structure, which has high photocatalytic activity for the
treatment of pharmaceutical and hydrogen
evolution.

In this work, a-MnO, nanocubes were obtained through the
guiding effect of surfactant and annealing treatment, and then
a multi-stage o-MnO,@MnlIn,S, composite photocatalyst was
synthesized in situ by a solvothermal reaction after adsorption of
Mn”* and In**. SEM and TEM showed that the synthesized catalyst
was MnlIn,S, nanosheets coated on a-MnO, nanocubes making an
a-MnO,@MnIn,S, core-shell structure. Compared with the single
materials, the composite catalyst exhibits excellent catalytic activity
and structural stability in reducing 4-NA and Cr(vi).

wastewater

2 Experimental
2.1 Materials

All reagents were used without any further purification in this
research. Manganese sulfate monohydrate (MnSO,-H,O, AR),
cyclohexane (C¢H;,), manganese chloride tetrahydrate (MnCl,-
-4H,0, AR), indium chloride (InCl;-4H,0, AR) and ammonium
formate (CH;NO,) were bought from Aladdin Industrial
Corporation. Potassium dichromate (KCr,O;), potassium
permanganate (KMnO,), cetyltrimethylammonium bromide
(CTAB), ammonium bicarbonate (NH,HCO;), and thio-
acetamide (TAA) were purchased from Sinopharm Group
Chemical Reagent Co., Ltd.

2.2 Catalyst synthesis

2.2.1 Preparation of o-MnO, nanocubes. The o-MnO,
nanocubes were prepared by calcining the 8-MnO, precursor,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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where the 3-MnO, precursor comes from the etching of MnCO;
nanocubes using KMnO,. Typically,**** 4 g of CTAB was added
to 100 mL of cyclohexane, and then 5 mL of n-butanol and 0.8 M
NH,HCO; were added. After stirring until the solution became
clear, 5 mL of 0.4 M MnSO, solution was added dropwise. The
conversion of the solution from a clear to a milky white
suspension indicated the formation of MnCOj; nanocubes. After
centrifugal drying and washing with water and ethanol, 1 g of
MnCO; was dispersed in a certain amount of 0.032 M KMnO,
solution with continuous magnetic stirring. The reaction
process is as follow (1):

2MnO,~ + MnCOj; + H,O — 2MnO4*~ + MnO, + 2H"* + CO,(1)

After filtering and separation of the above suspension, it was
dried at 60 °C for 8 hours to obtain a 3-MnO, precursor.
Furthermore, the obtained 3-MnO, precursor was heat-treated
in an air atmosphere at 500 °C for 2 h at a heating rate of
5°C min~! to obtain a-MnO, nanocubes.

2.2.2 Preparation of o-MnO,@MnIn,S,. The a-MnO,@-
MnlIn,S, composite photocatalyst was prepared by a sol-
vothermal method. A certain amount of «-MnO, was added to
60 mL of ethylene glycol and sonicated for 60 min. Immediately,
1 mmol MnCl,, 2 mmol InCl;, and 4 mmol TAA were added to
the above suspension in sequence and kept under stirring for
1 h. The reaction precursor solution was transferred into
a Teflon-lined stainless steel autoclave with a capacity of 100
mL, which was heated and maintained at 180 °C for 24 h. The a-
MnO,@MnlIn,S, composite photocatalyst was obtained by
natural cooling to room temperature, washing with deionized
water and ethanol, centrifugation, and drying at 60 °C over-
night. According to the added amount of a-MnO, (0.25 mmol,
0.5 mmol, 0.75 mmol, and 1 mmol, respectively), the as-
prepared photocatalysts were named M-MIS-x (x = 1, 2, 3,
and 4). For comparison, the pure MnIn,S, (MIS) sample can be
synthesized without adding any a-MnO, nanocubes by the same
fabrication methods.

2.3 Characterization of the catalyst

The morphology of the fabricated samples was demonstrated by
using an electron microscope (SEM and TEM, JEM-2100). X-ray
diffraction (XRD, D8 Advance X-ray diffractometer, Cu K, A =
1.5406 A, tube voltage 40 kV, tube current 40 mA) was used to
characterize the crystallinity and structure of the catalyst. The
surface element composition and valence state of the sample
were determined by X-ray photoelectron spectroscopy. The
ultraviolet-visible diffuse reflection spectrum (DRS) was used to
show the light absorption capacity of the catalyst using BaSO4
as the substrate.

2.4 Evaluation of photocatalytic performance

The photocatalytic activity of the catalyst was evaluated by
reducing 4-nitroaniline (4-NA) and Cr(vi). In a typical catalytic
process, 50 mg of the sample was dispersed in 50 mL 4-NA
(10 mg L") ultrasonically, and ammonium formate (150 mg)
was added as a hole trapping agent. Before the irradiation, the
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adsorption-desorption equilibrium was achieved in the dark
and in a nitrogen environment for 1 h. At regular intervals, 3 mL
of the photocatalytic reaction solution was taken out. The
catalyst in the solution was removed with centrifugation and
a 0.22 um drainage filtration membrane. The product detection
by using a UV-Vis spectrophotometer shows the characteristic
absorption peak of 4-NA at 381.7 nm, while 293.7 nm and
238.1 nm belong to the characteristic absorption peaks of 4-
phenylenediamine (4-PDA). In addition, for the photocatalytic
reduction of Cr(vi), 50 mg of the sample was dispersed in 50 mL
of 50 mg L~" Cr(vi) solution and adsorbed in a dark room for
1 h. Under visible light irradiation, 1 mL of the solution was
taken at regular intervals of 20 min and centrifuged to remove
the catalyst. The concentration of Cr(vi) was detected at 540 nm
by the normal diphenylcarbazide (DPC) method.

2.5 Electrochemical performance test

The transient photocurrent and electrochemical impedance
spectra (EIS) were obtained on a CHI 760E electrochemical
workstation. The standard three-electrode system was
composed of the photocatalyst (0.2 mg sample loaded on a 1.0
cm? conductive glass area), a platinum wire, and a saturated Ag/
AgCl electrode, which were used as the working electrode,
counter electrode, and reference electrode in the test system.
The transient photocurrent test of the sample was carried out in
0.5 M Na,SO, aqueous solution with a 300 W xenon lamp with
a 420 nm cutoff filter. The electrochemical impedance spec-
troscopy test of the sample was carried out in 0.1 M KCl solution
containing 2.5 mM Kj;[Fe(CN)]/K4[Fe(CN)] as the electrolyte.

3 Results and discussion

In this work, we constructed a heterojunction photocatalyst by
growing MnlIn,S, nanosheets in situ on the surface of a-MnO,
nanocubes to efficiently reduce 4-NA and Cr(vi), constructing
a core-shell-like o-MnO,@MnIn,S, hierarchical hetero-
structure as illustrated schematically in Fig. 1. Firstly, MnCO;
nanocubes were synthesized by room temperature solvent
orientation. After an oxidation-reduction reaction with KMnO,
and annealing treatment, the a-MnO, nanocubes are obtained.
Finally, MnIn,S, nanosheets were grown in situ on the surface of
?-MnO, nanocubes by a solvothermal reaction. It should be
noted that Mn>* will be preferentially adsorbed to the o-MnO,
surface due to the negative charge of the «-MnO, surface®® and
the Fajans rules during the stirring process before the sol-
vothermal reaction,*” which is beneficial in the in situ growth of

KMnOs4
Etching

Solvothermal

500 C
Calcination

MnCOs3
nanocube

a-MnO:2
nanocube

o-MnO:@Mnln2S4

Fig.1 Schematicillustration of the synthetic process of hierarchical o.-
MnOZ@Mn|n254.
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MnlIn,S,. The photocatalytic functions of a-MnO, and MnIn,S,
are concentrated in a hierarchical core-shell structure, which
facilitates the separation and migration of photogenerated
electrons and holes, and provides a large number of active sites
for the reduction reaction.

3.1 Structure and morphology

The powder X-ray diffraction (XRD) technology was used to
investigate the crystal structure and phase purity of pure
MnIn,S, nanosheets, «-MnO, nanocubes, and all M-MIS
nanocomposites with different o-MnO, contents. Fig. S1t
displays the XRD pattern of the as-prepared MnCOj; precursor
in which all the characteristic crystal peaks are consistent with
the cubic phase (JCPDS no: 44-1472).%® As shown in Fig. S2, the
pure MnO, sample shows diffraction peaks at 12.8°, 18.1°,
28.8°,36.7°,37.5°, and 49.9°, which can be assigned to the (110),
(200), (310), (400), (211) and (411) crystallographic planes of
cubic «-MnO, (JCPDS no: 44-0141).*° Along with the coupling of
MniIn,S, nanosheets and «-MnO, to form the o-MnO,@-
MnlIn,S, nanocomposite catalyst, the M-MIS-x series samples
show diffraction peaks at 14.3°, 27.6°, 33.4°, and 48°, respec-
tively, which correspond to the (111), (311), (400) and (440)
crystal planes of cubic phase (JCPDS no: 65-7474) MnIn,S,.** It
is worth noting that there is no impurity diffraction character-
istic peak of In,S; or MnS in the pure MnIn,S, and M-MIS-x
composite catalysts. The hierarchical composite -catalyst
assembled using «-MnO, and MnlIn,S, is beneficial to the
carrier transport between the interfaces and improves the
photocatalytic activity.*>**

The morphology of the as-prepared materials was charac-
terized by SEM and TEM. Fig. 2a-c shows the morphology of
MnCOs; as the precursor of a-MnO,. The size of the cube with
a smooth surface is about 200 nm. As shown in Fig. S3,1 after
the reaction of MnCO; with KMnO,, the morphology of the
nanocube is still maintained, and “small thorns” of nanosheets
are grown on the smooth surface. After the annealing treatment,
the surface of the 3-MnO, nanocube becomes rough due to the
etching of the ions and voids are generated inside, which will
facilitate the adsorption of Mn®" and In*' to form a hetero-
junction in situ (Fig. 2d-f). The HRTEM image of a single
nanocube (Fig. 2i-II) exhibits the lattice lines with a spacing of
about 0.692 nm and 0.245 nm, which are in good agreement
with the (110) and (400) crystal plane distances of a-MnO,,****
respectively, and the angle between the two crystal planes is 45°.
MnlIn,S, was crystallized in three-dimensional nanoflakes as
shown in Fig. 2g and h, and this two-dimensional structure can
provide more catalytic sites. Similarly, the lattice fringes
attributed to the (222) and (400) crystal planes of MnlIn,S, are
0.309 nm and 0.268 nm, respectively (Fig. 2i-I).>* Next, the thin
MnlIn,S, nanosheets were grown on the surface of the a-MnO,
cubes by a solvothermal method. After the reaction, MnIn,S,
nanosheets uniformly covered the surface of the a-MnO, cube
and had a good overall 3D morphology (Fig. 2j). The layered
cubic core-shell structure of a-MnO,@MnlIn,S, is shown by the
TEM images (Fig. 2k). No visible interlayer gaps were found
between the MnlIn,S, shell and the «-MnO, core (Fig. S47),

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM and TEM images of (a—c) MnCOsz nanocubes, (d—f) a-MnO, nanocubes, (g and h) MnIn,S4 nanosheets, and (j and k) M—MIS-2, and

HRTEM images of (i) -MnO, (Il) and MnInyS,4 (1) and () M—=MIS-2.

indicating close contact between the two components. The HR-
TEM image shows the heterojunction between layered MnIn,S,
and o-MnO, (Fig. 21), in which lattice fringes can be assigned to
cubic a-MnO, and hexagonal MnIn,S, crystal planes can be
seen. In particular, the red elliptical area in Fig. 21 clearly shows
the interface with an atomic junction between the crystal planes

© 2021 The Author(s). Published by the Royal Society of Chemistry

of the two materials. These results provide clear evidence of the
formation of an a-MnO,@MnlIn,S, core-shell structure.
Besides, the SEM elemental mapping of M-MIS-2 is shown in
Fig. 3a. It can be seen from the images that Mn, O, In, and S
elements all appear on the hierarchical nanocubes, which
verifies the successful recombination of MnIn,S, and a-MnO,
from the side. In order to clearly understand the combination of

Nanoscale Adv., 2021, 3, 812-822 | 815
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the two components at the interface, a schematic illustration of
the interface and atomic-junction combination of a-MnO, and
MnlIn,S, is shown based on HR-TEM and SEM elemental
mapping (Fig. 3b). The negative charge oxygen atoms in ¢-MnO,
crystals are exposed on the surface.*** Mn>" and In’* exist in
the suspension system at the same time, and Mn”>" will be
preferentially anchored on the surface of a-MnO, according to
the Fajans rules.*” These atomically-defined-junction and close
interface contact facilitate the transport and separation of
photo-generated electrons and improve the catalytic activity of
the photocatalyst.

3.2 Surface element analysis

The surface elements and valence states of the as-prepared
photocatalyst were characterized by XPS. Herein, the interac-
tion mechanism between a-MnO, and MnlIn,S, can be further
confirmed by Mn 2p3,, 2p1/2, and S 2p XPS analysis.*® Fig. S5F
shows the full-scale XPS spectra for a-MnO,@MnIn,S, (M-MIS-
2) and single ¢-MnO, and MnIn,S,. Among them, the M-MIS-2
XPS spectrum contains Mn, In, O, and S elements, which
confirms the coexistence of a-MnO, and MnlIn,S, in the composite
materials. This result is completely consistent with SEM elemental
mapping (Fig. 3a). The Mn 2p spectra of M-MIS-2 are displayed in
Fig. 4a and show the characteristic peaks assigned to Mn>*
(641.48 eV and 652.32 eV) and Mn*" (643.92 eV and 653.71 eV).**®
Compared with composite materials, the position of the charac-
teristic peak of Mn 2p;, and Mn 2p,;, in single a-MnO, and
MnlIn,S, is shifted, which is closely related to the heterojunction
formation by the two materials.*” It can be seen from Fig. 4b that
the O 1s high-resolution spectra of «-MnO, and M-MIS-2 samples
show the characteristic peak at 529.43 eV, which belongs to Mn-O-
Mn.* Moreover, the characteristic peaks located at 531.37 eV and
530.31 eV in a-MnO, and M-MIS-2 can be assigned to Mn-O-H,
respectively.® The Mn-O-H shift to low binding energy is because
the chemical state of Mn on the surface of a-MnQO, is 4+, which is
higher than that (2+) of Mn in the MnlIn,S, on the surface of M-
MIS-2. As shown in Fig. 4c, the binding energy of S 2p in MnlIn,S,

816 | Nanoscale Adv., 2021, 3, 812-822
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(a) SEM elemental mapping of M—MIS-2 and (b) schematic illustration of the interface between a-MnO, and Mnln,S,.

was detected at 161.30 eV and 162.37 eV, respectively. Corre-
spondingly, the characteristic peak of the composite catalyst (M-
MIS-2) has a slight shift towards high binding energy (161.25 eV
and 162.25 eV, respectively).”> The In 3d spectra of MnIn,S, and M—
MIS-2 are illustrated in Fig. 4d. The binding energies of the
doublets are 3ds/, (444.88 eV and 444.77 eV) and 3d3, (452.50 eV
and 452.37 eV), respectively. As mentioned earlier, the shift in
binding energy of the heterojunction sample indicates a strong
interaction between MnlIn,S, nanosheets and «-MnO, nanocubes,
which enhances the migration efficiency of photogenerated
carriers, thereby improving the catalytic activity of the catalyst.

3.3 Optical properties, band structure and carrier separation
efficiency

Many factors affect the activity of photocatalysts, such as the
band gap, crystal structure, crystal plane orientation and optical
properties.**** Among them, optical properties are the most
important characteristics that determine the application of pho-
tocatalytic materials in the field of photocatalysis. Fig. 5a shows the
UV-Vis diffuse reflectance spectra of M-MIS with different molar
ratios and single materials. Compared with other materials, a-
MnO, has higher band-edge absorption in the visible and near-
infrared regions, indicating that it is a narrow band gap semi-
conductor. The absorption band edge of MnIn,S, is about 560 nm.
With the increase of the content of o-MnO, in the o-MnO,®@-
MnlIn,S, heterostructure, the absorption of the composite mate-
rials in visible light gradually increases, which is beneficial for the
easy excitation of the semiconductor under visible-light and
generates more carriers. Furthermore, the band gap width of a-
MnO, and MnIn,S, calculated using the Kubelka-Munk formula is
determined to be 1.53 eV and 2.23 eV, respectively, which are
consistent with those in the reported literature.**** Similarly, the
positions of the bottom of the valence band (VB) of o-MnO, and
Mnln,S, are determined from the VB-XPS analysis and it was
found to be 2.61 eV and 1.42 eV, respectively (Fig. 5¢). Furthermore,
the CB potential of -MnO, and MnlIn,S, at the point of zero
charges was theoretically calculated from eqn (2):*°

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) UV-vis diffuse reflectance spectra of different samples, (b)
calculated band gap patterns based on UV-vis diffuse reflectance
spectra of «-MnO, and MnIn,S,, (c) XPS valence band spectrum and
(d) energy band structure of a-MnO, and MnIn,S,.

E, = |Ecg — Evgl (2)

where E, is the band gap energy. The calculated Ecg values of o-
MnO, and MnlIn,S, are 1.08 eV and —0.81 eV, respectively
(Fig. 5d).

Moreover, the migration rate of photogenerated carriers is
also an important factor of the photocatalytic activity of the

© 2021 The Author(s). Published by the Royal Society of Chemistry

catalyst. To further compare the migration and separation
efficiency of photogenerated electrons-holes of the different
materials, the transient photocurrent responses were measured
during several on-off intermittent irradiation cycles.*® As shown
in Fig. 6a, the M-MIS-2 exhibited a much higher photocurrent
response than other single photocatalysts (a-MnO, and
MnIn,S,), indicating that the composite material has a higher
charge generation and transfer efficiency. This carrier migra-
tion in the composite catalyst leads to an effective ecg ~hyg"
separation and a lower recombination rate in the M-MIS-2
sample, ultimately leading to enhanced photocatalytic perfor-
mance.” Furthermore, EIS measurements are used to gain
a deeper understanding of the photogenerated charge carrier
transfer process and recombination behavior. Fig. 6b displays
a typical Nyquist plot of different samples under dark condi-
tions. It can be seen that the a-MnO, electrode forms a partial
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Fig. 6 (a) Photocurrent density and (b) EIS Nyquist plots of «-MnO,,
MnIn,S4 and M—-MIS-2.
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(@ and d) Time-course variation of the 4-NA and Cr(v) solution under visible light irradiation with photocatalysts, (b) the conversion of

selective photo-reduction from 4-NA to 4-PDA in the presence of different catalysts, (c) UV-vis absorption spectra of 4-NA at different irradiation
times using M—MIS-2 with the addition of ammonium formate and N, (e) Cr(vi) reduction efficiency of 50 mg of different catalysts under visible
light for 120 min with different initial Cr(vi) concentrations, and (f) UV-vis absorption spectra of aqueous Cr(vi) (50 mg L™) treated with M—MIS-2.

semicircle with a diameter larger than that of the other samples.
The semicircle in the high-frequency region reflects the charge
transfer resistance and constant phase elements at the
photocatalyst/electrolyte interface. The radius of the semicircle
of M-MIS-2 is the smallest at any frequency, indicating that the
charge transfer resistance is smaller, which leads to a better
electronic conductivity and charge separation efficiency.*®
Furthermore, the high electron-hole separation efficiency in the
M-MIS composite photocatalyst was analyzed by steady-state
photoluminescence (PL) spectroscopy. As can be seen from
Fig. S6,f M-MIS-2 exhibits a lower PL emission intensity
compared to a-MnO, and MnlIn,S,, which means that there is
a faster charge transfer rate at the contact interface of the
composite catalyst, and it has a better separation efficiency than
a single component.

3.4 Photocatalytic performance

The photocatalytic performance of the synthesized a-MnO,@-
Mnln,S, heterojunctions was characterized by the photore-
duction from 4-NA to 4-PDA with a visible light source (1 > 420
nm). Obviously, pure o-MnO, has no activity towards 4-PDA
evolution from 4-NA, and the dark adsorption on the surface of
a-MnO, gradually desorbs 4-NA molecules during the light
process. Different amounts of a-MnO, were compounded with
Mnln,S,, and the photocatalytic performance of M—-MIS on 4-NA
was greatly improved (Fig. 7a). In particular, M-MIS-2 has the
best reduction efficiency, with a conversion efficiency of 99.6%
for photoreduction of 4-NA to 4-PDA within 90 min (Fig. 7b). As
shown in Fig. 7c, with the gradual decrease in the intensity of

818 | Nanoscale Adv, 2021, 3, 812-822

the main absorption peak of 4-nitroaniline at 381.7 nm, at the
same time the characteristic absorption peak intensities of 4-
phenylenediamine at 293.7 nm and 238.1 nm consecutively
increase. As shown in Fig. S77, the color of the reaction solution
gradually changed from light yellow to colorless after 90
minutes of visible light irradiation, indicating the highly
selective conversion efficiency of 4-NA to 4-PDA.

Similarly, the M-MIS heterojunction catalyst also shows
higher photocatalytic efficiency towards the photoreduction of
Cr(vi). As shown in Fig. 7d, when single a-MnO, is used as
a catalyst, the content of Cr(vi) changes little, which is attributed
to the adsorption effect of the high specific surface area of the
mesoporous o-MnO,. The composite catalysts showed higher
catalytic activity than pure MIS in reducing Cr(vi). M-MIS-2
showed the best photocatalytic reduction efficiency among all
the catalysts, reaching 94% (Fig. 7e and f). Therefore, the above
results indicate that the M-MIS-2 sample exhibits excellent
visible-light-driven photocatalytic reduction performance,
indicating that the o-MnO,@MnIn,S, heterojunction is an
attractive material for environmental remediation and organic
conversion.

Besides the photocatalytic activity of the target material, its
catalytic stability is also an important factor in measuring the
application prospects of the catalyst. It can be seen in Fig. 8a
that the photoreduction reactions of 4-NA over M-MIS-2 can
still maintain the conversion rate above 92%. The slight
decrease may be due to the loss of the catalyst. The sample after
four reduction experiments was characterized by XRD (Fig. 8b),
and the results show that its crystal shape did not change

© 2021 The Author(s). Published by the Royal Society of Chemistry
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XRD patterns of M—MIS-2 after four cycle experiments.

significantly and had good stability. In addition, the SEM
images of the M-MIS-2 catalyst before and after the reaction are
shown in Fig. S8. The morphology of the sample before and
after the reaction is still maintained.

3.5 Possible photocatalytic mechanism

As we all know, the active species (such as superoxide radicals
('0,7), holes (h") and hydroxyl radicals ("OH)) in the photo-
catalytic reaction system play an important role. In order to
detect these species, we use AgNOj;, isopropanol (IPA), and
disodium ethylenediaminetetraacetic acid (EDTA-2Na) with
a concentration of 1 mM as the e, ‘OH and h' capture
agents.'»**% Obviously, it can be observed from Fig. 9 that with
the addition of AgNO;, the reduction efficiency of the catalyst
towards Cr(vi) significantly decreases, indicating that e is an
important active species participating in the reduction reaction.
After IPA was introduced into the photoreduction system, the
catalytic efficiency decreased slightly, which may be because
some of the "OH was produced by e~ and competed with the
Cr(vi) reduction process. When the EDTA-2Na is added, it can
be found that the catalytic reduction efficiency was significantly
improved, which is due to the addition of the hole trapping
agent and it inhibits the recombination of photogenerated

electrons-holes, consequently, improving the rate and
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Fig. 9 Effects of different scavengers on Cr(vi) reduction in the pres-
ence of M—MIS-2.
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utilization of electron migration to the catalyst surface. After
adding BQ in the system, the photocatalytic reduction efficiency
also decreased, which is due to the generation of ‘O,  from
photogenerated electrons. When the ‘O, was captured, the
balance of the reaction (e~ + O, — 'O, ) moves to the right,
reducing the photogenerated electrons in the reaction system.
Therefore, during the photocatalytic Cr(vi) reduction, the elec-
trons are the main participating species.

To further demonstrate the photocatalytic reaction mecha-
nism of a-MnO,@MnlIn,S,, the detection of superoxide radicals
(‘O,7) and hydroxyl radicals ("OH) can be carried out. The
enhanced photocatalytic ability was confirmed by conversion
experiments of nitro blue tetrazolium (NBT) and terephthalic
acid (TA). Due to the exclusive reaction between ‘O, and NBT,
NBT can be used to detect the presence of ‘O, in the photo-
reaction.® Therefore, in the photocatalytic reaction, a low NBT
concentration means that a large amount of "O, " is produced in
the system. It can be seen from Fig. 10a that, as the photo-
catalytic reaction time increases, the NBT concentration
continues to decrease, confirming that the o-MnO,@MnIn,S,
(represented by M-MIS-2) system can produce ‘O, during the
photoreaction. The NBT measurement of all samples after
60 min is shown in Fig. 11b. Taking into account the effect of
error, no change in the concentration of NBT was observed in
the single o-MnO, system, indicating that ‘O, was not
produced during the photoreaction. In addition, M-MIS-2
produced the highest level of "O,. The "O,™ is produced by
the reaction of O, with photogenerated electrons and more O,
indicates high separation efficiency of photogenerated carriers
in the o-MnO,@MnIn,S, system.

At the same time, high 'O, production concentration are
accompanied by high "OH concentrations.®” The "OH can be
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Fig. 10 Temporal UV-vis absorption spectral changes of NBT over (a)
M-MIS-2 with different times and (b) all different photocatalysts
(300 W Xe lamp, illumination time = 60 min, NBT dosage = 0.025
mM); PL spectral variations in 2 mM NaOH solution with the addition of
0.5 mM terephthalic acid using a (c) M=MIS-2 Z-scheme photocatalyst
at different times and (d) single a-MnO,, MnIn,S, and M—MIS-x (x =1,
2,3, 4).
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equally divided with terephthalic acid (TA) to form 2-hydrox-
yterephthalic acid (TAOH), which exhibits a characteristic peak
at 425 nm when excited at a wavelength of 325 nm, so TA can be
applied to detect "OH. As shown in Fig. 10c, the gradual increase
of the fluorescence intensity over time indicates that "OH is
gradually generated during the illumination process. In addi-
tion, the fluorescence signal of M-MIS-x is stronger than that of
single «-MnO, and MnlIn,S, after 60 min of irradiation
(Fig. 10d). The M-MIS-2 has the highest signal intensity, which
further proves that the composite material can produce higher
active oxygen performance. This is consistent with the NBT
detection result, which indicates that the composite catalyst
improves the separation efficiency of carriers and produces
more active components.

Furthermore, as shown in Fig. 11a, the ESR signal for
DMPO-"0," can be observed for MnIn,S, and M-MIS-2, which
means that ‘O,  was generated in the reaction system during
visible light irradiation. Moreover, the characteristic peak of
DMPO-"OH for pure MnlIn,S, does not appear under visible
light irradiation (Fig. 11b) but four weak peaks were detected for
pure o-MnO,. As for M-MIS-2 heterojunction composites, the
DMPO-"OH signal intensities of "OH are obviously much higher
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Fig. 12 Schematic illustration of the photocatalytic mechanism of o-
MHOZ@Mn|n254.
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than those in pure a-MnO,, which can be attributed to the
construction of the atomically defined heterojunction to
improve "‘OH production.

Based on the above test results and experimental phenom-
enon, a possible Z-scheme photocatalytic reduction mechanism
of 4-NA and Cr(vi) using o-MnO,@MnIn,S, is proposed. As
illustrated in Fig. 12, under visible light irradiation, the elec-
trons located on the valence band (VB) of a-MnO, and MnlIn,S,
are excited and then transfer to the conduction band (CB), while
holes remain on the VB. At the interface of «-MnO, and
MnlIn,S,, electrons in the CB of a-MnO, are transferred along
the interface to the VB of MnlIn,S, to recombine with holes. The
electrons remaining in the CB of MnIn,S, gain relatively more
negative potential energy and have stronger reducibility, and
then react with 4-NA and Cr(vi), hence reducing them to 4-PDA
and Cr(m). In contrast to the traditional type-II electron trans-
port mechanism (Fig. S97), the e” in the CB of MnIn,S, migrates
to the CB of -MnO, and the h* of «-MnO, is transferred to the
VB of MnlIn,S,. Since the CB potential of a-MnO, is more
positive than that of O,/°0,~ (E = —0.33 eV)* and Cr(vi)/Cr(u) (E
= 0.51 eV),** the VB potential of MnIn,S, is more negative than
that of H,O/"OH (E = 2.4 eV).* In this case, the catalyst cannot
only reduce Cr(vi) to Cr(u), but also cannot generate ‘O, and
‘OH in the reaction system, which is contrary to the experi-
mental results (NBT and TA detection test). Therefore, the
electron transmission in a-MnO,@MnlIn,S, is a novel Z-scheme
mechanism instead of the traditional type-II mechanism.

4 Conclusions

In summary, a core-shell a-MnO,@MnlIn,S, hierarchical cubic
Z-scheme heterostructure was designed and assembled by
growing MnlIn,S, nanosheets in situ on the surface of o-MnO,
nanocubes as a heterojunction photocatalyst, which was used to
efficiently reduce 4-NA and Cr(vi) under visible light. The
composition and structure of the final heterojunction were
controlled by facile annealing treatment and a hydrothermal
reaction. The interface contact heterojunction defined at the
atomic-level has proven the effective and rapid migration of
photogenerated carriers on the catalytic surface, and the
complex multilayer structure also exposes abundant catalytic
sites, providing a large specific surface area for the adsorption
of 4-NA and Cr(wvi), and consequently, highly improving the
photocatalytic reduction reaction. As a result, Z-scheme o-
MnO,@Mnln,S, with the optimal composition ratio showed
excellent reduction performance and cycle stability. The selec-
tive reduction of 4-NA to 4-PDA was almost complete (99.6%)
within 90 minutes, and the Cr(vi) reduction efficiency reached
more than 93% within 120 minutes. This work reveals the basis
of the photocatalytic performance of o-MnO,@MnIn,S,
composite materials and has potential application in organic
photosynthesis and pollutant purification.
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