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Charge Separation in Facet Engineered Chalcogenide
Photocatalyst: A Selective Photocorrosion Approach

Naixu Li*f Maochang Liu,"t Zhaohui Zhou,”+ Jiancheng Zhou,** Yueming Sun,® and
Liejin Guo®*

Finding of active sites for photocatalytic reduction and oxidation allows the mechanistic
understanding towards a given reaction, ensuring the rational design and fabrication of an
efficient photocatalyst. Herein, using well-shaped Cu,WS, decahedra as model
photocatalysts, we demonstrated that photoinduced oxidative etching could be taken as an
indication to the photooxidation reaction sites of chalcogenide photocatalyst as it only
occurred on {101} facets of Cu,WS, during photocatalytic hydrogen production. The
photocatalytic reduction reaction, in contrast, was confined on its {001} facets. Based on
this finding, the photocatalytic activity of Cu, WS, decahedra could be further tailored by
controlling the ratio of {001}/{101} facets. This work thus provides a general route to the

determination of reactive sites on shaped chalcogenide photocatalysts.

Introduction

Semiconductor-based solar hydrogen production has been
widely accepted as a potential alternative for the future
addressing the unprecedented increases of world energy and
environment demands.!! Although the emergence of the
concept can be traced back to the groundbreaking work on the
photo-electrochemical water splitting over Pt/TiO, electrodes
by Fujishima and Honda in 1972, only within the last decade
have great advances become available on the photocatalytic
activity and stability.”) Various kinds of photocatalysts,
including sulfides, oxides, nitrides, metallic oxides, and their
combinations have been successfully developed.®! Yet, there
is still a far way in approaching the industrial application.
Generally, upon excitation by light irradiation, there are
two choices for the generated e’/h" pairs: i) migrated and
separated on the surface of the semiconductor crystal to
trigger reduction/oxidation reactions; ii) recombined in the
bulk before arriving at the surface of the semiconductor
crystals, which is highly undesired.™® 29 One of the keys to
improving the photocatalytic activity is the successful design
of semiconductor-based architectures with effective charge
separation.B® 4 In fact, the fate of photogenerated e /h* highly
relies on the surface structure of the given photocatalyst.[]
Recently, studies have been carried out on well-shaped
single-crystal oxide, like TiO, and BiVO,. Both experimental
and computational studies suggested separated photoinduced
reduction and oxidation sites on different facets, and thereby
enhanced charge separation.[Sd’ 81 For anatase TiO, single
crystal, {001} facets were found to be active for an oxidation
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reaction, while {101} facets were responsible for a reduction
reaction.®% %&1 | j et al. also reported that photoexcited e/h*
could be effectively separated on {010% and {110} facets of
monoclinic BiVO, single crystals.[5a Fundamentally, the
successes are based on the observation of spatial separation of
photogenerated charges over different crystal facets of the
semiconductors with an in-situ photoreduction/oxidation
procedure.’? %4 591 For example, to determine the site of
photoinduced oxidation reaction, soluble Mn(ll) or Pb(ll)
precursors (typically in the form of Mn(NOj3), and Pb(NO3),)
as sacrificial reagents should be used with MnO, or PdO,
selectively deposited on the certain crystal facets. However, it
could become a failure when the photocatalysts are sulfides as
the Mn(ll) or Pb(ll) salts can reacted with S? from the
photocatalyst. This will essentially destroy the surface
structures of the photocatalyst without indicating the
oxidation reaction sites. Consequently, it is highly valued to
extend the method as well as develop novel methods to
narrow-band-gap based chalcogenide photocatalysts, which
usually exhibit much higher photocatalytic activity towards
solar hydrogen production.

Herein, with the use of decahedral Cu,WS, single crystals
as a model chalcogenide photocatalyst, we reported that
photoinduced oxidative etching, which is known to be
detrimental to the integrity of semiconductor crystal surface
and suggested to be avoided, could be used to determine the
reaction site of photocatalytic oxidation on the surface of
chalcogenide photocatalysts. Furthermore, we successfully
demonstrated that energy-driven vectorial charge transfer
could be reached between adjacent {001} and {101} facets.
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Our results therefore provide a novel approach to studying
crystal-facet engineered charge separation over shaped

chalcogenide photocatalysts during the photocatalytic process.

Experimental Section

Chemicals and Materials. Cuprous chloride (CuCl), sodium
tungstate  dihydrate  (Na;,WO, 2H,0),  thioacetamide
(CH3CSNHy), ammonium hexachloroplatinate ((NH,)2PtClg),
ammonium hexachlororuthenate ((NH4),RuClg), manganese
(1) nitrate (Mn(NOs),, 50 % solution), lead (Il) nitrate
(Pb(NOs3),), sodium sulfide (Na,S), sodium sulfite (Na,SOs3),
ethanol (CH3CH,OH), and polyvinyl pyrrolidone (PVP, MW
~ 55,000) were used as received. The water used in all
syntheses was de-ionized water with a resistivity of 18.2
MQ-cm.

Synthesis of Cu,WS, decahedra. Cu,WS, was prepared by
hydrothermal synthesis. In a typical process: Na,WQO, 2H,0
(0.005 mol), CuCl (0.01 mol) and thioacetamide (0.025 mol)
were added to the solution containing deionized water (30
mL) and ethanol (30 ml) with magnetic stirring to form a
homogeneous suspension. The reaction mixture was then
sealed in a 100 mL capacity teflon-lined stainless steel
autoclave. The sealed mixture was heated at 200 °C for 72 h.
After cooling, the product was separated by centrifugation,
washed with deionized water and ethanol several times, and
dried at 80 °C for 4 h in a vacuum oven. Cu,WS, decahedra
prepared in this standard process were found with moderate
percentage of {001} facets (See Figure 1). If we add 1.11 g of
PVWP into the standard reaction, we can obtain Cu,WS,
decahedra with large {001} surface coverage (see Main Text,
Figure 8C). If we use deionized water (20 mL) and ethanol
(20 ml) in the standard synthesis, the obtained Cu,WS,
decahedra will be with small coverage of {001} facets (see
Main Text, Figure 8A).

In-situ synthesis of Pt/Cu,WS, photocatalyst. Typically,
the as-prepared Cu, WS, was dispersed by a magnetic stirrer
in an aqueous (180 mL) containing Na,S (0.35 M) and
Na,SO3 (0.25 M), a certain amount of (NH,4),PtClg with 0.5
wt% or 5 wt% Pt/catalyst was then added into solution. The
obtained suspension was irradiated by Xe lamp for several
hours. After reaction, the product was separated by
centrifugation, washed with deionized water several times,
and dried at 80 °C for 4 h in a vacuum oven.

Synthesis of Ru/Cu,WS,;, MnS/Cu,WS,, PbS/Cu,WS,
photocatalysts. The process is similar to the synthesis of
Pt/Cu,WS, photocatalyst except using (NH;),RuClg,
Mn(NO3), (50% solution), or Pb(NOj), instead of
(NH,)2PtClg.

Synthesis of Pt-Cu,WS,; photocatalyst without light
irradiation. The process is similar to the synthesis of
Pt/Cu, WS, photocatalyst except adding 100 mg ascorbic acid
as reductant, and without light irradiation.

2 | J. Name., 2012, 00, 1-3

Photocatalytic reactions. Photocatalytic reactions of
hydrogen production from water were conducted in a gas-
closed system with a side irradiation Pyrex cell (using CHF-
XM500 Xe lamp irradiation) at 35 °C. The photocatalyst
powder (0.2 g) was dispersed by a magnetic stirrer in an
aqueous (180 mL) containing Na,S (0.35 M) and Na,SO3
(0.25 M) as hole scavengers. The photocatalysts were
irradiated with visible light through a cutoff filter (A > 430
nm) fromthe Xe lamp. The intensity and number of photons
of the two light sources were measured by a fiber optic
spectrometer. The amount of H, gas was determined using
online thermal conductivity detector (TCD) gas
chromatography (NaX zeolite column, TCD detector, N,
carrier) or drainage. Blank experiments showed that no H,
was produced, indicating the reaction catalytically proceeded.

Computational modeling. The electronic structures of {001}
and {101} surfaces of I-Cu,WS,; were studied by quantum
chemical calculation, within density functional theory
formalism. All calculations were performed using Vienna ab
initio simulation package (VASP). An energy cutoff of 300
eVand K-points meshes of 9 x9 x1and 5 %9 x lwere used
for geometry optimization of {001} and {101 surfaces. The
optimization was carried out until the force on each atom
became < 0.02 eV/A. The surfaces, i.e., {001} and {101}
facets, were constructed from an optimized unit cell of I-
Cu,WS,. The surfaces were converted into a three-
dimensional periodic structure by adding 20 A vacuum slab.
The width of the slab was ~25 A and 13 A for {001} and
{101} surfaces, respectively. The band structure and partial
density of states of both surfaces were calculated and
compared for analysis.

Instrumentation. X-ray diffraction (XRD) patterns of
prepared photocatalysts were confirmed by an X’Pert PRO
diffractometer using Cu Ka (A = 0.1538 nm) irradiation with
constant instrument parameter. And all the samples were
scanned between 10 <and 90 < with a step size of 0.033 °.
Diffuse reflectance ultraviolet-vis (UV-vis) spectra were
measured on a Hitachi U-4100 spectrometer, equipped with a
lab-sphere diffuse reflectance accessory. The crystallite
morphologic micrographs were observed by JEOL JSM -
7800F field emission scanning electron microscopy (SEM)
and FEI Tecnai G2 F30 transmission electron microscope
(TEM). The selected-area electron diffraction (SAED) was
also performed on FEI Tecnai G2 F30 TEM. The X-ray
photoelectron spectroscopy (XPS) measurements were
conducted on an Axis Ultra, Kratos (UK) multifunctional
spectrometer using monochromatic Al Ka radiation.

Results and Discussion

Generally, the use of starting semiconductor crystak with a
well-defined shape enclosed by specific facets allows us to
precisely track the photocatalytic process by analyzing the
shape of the products obtained after the reaction. On the other
hand, element in metastable state, e.g., Cu(l), asa component
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Figure 1. Cu,WS, decahedra prepared using a standard procedure.
A,B) SEM, C) TEM, and D) high-resolution TEM images of
Cu,WS, photocatalysts. E-H) XPS analysis of the Cu,WS,
photocatalyst with E) survey, high resolution XPS spectra of F) S,
G) W, and H) Cu. Inset in (D) shows the atomic model view from
[001] direction. Scale bars in (A-D) are 2 um, 500 nm, 1 um, and 2
nm, respectively.

of the photocatalyst, enables rapid evaluation on stability
associated photocatalytic behavior. To this end, 1-Cu, WS,
decahedra enclosed by {001} and {101} facets, which have
been reported in one of our recent studies (and also see
Figures 1 and S1 for detailed characterization), were then
employed as the model chalcogenide photocatalysts.m The
exposed facets were further confirmed by SAED pattern
viewed from [010] direction of a single-crystal Cu,WS,
decahedron (Figure S2). The peaks centered at 162.9/161.8
eV, 35.4/33.3 eV, and 952.7/932.8 eV shown in Figures 1F-H
are typical binding energies for S, W, and Cu in their valence

This journal is © The Royal Society of Chemistry 2012

Nanoscale

ARTICLE

states of -2, +6, and +1, respectively. In addition, the
symmetric shapes of all peaks for the three elements also
imply a well-structured crystal surface of Cu,WS,.
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Figure 2. Effect of photoinduced oxidation reaction on the
morphologic transition pattern of a Cu,WS, decahedron in Na,SO3
or Na,S/Na,SO3 solution. A) Atomic and 3-dimension models of a
single Cu,WS,; decahedron. B) Atomic models for the shape
evolutions of Cu,WS, decahedra after the photo-reaction using
Na,SOzand Na,S/Na,SO5 as sacrificial reagents, respectively.

Basically, I-Cu,WS, is fabricated by Cu-S; and W-S,
tetrahedral units. Figure 2A shows the atomic and
corresponding 3-dimension models of a Cu,WS, decahedron
viewed from [001], [101], [200], [111], and [110] directions.
It is obvious that both {001} and {101} surface showed
significant deviations from their counterparts inside the
crystal, containing broken Cu-S; or W-S,; tetrahedrons. In
particular, the change on surface atom configuration at
different crystals facets will impact the electronic structures
of these surfaces, leading to a unique charge-transfer behavior
at the conjunctions of {001} and {101} facets.’® & The
conjecture was further evidenced by a first-principle density
functional theory (DFT) calculation on the electronic
structures of {001} and {101} facets. Partial density of states
(DOS) over single-element contribution (Figure S3) showed
that valence band (VB) at the shallow level (near the band
gap) was mostly composed of S 3p and Cu 3d orbits, whereas
S 3p, W 5d, Cu 3d orbits constituted the conduction band
(CB). Taken together, the total DOS plots over the {001} and
{101} facets were generated in Figure 3A. Despite the similar
shape of the DOS curves, many tiny discrepancies including
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Figure 3. Calculated band structure of Cu,WS, decahedron. A) Total
levels.

DOS of {100} and {101} facets, and B) the corresponding energy
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Figure 4. Surface charge separation on {100} and {101} facets revealed by introducing photoinduced oxidative etching and Pt/Ru as
indications for oxidation and reduction reactions, respectively. A-C), TEM images of the recovered Cu,WS,, 5 wt% Pt/Cu,WS,, and 5 wit%
Ru/Cu, WS, photocatalysts after hydrogen evolution reaction for 5 h with Na,S/Na,SO; as sacrificial agents, and D-F), with only Na,SO3as
sacrificial agents. Arrows in (D-F) indicate the etched {101} facets. Insets are corresponding 3-dimension models. Scale bar in (F) is 500 nm

and can be applied to (A-E).

the valence band maximum (VBM) and conduction band
minimum (CBM) between the {001} and {101} facets were
noticed. Although the calculation was conducted on isolated
{001} and {101} facets, the already existed energy
differences of them caused by the surface formation will do
make charge separation available once these facets are
coupled on a single crystal.’® > #d The corresponding band
alignment of {001} and {101} facets was schematically
shown in Figure 3B. The obtained band offsets of CBand VB

This journal is © The Royal Society of Chemistry 2013

are ca. 80 meV and 60 meV for {001} facets relatively to
{101} facets, respectively, indicating the formation of type-II
staggered band alignment around the connection of the two
kinds of facets. According to many reported results on TiO,
and BiVO, photocatalyst, it is reasonable to expect vectorial
transfer of photogenerated electrons from {101} to {001}, or
vice versa for photogenerated holes.*

Typically, photocatalytic hydrogen production over
chalcogenide semiconductors should be carried out in the

Nanoscale,2013,00,1-3 | 4
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presence of sacrificial agent, usually in the form of %" or $%
/1SO3%". Figure 2B schematically illustrates the photocatalytic
process over the decahedral Cu,WS, single crystals in the
presence of SO5%” or $?7/S05%". We assume that, upon visible-
light irradiation, photogenerated electron migrates to the
{001} surfaces and participates in the reduction reaction. The
process can be certified by in-situ loading noble metal
nanoparticles, such as Pt and Ru.B% % The holes, in contrast,
can move to the {101} facets, leading to an oxidation of S
into S°. Notably, without S?° (sacrificial agent only in the
form of SO5%), the holes accumulated at {001} facets will be
consumed slowly. As a result, S and Cu* from Cu-S,
tetrahedrons of {101} facets may be oxidized and thus etched
by the concentrated positive charges, leading to a collapse of
the {101} surface. In other words, {101} facets will gradually
tend to be rough (Figure 2B, situation i). If the photocatalytic
reaction conducted in the presence of S%/S04%", the excited
holes will be quickly consumed by surface absorbed S° ions
from the solution, avoiding the oxidative etching of Cu,WS,
itself. In this case, smooth {101} facets could be maintained
without subjecting surface corrosion (Figure 2B, situation ii).

Figure 5. A) SEM and B) magnified SEM images of 5 wt% Pt-
Cu,WS, photocatalyst with Pt reduced by ascorbic acid and without
light irradiation. The uniform distribution of Pt nanoparticles on both
{001} and {101} facets indicates the non-facet selectivity of the
deposition.

We then carried out a series of experiments according to
the above rationales. The photocatalytic behavior was
investigated with or without adding Na,S, allowing us to in-
situ check the oxidation reactions easily, and thereby the
corresponding reactive sites. In a standard photocatalytic
reaction, we mixed a suspension of Cu,WS, decahedra
(serving as the photocatalysts) with Na,SO; (0.25 M) or Na,S
(0.35 M)/Na,S0; (0.25 M) as a sacrificial agent in water (as
both solvent and oxidant), together with an irradiation from a
350 W Xe lamp (coupled with a 430-nm cutoff filter). Figure
4 shows SEM images of the obtained Cu, WS, single crystals
after a 5-hour photocatalytic reaction. Figure 4A represents
the resultants with Na,S/Na,SO; as sacrificial agent. Clearly,
no notable changes were observed, indicating the well
maintained surface structures of the decahedra. Noble-metal
precursors, e.g., (NH4),PtCls, (NH4)sRuCls, can be
photoreduced into their metallic species onto the surface of
semiconductor crystals and further serve as electron
captures.l” ®1In other words, by in-situ photoreduction of

This journal is © The Royal Society of Chemistry 2012
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Figure 6. Comparative study on the XPS spectra of A) S 2p and B)
Cu 2p over the shape-maintained Cu,WS, decahedral photocatalyst
(gray line) and the etched one (green line) after the reaction. Red
dashed circles indicate the surface chemical states of the elements
were changed over theetched sample.
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Figure 7. SEM and XPS images of as-prepared A,B) 5 wt%
MnS/Cu,WS,, and C,D) 5 wt% PbS/Cu,WS, nanocrystals. Clearly,
different from what they have performed in oxide photocatalysts,
xMn(Il) and Pb(ll) precursors cannot employed to determine the
oxidation reaction sites in chalcogenide photocatalysts.

noble metals, one can track the photoreduction sites by
analyzing the region where the metals are deposited.®* 5 %I
As shown in Figure 4, B and C, metallic Pt and Ru, as also
validated by X-ray photoelectron spectroscopy (XPS) analysis
(Figure S4), were mostly deposited on the {001} facets.
Particularly, our designed experiment by direct chemical
reduction, with the observation of deposition of Pt on both
{001} and {101} facets in a non-irradiated reaction (Figure 5),
indicated that the selective photoreduction of the noble metals
was independent on the chemical difference, such as
adsorption/desorption behaviors of reactant additives, atom
coordinations, between the two kinds of facets.®* % 1
Nevertheless, when these reactions were carried out in the
absence of Na,S, namely with only Na,SO; as sacrificial

Nanoscale,2012,00,1-3 |5
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reagent, similar phenomena were observed on {001} facets,
however, significant corrosions arising from photooxidative
etching were also noticed on the {101} facets. By further
studying the XPS analysis of the recovered products in Figure
4A and 4D, slight changes on S 2p and Cu 2p scans, as
expected, were only observed on the etched sample (Figure 6),
reflecting the oxidation-induced variation on surface

elemental chemical states.™'! We also checked the use of
soluble Mn (I) and Pb (Il) as sacrificial reagents. As
expected, both Mn (II) and Pb (Il) were homogeneously
deposited on the entire surfaces of the decahedra in the form
of MnS or PbS (Figure 7) without showing the photoinduced
oxidation sites, confirming our prediction.

Intensity (a.u.)
———

Figure 8. Morphology and crystal structure of Cu,WS, decahedra
prepared by different methods. A-C) SEM images of the Cu,WS,
decahedra with (A) small, (B) moderate, and (C) large {001} surface.
D) Corresponding XRD patterns of Cu,WS, decahedral
photocatalysts with different ratios of {001} and {101} facets. We
again include Cu, WS, decahedra prepared by a standard synthesis
(with moderate {001}-facet coverage) as a reference.

The above experimental results clearly validated our
hypothesis shown in Figure 2B. Specifically, {001} facets
provided the sites for reduction, while the photoetched {101}
surface is a clear indication of oxidation active sites. It is
believed that the activity of photocatalytic H, production
undergoes a kinetic control with a determining reaction step,
i.e., reduction or oxidation. Regulation on the corresponding
reactive sites therefore offers a versatile way of the
understanding of the reaction kinetics.*® 21 To this end,
Cu, WS, photocatalysts enclosed with controlled {001} and
{101} facets were prepared with similar method. Figure 8A-C
shows the representative SEM images of the decahedra with
smaller (Figure 8A), moderate (Figure 8B, standard synthesis)
and larger (Figure 8C) {001}-facet coverage. Due to the
limited control of the synthesis, the growth mechanism is still

6 | J. Name., 2012, 00, 1-3
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not clear and to be elucidated. However, the current results
strongly suggest that the high reaction pressure is
considerably important to the formation of larger {001}
surface. The crystal structure was also measured using X-ray
diffraction (XRD, Figure 8D). All three samples displayed
similar crystallinity and the same crystal structure that
belonged to the I-42m space group.[! Although the uniformity
of those samples needed to be improved as indicated in the
SEM images, our comparative study on the crystallinity of the
three samples with the continuous increment of the intensity-
ratio of 002 and 101 peaks (normalized according to 002
diffraction), provided another evidence on the enlargement of
{001} surface.t?

250
—_ | == Without Pt
£ = With Pt
g 200 161.9
E ;1382
o 150+ > N
© ] 105.1
c 4
S 1004 =
3 45 -
o 504 4 8.8
% 25 4.2 ‘
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Figure 9. Visible-light-driven hydrogen production rates with or
without Pt (0.5 wt%) co-catalyst for 5-h test over the as-prepared
decahedra with small, moderate, and large {001} facets.
Photocatalytic reaction condition: Catalyst: 0.2 g, 180 mL aqueous
solution containing 0.35 M Na,S and 0.25 M Na,SO;, side
irradiation Pyrex cell, cutoff filter (A > 430 nm), CHF-XM 500 Xe
lamp. Error bars are standard errors of three tests (n= 3).

Finally, we examined the photocatalytic performance of the
as-prepared Cu,WS, decahedral photocatalysts to study the
effect taken by the separated reaction sites, as well as the
changes on the ratio of {001}/{101} facets. As shown in
Figure 9, without the presence of noble metal co-catalyst,
only a small amount of hydrogen was detected. However, the
decahedra with larger {001}/{101}-ratio showed improved
photocatalytic H, evolution rate. Together with electron-
inductive behavior of {001} facets, it is believed that the half
reaction, namely photoreduction reaction should act as the
kinetically determining step during the hole-scavenger
contained photocatalytic procedure. More importantly, after
0.5 wt% Pt was in-situ deposited, hydrogen evolution rates
for all samples was further improved ca. 20 times, which is
ascribed to the synergistic effect of selective Pt-deposition on
{001} facets and the reduction nature of {001} surface.®¥ On
the other hand, the significant improvement reveals the great
distinction between the rates of photoinduced reduction and
oxidation, indicating that very few oxidation sites are required
in the reaction.

This journal is © The RoyalSociety of Chemistry 2012
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To evaluate the effect of surface area for this reaction, we
firstly measured the surface area of the samples, with 1.501
m/g, 2.103 m’/g, and 3.372 m’/g for the decahedra of
smallest, larger, and biggest {001}/{101} ratios, respectively.
Interestingly, using 0.1 g photocatalyst shown in Figure 8C,
the hydrogen evolution rate is 138.2 pmol/h (Figure 9), which
is about 3 times of the smallest-{001} decahedra shown in
Figure 8A (while the total surface areas of the two samples
are nearly the same). It is therefore believed that, compared to
the surface area, the change of {001}/{101} should play a
more important role to the photoreactivity. In addition, time-
coursed hydrogen production test was also carried out using
Cu, WS, decahedral photocatalysts synthesized via a
surfactant(PVP)-assisted hydrothermal method. The result
was shown in Figure S5. Clearly, no notable deactivation for
hydrogen production was observed. The well maintained
stability of the reaction for over 20 hours indicates the
negligible impact of residual PVP in the sample. Significantly,
SEM image of the recovered samples implies the reaction is
indeed photocatalytically proceeded (Figure S6). Taken all,
we believe that facet engineering offers a novel approach to
qualitatively or even quantitatively studying the kinetics of a
given photocatalytic reaction.

It is worth pointing out that we also tried to measure the
photocatalytic oxidation activity of {101} facets by using 103",
AgNO;, and K,S,0g as electron scavengers, respectively.
However, no oxidation products, e.g., O,, was detected. It is
considered that for chalcogenide photocatalyst, photoinduced
self-corrosion occurred rather than oxidation of OH". Despite
of this, we still expect the development of a method to the
evaluation of the oxidation abilities of shaped chalcogenide
photocatalysts.

Conclusion

In summary, we have shown, for the first time, photoinduced
oxidative etching could indicate the photooxidation reaction
sites of chalcogenide photocatalyst. The investigation relies
on the use of single-crystal Cu, WS, decahedral photocatalysts
and the observation of separated metal deposition and
oxidative etching over {001} and {101} facets caused by
photoinduced reduction and oxidation, respectively.
Significantly, with the well adjusted reaction active sites
according to the reaction Kkinetics, i.e., the ratio of
{001}/{101} facets, photocatalytic activity could be further
enhanced. Our work thus provides a facile way to judge the
redox reaction sites of chalcogenide photocatalysts and
enhancing their activity by surface-facet engineering. We
believe the use of etching provides a new approach to
revealing the photocatalytic oxidation reactions over certain
crystal facets, towards which, one can rationally design and
fabricate a given chalcogenide photocatalyst with desired
crystallinity in terms of both stability and activity.
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