Downloaded via UNIV SCIENCE AND TECHNOLOGY CHINA on January 9, 2023 at 09:27:17 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Research Article

pubs.acs.org/journal/ascecg

Sustalnable

Chemistryz Engineering

@ Cite This: ACS Sustainable Chem. Eng. 2018, 6, 12166—12175

SbSI Nanocrystals: An Excellent Visible Light Photocatalyst with
Efficient Generation of Singlet Oxygen

Chong Wang, * Mian Zhang Yong Fang, Gaoyu Chen,” Qi Li," Xuexi Sheng, Xlangxmg Xu,*'
Junfeng Hul, Yaqlan Lan, Mln Fang, Xiaojun Wang, Xinping Wang, Zhihui Dal,
Jianchun Bao,” and Peng Wang™™

Jiangsu Key Laboratory of Biofunctional Materials, School of Chemistry and Materials Science, Nanjing Normal University, 1
Wenyuan Road, Nanjing 210046, P. R. China

*National Laboratory of Solid State Microstructures, College of Engineering and Applied Sciences and Collaborative Innovation
Center of Advanced Microstructures, Nanjing University, 22 Hankou Road, Nanjing 210093, P. R. China

$State Key Laboratory of Coordination Chemistry, School of Chemistry and Chemical Engineering, Collaborative Innovation Center
of Advanced Microstructures, Nanjing University, 22 Hankou Road, Nanjing 210093, P. R. China

IShaanxi Key Laboratory of Degradable Biomedical Materials, Shaanxi R&D Center of Biomaterials and Fermentation Engineering,
School of Chemical and Engineering, Northwest University, 229 Taibai North Road, Xi'an 710069, P. R. China

J'College of Life Sciences, Nanjing Normal University, 1 Wenyuan Road, Nanjing 210046, P. R. China

© Supporting Information

ABSTRACT: Antimony sulfoiodide (SbSI) is commonly
known as a prototypical ferroelectric semiconductor. We report
herein a top-down strategy of ball-milling followed by size
selective centrifugation to prepare SbSI nanocrystals (NCs).
Taking the well dispersed SbSI NCs of the average size of 80 nm
as photocatalyst, a record high visible light efficiency in
photodegradation of methyl orange (MO) in water was
achieved. By using a 300 W xenon lamp with a 420 nm cutoff
filter and with the SbSI NCs of 1 g/L, the MO solution of 30
mg/L can be degraded ~99% in 10 s. The pseudo-first-order
rate constant (k) of the photodegradation is k = 0.42 s™'. For
high concentrated MO of 150 mg/L, it can be ~99% degraded
in 30 s at an elevated temperature of 65 °C (k = 0.15 s™"). With
further increase of the SbSI NCs concentration to 4 g/L, the 150 mg/L MO can be ~99% degraded in 1 min at room
temperature (k = 0.095 s™"). The small size of the SbSI NCs and efficient generation of singlet oxygen were found to be the key
factors for the outstanding performance.
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B INTRODUCTION

Due to the pressure from the worldwide energy crisis and

BiOX (X = Cl, Br, or I),'* etc; the organic polymeric

graphitic carbon nitride (g-C5N,);***° graphene quantum

requirement of the environmental protection, photocatalysts
have aroused intensive interest as a powerful solution since the
initial work of Fujishima and Honda in 1972.'~* Among the
various photocatalytic materials for cleanup of organic
pollutants in water, the most widely investigated is titanium
dioxide (TiO,), which has a wide band gap of 3.2 eV that
works effectively under ultraviolet irradiation.”™ Since the
visible light composes ~46% of the irradiation energy from the
solar light, significantly above the ~4% of the ultraviolet
portion, continuous efforts have been devoted to searching for
effective visible light active photocatalysts.'*~"* Typical visible
light photocatalysts include the inorganic materials of doped
Ti02;13_15 plasmonic nano-sized metals, e.g, Au, Ag, or
Cu;'*" bismuth-based semiconductors, e.g., BivO,, Bi,MoOs,
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dots;*® the supramolecular system, such as self-assembled
perylene-3,4,9,10-tetracarboxylic diimide (PDINH);*” hyper-
cross-linked polynaphthalene nanoparticles (PNNs);**

Visible light photocatalysts with heterostructures, such as the
TiO,-, graphene-, or g-C;N,-based materials, were also
demonstrated as having a better performance than that of
each of the composed monophases, owning to the more
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effective charge separation. Black phosphorus nanosheets

were recently reported to be a effective ultraviolet—visible
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Figure 1. (a) Images of the hydrothermally synthesized SbSI crystals (left) and the fractions of SbSI redispersed in water after ball-milling and size
selective centrifugation (right). (b) XRD patterns of the as synthesized SbSI crystals and size selected SbSI. (c) UV—vis absorption spectra of the

size-selected SbSI colloidal solutions.

(UV—vis) light photosensitizers, due to their efficient
generation of singlet oxygen.”*”’

In developing a visible light photocatalyst, there are some
general rules to follow. The first is the energy rule. The energy
band of the photocatalyst should overlap with the visible light,
either for exciton formation or plasmonic absorption. For a
photocatalyst with a heterostructure, the energy structure
needs to be rationally designed, e.g., to promote the separation
of charges. Second, with the advances of nano science and
techniques, the importance of combining the control of nano
size and crystal structure to achieve enhanced photocatalytic
activity is widely realized.”” Last, due to the surface where
charges and/or excitons interact with the reagent, surface
engineering takes a critical role in improving photocatalytic
performance 36739 In most cases, these rules interact with each
other as a coupled system.

Guided by these rules, we focus the crosshair to the nano
sized antimony sulfoiodide (SbSI). SbSI is chemically
analogous to the photocatalysts BiOX (X = Cl, Br, or I) as a
V—VI-VII compound. Historically, the SbSI crystal came into
the sight of scientists in the 1960s, owing to the finding that it
is photoconductive and has a ferroelectric phase transition near
room temperature, exhibiting spontaneous electric polar-
ization.*™** During the past two decades, micro- and nano-
sized SbSI with tunable size and morphology were synthesized
by bottom-up chemical methods. Its application potentials in
gas sensing, thermal imaging, ferroelectric, piezoelectric,
optoelectronic, and photovoltaic devices has been investigated
and proposed.**~*’ SbSI has the merit of a suitable bandgap of
~1.8 eV, along with being thermally stable, environmentally
friendly, and having an abundance of raw resources; therefore,
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it is a promising candidate of visible light photocatalyst.
Herein, we demonstrated a top-down strategy, ball-milling of
bulk SbSI crystals followed by the size selective centrifugation,
to prepare SbSI nanocrystals (NCs) exhibiting the quantum
confinement effect. These SbSI NCs showed ultrahigh visible
light photodegradation of dyes. By using a 300 W xenon lamp
with a 420 nm cut-off filter and with the SbSI NCs (average
size of 80 nm) of 1 g/L, the MO solution of 30 mg/L can be
degraded to ~99% in 10 s; for the MO concentration of 150
mg/L as the highest, an ~99% degradation is achieved in 30 s
at 65 °C. With further increase of the SbSI NCs concentration
to 4 g/L, the 150 mg/L MO can be ~99% degraded in 1 min
at room temperature.

B EXPERIMENTAL SECTION

Materials. Antimony chloride (SbCl;, > 99.0%), thiorea (CS-
(NH,),, > 99.0%), ammonium iodide (NH,I, > 99.0%), methyl
orange (MO, Ind.), and ethanol (AR, > 99.7%) were purchased from
Sinopharm Chemical Reagent Co., Ltd. The TiO, NCs (P25: anatase
80%, rutile 20%) were from Degussa Co., Ltd.. All of the chemicals
were used as received without further purification.

Synthesis. The SbSI NCs were prepared by a two-step process.
First, bulk SbSI crystals were synthesized by a hydrothermal method.
Typically, SbCly (4 mmol), (NH,),CS (4 mmol), and 21.00 mmol
NH,I (20 mmol) were added to a stainless steel autoclave with a
polytetrafluoroethylene liner, which contains 30 mL of HCI aqueous
solution (1.0 M). The autoclave was then heated at 160 °C for 4 h.
Then, the autoclave was cooled to room temperature naturally, the
resulting precipitate was collected by filtration and washed with
distilled water and ethanol. After being dried in an air oven at 80 °C,
the needle-like crystalline SbSI with a deep red color was obtained. In
the second step, a proper amount of the as-synthesized SbSI crystals
was loaded for planetary ball-milling. The agate milling tanks are 100
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Figure 2. SEM images of the SbSI NCs fractions of (a) before size selection, (b) 500, (c) 800, (d) 1000, (e) 1200, (f) 1400, (g) 1600, (h) 1800, (i)
500, and (j) 1800 rpm. (k) HRTEM images of a SbSI NC of the 1800 rpm fraction, showing the crystalline core and an amorphous shell. (1) Size
distribution of the primary SbSI NCs (scale bar: (a)—(h) S pm, (i) and (j) 500 nm).

mL each, with 2 mm and § mm agate balls in them. After milling for 5
h, red powder was obtained for further use.

Size Selective Centrifugation. The SbSI-milled powder was
dispersed in water via ultrasonication to form a colloidal solution.
This original solution was then centrifuged with proper speed (round
per minute, rpm) and time (1 min in this work) to get precipitated
SbSI samples. Following the first S00 rpm centrifugation, successive
800, 1000, 1200, 1400, 1600, and 1800 rpm centrifugations were
carried out to get according fraction samples. These size-sorted SbSI
nanocrystals were dried in an air oven at 60 °C for 8 h for further
characterization and photocatalytic degradation experiments.

Method of Photocatalytic Degradation. Typically, 10—200 mg
of SbSI powder was added to 50 mL of MO aqueous solution of 30
mg/L or 150 mg/L in a 100 mL beaker. Before illumination, the
suspension was stirred in the dark environment for 20 min to establish
the adsorption and desorption equilibrium between the dye and
catalyst surface. A 300 W Xe lamp operating at the light power of
~400 mW/cm? equipped with a 420 nm filter was used to provide the
visible light irradiation. The solution was kept stirring during the
photodegradation. Samplings were taken at intervals followed by
centrifugation to separate SbSI as deposition. The supernatant liquid
was measured by UV—vis absorption analysis to determine the
residual MO concentration.

Instruments. The power X-ray diffraction (XRD) patterns were
recorded using a D/max 2500 VL/PC diffractometer equipped with
graphite monochromatized Cu Ka radiation (4 = 0.15406 nm). The
transmission electron microscopy (TEM) images were recorded on a
JEM-200CX, with an accelerating voltage of 80 kV. The high-
resolution transmission electron microscopy (HRTEM) images were
taken on a JEOL-2100F, with an accelerating voltage of 200 kV. The
scanning electron microscopy (SEM) images were measured by a
JEOL JSM-7600F equipped with an energy dispersive spectroscopy
(EDS). Nitrogen adsorption—desorption isotherms were measured at
77 K on a Quantachrome Instruments Autosorb AS-6B. Specific
surface area was calculated by the Brunauer—Emmett—Teller (BET)
method. The UV—vis spectra were measured on a spectrometer Cary
50. A 300 W Xe lamp (PLS-SXE300) equipped with a UV cut-off
filter (A > 420 nm) and a portable UV lamp (ZF-7A, 365 nm 8 W and
254 nm 8 W) were used as the light sources. The XPS spectrum was

recorded by a PHI 5000 Versa Probe (UIVAC-PHI). The high angle
annular dark field scanning transmission electron microscopy
(HAADF-STEM) images and EDS elemental mappings were acquired
using a FEI Titan® G2 60-300 microscope, operated at an accelerating
voltage of 300 kV, equipped with double aberration correctors and
Super-X EDS detectors. The photoelectrochemical (PEC) properties
were measured on a Zahner PEC workstation (Zahner, Germany).
The cyclic voltammetry (CV) curves were measured by a CHI 660D
electrochemical workstation.

B RESULTS AND DISCUSSION

Catalyst Characterizations. Figure la shows the size-
selected SbSI particles redispersed in water. The XRD
measurement shows that the synthesized needle-like SbSI is
pure and has a orthorhombic phase structure, with the pattern
consistent with the standard Joint Committee on Powder
Diffraction Standards (JCPDS) Card no. 88-0988. The
centrifugation fractions of the SbSI particles have the same
XRD pattern (Figure 1b) but broadened peaks, indicating the
crystal size down to the nanoscale. In aqueous solution, the
color of the SbSI colloidals changes from deep red to orange
for the 500—1800 rpm samples. Accordingly, the UV—vis
absorption peak undergoes a blue shift from ~700 (1.77 eV) to
~500 nm (2.48 eV) (Figure 1c). The 500 rpm sample is not
included because it undergoes rapid precipitation. The SEM
measurement shows that the SbSI of the 500 rpm fraction
contains SbSI particles with an average size of 1.7 um (Figure
2b). Magnified SEM scan and TEM/HRTEM measurements
indicate that those micron particles are aggregates of small
primary SbSI NCs (Figures 2ij and S1—S9). For each fraction,
the average size of the primary SbSI NCs was almost
unchanged, ~80 nm (Figure 2I). The size of the aggregates
is monotonically decreased with higher centrifugation speeds
from microns to <500 nm (Figure S8). Since the crystal
structure is unchanged, the blue shift of the absorption is
suggested to be caused by the quantum confinement effect. It

DOI: 10.1021/acssuschemeng.8b02498
ACS Sustainable Chem. Eng. 2018, 6, 12166—12175


http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.8b02498/suppl_file/sc8b02498_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.8b02498/suppl_file/sc8b02498_si_001.pdf
http://dx.doi.org/10.1021/acssuschemeng.8b02498

ACS Sustainable Chemistry & Engineering

Research Article

40

S o
L

Atom ratio (%)
o

'
o
n

H direction

Figure 3. (a) The EDS mapping of the Sb, S, I, and O of a typical SbSI NC, (b) its HAADF-STEM image, and (c) the corresponding line scan of

the element distribution.
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Figure 4. (2) The XPS survey spectrum; (b) Sb 3d and O 1s spectrum; and (c) S 2p, I 3d, and valence band spectrum of the SbSI samples.

is supported by the fact that SbSI has a huge dielectric constant
around room temperature and therefore an enormous exciton
Bohr radius of 1300 nm, much larger than that of the common
QDs, such as CdSe, PbS, AgS,, or InAs QDs, etc.’” With this
regard, both the size of the primary SbSI NCs and their
aggregates contribute to the quantum confinement effect. SbSI
is an indirect bandgap semiconductor,”" and it is not surprising
to find the samples nonfluorescent.

The HRTEM discovered that all of these SbSI NCs have an
amorphous shell of 3—5 nm and a SbSI crystalline core (Figure
2k). This feature structure is ubiquitously observed in all of the
SbSI fraction samples (Figure S9). The EDS mapping reveals
that the SbSI NCs not only contain antimony (Sb), sulfur (S),
and iodine (I) but also oxygen (O), shown in Figure 3. Figure
3c is the atom distribution of Sb, S, I, and O along the H
direction; the percent ratio data at each point on the H-axis
were obtained from the statistic summary along the line of the
V-axis (red line in Figure 3b). The qualitative analysis depicts
that the S and I percent ratio decreases from the inside to the
shell, while the Sb and O percent ratio shows an increase trend.
This suggests that, in the shell, the O partially substitutes the S
and I. Noting that no Sb,0Oj; crystal phase was detected by the
XRD, HRTEM, and HAADE-STEM, the shell should be an
amorphous quaternary compound SbO,S,I; 5. ,,. EDS map-

ping analysis shows x &~ 1.14 and y & 0.22 (Figure S10 and
Tables S1 and S2).

The XPS survey spectrum of the SbSI samples indicates the
composition of the Sb, S, and I (Figure 4a). Figure 4b shows
that the peaks of Sb 3d,, and Sb 3d;, are located at 529.5 and
539.0 eV, respectively. There is a peak shoulder at around
531.0 eV, which can be fitted with a Gaussian function and
attributed to the O 1s state. Compared with the Sb 3d;/, peak,
the intensity ratio of O 1s is weak for the freshly milled SbSI
powder, while significantly enhanced for the size-selected
samples that treated in water and dried in air. It is supported
by the fact that the freshly milled SbSI NCs protected in
toluene show a crystalline surface without an amorphous shell
(Figure S11). The XPS peak accompanied by Sb 3d;,, within
530—534 eV was also reported to result from the surface states
dependent on temperature and specific crystalline surface.’”
This possibility can be ruled out for the SbSI studied here,
since there are no such coexisted peaks for Sb 3d;,,, I 3ds,,,
and I 3d,,, (Figure 4c). All of the peaks of the Sb 3d, S 2p, I
3d, and valence bands are consistent with the reported values
of SbSL™’

Photocatalytic Performance and Mechanisms of the
SbSI NCs. The photocatalytic performance of the SbSI NCs
was investigated for the degradation of MO, a typical pollutant
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Table 1. Visible Light Photodegradation Efficiencies of MO by Various Photocatalysts®

ref

54
SS
56
57
58
59
21
60
61
62
63
64
65
66
67
68
69
70

71

34
13

this work

photocatalyst
P-,S-g—C;N,: 50 mg
g-C3N,—ZnO: 300 mg
Sb,S;/g—C3N4: 100 mg
Sb,S;: 40 mg
CdS-C: 25 mg
Snln,Sg: 1S mg
BiOBr: 400 mg
ZnO/BiOI: 100 mg
AgBr/GA: 24 mg
Ag/AgCl/SrTiO;: S0 mg
Ag,0/Ag,CO;: S0 mg
Ag,0: 30 mg
Ag/Ag,0: 100 mg
Ag,S—Ag: 8 mg
Ag;PO,: 200 mg
Pt-CaCu;Tiy04,: 100 mg
CNTs/P-TiO,: 100 mg
Bi,WO/TiO,: 20 mg

WS,: 50 mg
black phosphorus: S mg

TiO,(B):C: 50 mg
TiO,(B):I: S0 mg

SbSI NCs 1800 rpm: 50 mg
SbSI NCs 1800 rpm: 50 mg
SbSI NCs 1800 rpm: 50 mg
SbSI NCs 1800 rpm: 200 mg

dye: MO
10 mg/L, 100 mL
4 mg/L, 100 mL
10 mg/L, 100 mL
20 mg/L, 80 mL
5 mg/L, 100 mL
10 mg/L, 80 mL
10 mg/L, 400 mL
10 mg/L, 100 mL
10 mg/L, 10 mL
10 mg/L, 100 mL
20 mg/L, 100 mL
16 mg/L, 10 mL
20 mg/L, 100 mL
S mg/L, 20 mL
8 mg/L, 100 mL
20 mg/L, SO mL
20 mg/L, 250 mL
20 mg/L, 20 mL
20 mg/L, 20 mL
20 mg/L, S0 mL
20 mg/L, 50 mL
6 mg/L, 100 mL
7 mg/L, 102 mL
7 mg/L, 102 mL
30 mg/L, S0 mL
150 mg/L, S0 mL
150 mg/L, S0 mL
150 mg/L, S0 mL

photodegradation efficiency
60 min, 73%, k = 0.021 min™"
80 min, 97%
60 min, 80%
30 min, 97%
40 min, 96.6%
210 min, ~100%
300 min, ~100%
240 min, 78%
8 min, ~100%, k = 0.72 min~"
40 min, 93%
5 min, ~100%, k = 0.92 min ™"
2 min, ~90%
10 min, ~90%
30 min, 92.1%
4 min, ~98%
360 min, 80%
240 min, ~95%
40 min, ~95%
25 min, ~97%
300 min, ~90%
100 min, ~96%
20 min, 90%
40 min, ~84%
50 min, ~62%
10 s, ~99%, k = 0.42 s™!, RT
5 min, ~98%, k = 0.014 s}, RT
30 s, ~99%, k = 0.15 s7}, at 65°
1 min, ~99%, k = 0.095 s}, RT

“Note: XL: Xe lamp; HL: halogen lamp; ML: mercury lamp; and RT: room temperature (~20 °C).

light source, filter

300 W XL, 4 > 420 nm
500 W XL, 4 > 420 nm
350 W XL, 4 > 420 nm
500 W HL, 420 < 1 < 800 nm
500 W XL, 4 > 420 nm
300 W HL, 400 < 1 < 800
300 W XL, 4 > 420 nm
500 W HL, 4 > 420 nm
500 W XL, 4 > 420 nm
300 W XL, 4 > 420 nm
150 W HL, 400 <4 < 660 nm
500 W XL, 4 > 380 nm
300 W XL, 4 > 420 nm
500 W XL, 4 > 420 nm
500 W XL, 4 > 420 nm
300 W XL, 4 > 420 nm
400 W HL, A > 410 nm
300 W XL, UV filtered out
300 W ML, (356 nm)

350 W XL, 4 > 420 nm
300 W ML, (356 nm)

300 W XL, 4 > 600 nm
300 W XL, 4 > 420 nm
300 W XL, 1 > 420 nm
300 W XL 1 > 420 nm
300 W XL A4 > 420 nm
300 W XL 4 > 420 nm
300 W XL 1 > 420 nm

of anionic azo dye resulting from the textile industry. Figure

Sa,b shows the room temperature photodegradation of 30 mg/
L MO under a 300 W Xe lamp and a 420 nm cut-off filter by
using the SbSI NCs of the 1800 rpm fraction. The sampling
shows 96% of the MO was degraded in 6 s, and 99% degraded

in 10 s. The MO concentration after the adsorption

equilibrium was used as the initial concentration (C,). By a

linear fitting of In(Cy/C) to time, the pseudo-first-order rate

constant (k) of the photodegradation was calculated to be 0.42

s~'. With other parameters unchanged, a 98% degradation was
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achieved in 5 min (k = 0.014 s™") for the MO solution with a
high concentration up to 150 mg/L. Table 1 summarizes
reported typical results of the visible light photodegradation
efficiencies of MO by various photocatalysts. The SbSI NCs in
this report achieve an outstanding record performance as far to
date.

Cycling Performance. The photocatalytic cycling property
of the SbSI is fairly good (Figure Sc,d). The HRTEM and
XRD measurements indicate that the structure of the SbSI
NCs remains after the photodegradation cycling (Figures S9
and S12). The EDS (equipped in SEM) measurements show
that the component of the samples is almost unchanged, with
an Sb:S:I ratio of about 1:0.83:0.83 (Figure S13). However,
the XPS analysis suggests the loss of I, from the Sb:S:I ratio of
1:0.75:0.54 to 1:0.75:0.41 before and after the photo-
degradation cycling, respectively (Figure S14). At the same
time, the states of Sb 3d, I 3d, and S 2p present no noticeable
change. The lower ratio of I measured by XPS may due to the
limited detection depth of XPS compared with that of the
EDS, consistent with the EDS mapping results. It means that
the possible oxidization occurs on the surface layer with the
loss of I, which does not change the material structure and
chemical state, thus having little effect on the photocatalytic
performance.

Size Effect. The photocatalytic rate constant basically
increases as the SbSI fractions changes from 500 to 1800
rpm fractions (Figure 6). In extreme cases, the photocatalytic

T T T

0.018 | ' '
1400 rpm160({:pm 1800 rpm
0.016 1200pm N
0.014 | 1000 rpm
5 \I\\I " "
» 0.012+ 800 rpm
E 0.010 -
g 0.008 -
O 0.006 | 500 rpm SbSI 1 g/L
L 9004 g MO 150 mg/L
g Ex.>420 nm
0.002 |- bulk :
n RT
0000 L 1 1 1 1 1
SbSI samples
Figure 6. Photocatalytic rate constant of various SbSI samples for
MO.

performance of the bulk SbSI crystal before milling is much
lower. Two typical fractions of the 800 and 1800 rpm samples
were investigated intensively for comparison. Although the
SbSI NCs of lower rpm values are more effective in absorbing
light at a longer wavelength (Figure 1c), are visibly light active,
and cycle well, the SbSI NCs of higher rpm values have a better
photocatalytic performance. This may due to the size effect of
the SbSI samples. First, the exciton energy of the smaller SbSI
is higher, and the bandgap is wider. Second, a higher specific
surface of the SbSI has a more effective adsorption and
degradation of MO. The BET analysis of the N, adsorption—
desorption isotherms (Figure 7) shows that the BET specific
area of the SbSI NCs 800 rpm is 4.06 mz/g and for the SbSI
NCs 1800 rpm is 10.67 m*/g. The SbSI adsorption of MO in
solution was carried out in the dark with stirring. The spectral
measurements show that the adsorption equilibrium of MO
was established within 20 min. For 150 mg/L MO, the
adsorptions of SbSI NCs 800 and 1800 rpm are 12.7 and
16.3%, respectively; for 30 mg/L MO, the adsorptions of SbSI
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Figure 7. N, adsorption isotherms of SbSI NCs measured at 77 K.

NCs 800 and 1800 rpm are 17.5 and 19.4%, respectively.
Therefore, the decolorization of the MO solution is due to
photodegradation rather than adsorption. A short video of a
control experiment to compare the photodegradation and
adsorption are shown in the Supporting Information.

The transient photocurrent responses of the SbSI NCs 800
and 1800 rpm are shown in Figure 8. The photocurrent—time

2=505nm —— SbSI 800 rpm
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o
< 61 |
2
: 4]
S
o
24

150 200 250 300
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Figure 8. Transient photocurrent responses of the SbSI NCs with the

excitation wavelength of S05 nm.

(I-t) curves were measured with typical on—off cycles with an
intermittent visible light irradiation wavelength of 505 nm. The
experiments were carried out in a 0.1 M Tris-HCI buffer saline
(pH 7.4) containing 0.05 M potassium chloride and 0.1 M
sodium chloride. The working ITO electrode was modified by
the SbSI NCs of the same loading amount. It shows that the
photocurrent value of the SbSI NCs 1800 rpm is significantly
higher than that of the 800 rpm fraction, indicating the higher
carrier generation efficiency of the former. A similar transient
photocurrent response at 430 nm is given in Figure SIS.
Role of Singlet Oxygen. Under the illumination, the SbSI
NCs produce excitons composed of electron (e”) and hole
(h*) pairs, which will induce the reactive oxygen species
(ROS), such as superoxide radicals (*O,”), hydroxyl radicals
(*OH), hydrogen peroxide (H,0,), and singlet oxygen ('O,).
Various scavenging/trapping agents were used to elucidate the
mechanism of the efficient MO degradation: superoxide
dismutase (SOD) for *O,~, isopropanol for *OH, catalase for
H,0,, carotene, and sodium azide (NaNj) for singlet oxygen.
Figure 9a suggests that all of these ROS exist for the visible
light degradation. By adding scavenging/trapping agents of
SOD, isopropanol, and catalase, the photodegradation
efficiency in S min decreases from 98 to 82, 78, and 81%,
respectively, indicating that *O,~, *OH, and H,0O, have minor
contributions. While by adding carotene or sodium azide, the
photodegradation efficiency in S min drastically decreased to
27 or 21%, respectively. Therefore, 'O, is the dominant factor
for the MO photodegradation. 'O, was also detected by a
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widely used method, the bleaching of 1,3-diphenylisobenzofur-
an (DPBF), characterized by the absorption decrease at 410
nm (Figure 9b). The existence of 'O, was further confirmed by
the EPR characterization. The 2,2,6,6-tetramethylpiperidine
(TEMP) was employed as the 'O, trapping agent in SbSI NC
solution under visible light irradiation (>420 nm). 'O, was
trapped by TEMP to form 2,2,6,6-tetramethylpiperidine-N-
oxyl (TEMPO), which shows clear 1:1:1 triplet EPR signals
(Figure 9¢). The SbSI NC 800 rpm has the lowest signal
intensity among the samples (SbSI S00 rpm precipitated
during measurement and no EPR signal was obtained),
consistent with the size effect.

Nanocrystal Structure. From the view of the core/shell
energy structure, some possible mechanisms for the high
photocatalytic performance of these SbSI NCs may relate to
the SbO,S 15 ;. », (x & 1.14, y & 0.22) shell. Since the atom
ratio of O is dominantly higher than S and I in the shell, it
could be regarded as the S- and I-doped amorphous Sb,0Os;.
The amorphous Sb,0; has a wide bandgap of ~3.8 eV.””
Therefore, it is likely to have the type-I structure; the Sb,0;
valence band is lower and the conduction band is higher than
that of the SbSI. Theoretically, the type-I structured materials
should not be a better photocatalyst than bare SbSI NCs,
because the shell with a wide bandgap confines the exciton in
the core and acts as a physical barrier that hinders the access of
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photo-generated charges to the surface and solvent. In this
condition, the charge carriers would reach the shell surface by
the tunneling mechanism (Figure 9d). Meanwhile, the shell
may also passivate the SbSI surface trap states, leading to a
longer lifetime of photon excited electron—hole pairs. This
could be favorable for the photocatalysis. A similar passivation
function has been demonstrated for various type-I core/shell
NCs as a better photocatalyst than the core material, e.g.,
CdSe/CdS and CdS/ZnS.”*~"® Another possible mechanism is
associated with the intrinsic feature of the S and I doping in the
amorphous shell, which may induce additional defect states
located within the amorphous Sb,O; bandgap. When part of
these interband states lies between the bandgap of the SbSI
core, the charge carriers may transfer to the shell surface by
this pathway (Figure 9e). In the case that the interband states
match the electron or hole transfer solely, the type-II structure
is formed. It would lead to efficient charge separation between
the core and shell, which will promote the photocatalytic
performance. Both the charge tunneling and defect states
facilitated charge carrier transfer mechanisms, together with
the energy transfer mechanism, they could be responsible for
the generation of '0,.”””® It should be mentioned that the
surface of the SbSI NCs is relatively clean, since no organic
chemical is introduced during the milling and size selective
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centrifugation. The free organic ligands offer more adsorption
sites for the dye and oxygen.

Temperature. Known as a ferroelectric, SbSI has a Curie
point at around 22 °C, with the ferroelectric axis as the c-axis.
It would be interesting to figure out how the photodegradation
of the dye affected the spontaneous polarization of SbSI NCs
below and above the Curie temperature. To assume that the
intrinsic electric dipoles will interact with the photon-excited
electron—hole pairs to separate them, a longer lifetime could
be possible for a temperature lower than the Curie point, thus
promoting the photocatalysis. The visible light degradation of
MO (150 mg/L) by SbSI NCs 1800 rpm shows that, at lower
temperature of 2—6 °C, it takes 5 min to reach an ~94%
degradation (k = 0.011 s™'); at ~20 °C, it results in ~98%
degradation in S min (k = 0.014 s7'); and at higher
temperatures of ~65 °C, it takes only 30 s to get ~99%
degradation (k = 0.15 s7'). The rate constant to temperature is
well fitted to the first-order exponential function, as shown in
Figure 10. It suggests that the spontaneous polarization is not a
major factor for the photodegradation. The temperature (T)
dependent rate constant (k) can be explained by the activation
energy in an Arrhenius equation:

k= Ae B/RT (1)

where A is the pre-exponential constant, E, is the activation
energy for the reaction, and R is the gas constant. By fitting the
k—T data, E, is deduced to be 40.1 kJ/mol, a typical value
comggarg;i with photodegradation of azo dyes of 20—80 kJ/
mol.””~

Concentration and Light Wavelength. Besides the temper-
ature, the photodegradation rate constant depends on the
concentration of SbSI NCs. By using a higher SbSI NC
concentration, the visible light photodegradation of MO can be
even faster and vice versa (Figure S17). With the SbSI NC
concentration of 4 g/L, the 150 mg/L MO can be ~99%
degraded in 1 min at room temperature. Experiments also
revealed that the good photocatalytic performance of the SbSI
NCs extends to the UV spectrum. Under the UV light or full
spectrum light, the SbSI NCs exhibit distinctly higher
photodegradation of MO than that of the TiO, (P25) NCs
(Figures S18 and S19). However, the SbSI NCs show no
obvious photocatalytisis for MO under a 6 W NIR LED lamp
of 850 nm.

B CONCLUSIONS

In summary, a strategy of ball-milling followed by size selective
centrifugation was developed to prepare SbSI NCs. These SbSI
NCs show an UV-—visible photo activity, especially a
surprisingly high visible light efficiency for photocatalytic
degradation of MO. The nano structure, size, and temperature
together with the efficient generation of singlet oxygen are
important factors for the outstanding visible light photo-
catalytic performance. The elemental resource abundance,
good cycling performance, and simple and low cost of the ball-
milling process are conductive for its industrial applications. In
addition to be used as a catalyst for pollutant water treatment,
application potentials of the SbSI NCs in light-assisted air
cleaning, catalytic synthesis, and photodynamic therapy are
also expected due its effective generation of singlet oxygen.
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