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ABSTRACT: Vacancy control can significantly enhance the

performance of photocatalytic semiconductors for water
purification. However, little is known about the mechanisms

and approaches that could generate stable large vacancies. - = ol

Here, we report a new mechanism to induce vacancy ) / ’: esBore : 'mes;)}m r//
formation on nanocrystals for enhanced photocatalytic activity: \

the introduction of mesopores. We Synthesized two nano- thickness: ~2.7 nm thickness: 10-20 nm thickness: 3-6 nm
sheet-assembled hierarchical 3D BiOCl mesoporous nano- =V = VoV Vi LI = VoV SV VS Ve,
structures with similar morphology and exposed facets but pe P

different nanosheet thickness. Positron annihilation analysis

detected unprecedentedly large VgV Vg Vy Vi vacancy

associates (as well as V5V Vy) on BiOCl assembled from > >
3—6 nm nanosheets but only Vi V& Vg vacancy associates on
BiOCl assembled from thicker (10—20 nm) nanosheets.
Comparison of vacancy properties with 2D ultrathin 2.7 nm nanosheets (with VE V'V and Vi) indicates that nanosheet
thinness alone cannot explain the formation of such large atom vacancies. On the basis of density functional theory computations
of formation energy of isolated Bi vacancy, we show that mesopores facilitate the formation of large vacancies to counterbalance
thermodynamic instability caused by incompletely coordinated Bi and O atoms along the mesopore perimeters. We corroborate
that the extraordinarily large VR V& VyVe Ve vacancy associates facilitate photoexcitation of electrons and prevent the
recombination of electron—hole pairs, which significantly enhances photocatalytic activity. This is demonstrated by the rapid
mineralization of bisphenol A (107° M) with low photocatalyst loading (1 g L™"), as well as enhanced bacterial disinfection.
Improved electron—hole separation is also corroborated by enhanced photocatalytic reduction of nitrate.

B INTRODUCTION Recent studies show that the type and abundance of atom
vacancies in semiconductors strongly affect their photocatalytic
activity.”'® The electronic structures of semiconductors can
significantly change at vacancy concentrations as low as one
vacancy per one hundred million host atoms.” Vacancies in
semiconductors can narrow the band gap, which facilitates both

Many advanced processes of environmental significance, such
as water or wastewater treatment and water splitting, are
considering photocatalysis.' > One of the most important
factors determining the efficiency and practical applicability of
semiconductor photocatalysts is the ability to effectively
generate photoinduced electron—hole (e—h) pairs and prevent

their recombination.®”® This has given rise to a growing Received: January 19, 2018
interest in crystal engineering of photocatalytic materials, Revised:  March 26, 2018
including morphological manipulation and doping of nano- Accepted: May 3, 2018
crystals’ *° and control of exposed crystal facets.” >’ Published: May 3, 2018
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photoexcitation of electrons into the conduction band and e—h
recombination.”® However, for photocatalytic materials, the
more important role of vacancies is to serve as adsorption sites
and photoinduced charge carrier traps. Specifically, upon e—h
separation, the charges can easily be transferred to the adsorbed
species, which mitigates e—h recombination.””~*’ Overall, the
vacancy-induced enhanced e—h separation can significantly
facilitate reactive oxygen species (ROS) §eneration and direct-
hole oxidation of target pollutants.”””' Improved e—h
separation can also enhance photocatalytic reduction of
oxidized priority pollutants by photogenerated electrons.”>**
Vacancy control is also a promising way to enhance other traits
of semiconductors, such as electrocatalytic, magnetic, and
thermoelectric properties.34’35

Despite the significance of vacancies for efficient semi-
conductor photocatalysis, little is known about the mechanisms
and engineering approaches that could be used to efliciently
generate stable large vacancies. While vacancies can be
generated from calcination of crystalline semiconductors,
some intrinsic properties of nanocrystals (e.g., crystalinity and
exposed facets) may be altered and their morphology can be
damaged during heating.”® Such unintended effects can be
particularly undesirable for nanosheets, which often display
higher catalytic efficiency. This underscores the need for
improved understanding of mechanisms involved in the
formation of vacancies. Recently, vacancy formation was
shown to be closely related to the thickness of nanosheets: as
the thickness of BiOCl nanosheets decreases to atomic scale,
the predominant defects change from single Bi vacancy (Vg) to
triple vacancy associates (Vi Ve Vii).”” However, it is unknown
whether other nanocrystals properties also significantly affect
vacancy formation.

Here, we report a novel approach to induce vacancy
formation on crystal surfaces to significantly enhance photo-
catalytic performance: the introduction of mesopores. We
chose BiOCl as photocatalytic material because of its layered
structure interleaved with [Bi,O,] slabs and double halogen
atoms slabs.*® This structure not only minimizes recombination
of e—h pairs due to its internal static electric fields but also
facilitates characterization of vacancy types.”’ Positron
annihilation analysis was used to characterize vacancy
formation, and theoretical computations of the formation
energy of isolated Bi vacancy were used to assess the
significance of mesopores for the formation of large and stable
vacancy associates. We also demonstrate that these unprece-
dentedly large vacancies enhance rapid and complete
degradation of bisphenol A (BPA), bacterial disinfection, and
NOj;™ reduction at relatively low photocatalyst loading. This
new approach may advance the design of highly eflicient
photocatalysts.

B EXPERIMENTAL SECTION

Synthesis of BiOCI-1, BiOClI-2, and Ultrathin BiOCI
Nanosheets (UBN). We synthesized two hierarchical 3D
BiOCI mesoporous nanostructures and compared their vacancy
properties and photocatalytic activities. The two BiOCI
nanostructures have similar morphology and exposed facets
but are assembled from nanosheets of different thickness. All
reagents were of analytical grade and used without further
purification. To synthesize BiOCIl-1, 3.0 mmol (146 g) of
Bi(NO;);-SH,0 and 0.0030 mmol (0.30 g) of polyethylene
glycol 10000 (PEG10000) were dissolved in 30 mL of PEG400
by vigorously stirring for 10 min. Then, 3.0 mmol (0.17S g) of
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NaCl was slowly added. After another 10 min of agitation, the
mixture was sealed in a 50 mL Teflon-lined stainless-steel
autoclave and heated at 180 °C for 24 h. Next, the mixture was
gradually cooled to room temperature. A white precipitate was
collected and washed with deionized water and absolute
ethanol, and the product was kept in absolute ethanol for future
use.

To synthesize BiOCl-2, 2.0 mmol (0.970 g) of Bi(NO;);-
SH,0 and 0.82 mmol (0.300 g) of cetrimonium bromide
(CTAB) were dissolved in 25 mL of PEG400 by vigorously
stirring for 10 min. Then, 2.0 mmol (0.117 g) of NaCl was
slowly added. After another 10 min of agitation, the mixture
was sealed in a 50 mL Teflon-lined stainless-steel autoclave and
heated at 150 °C for 15 h. Next, the mixture was gradually
cooled to room temperature. A white precipitate was collected
and washed with deionized water and absolute ethanol, and the
product was kept in absolute ethanol for future use.

The ultrathin BiOCl nanosheets (UBN) were synthesized
using the method of Guan et al.”” First, 1.0 mmol (0.486 g) of
Bi(NO;);-SH,0 was dissolved in 25 mL of 0.1 M mannitol
solution by vigorously stirring for 10 min. Then, 5 mL of
saturated NaCl solution was slowly added, yielding a uniform
white suspension. After another 10 min of agitation, the
mixture was transferred to a Teflon-lined stainless-steel
autoclave of 45 mL capacity, heated at 160 °C for 3 h, and
then cooled to room temperature. The resulting solid powder
was collected by centrifugation and washed with deionized
water repeatedly to remove residual ions. The final product was
then dried at 60 °C for 4 h.

Material Characterization. The X-ray diffraction (XRD)
spectra of the materials were recorded using an X-ray
diffractometer (Rigaka D/max2500) with Cu Ka radiation (4
= 1.54056 A). The X-ray photoelectron spectroscopy (XPS)
analysis was done using a Kratos Axis Ultra DLD XPS. The
morphology of the BiOCl products was characterized with
scanning electron microscopy (SEM) (Nova Nano SEM 230,
FEI) and transmission electron microscopy (TEM) (Tecnai G
F20, FEI). The Brunauer—Emmett—Teller (BET) specific
surface area of the products was analyzed by nitrogen
adsorption using a Tristar 3000 nitrogen adsorption apparatus.
The thickness of ultrathin BiOCl nanosheets was examined
with atomic force microscopy (AFM) (Multimode8, Bruker).

The positron lifetime experiments were carried out using a
fast—fast coincidence ORTEC system (Oak Ridge Technology
& Engineering Cooperation) with a time resolution of ~240 ps
in full width at half-maximum. A 30 uCi source of Na was
sandwiched between two identical samples, and the total count
was 1 million. Positron lifetime calculations were carried out
using the ATSUP method,*® in which the electron density and
the positron crystalline Coulomb potential were constructed by
the non-self-consistent superposition of free atom electron
density and Coulomb potential in the absence of the positron.
We used 3 X 3 X 2 supercells for positron lifetime calculations
of unrelaxed structure monovacancy defects and vacancy
associates in BiOCL To obtain the electron density and the
Coulomb potential due to the nuclei and the electron density,
several self-consistent calculations for electronic structures were
performed with the fitQMCGGA (QMC: quantum Monte
Carlo; GGA: generalized gradient approximation) approach or
electron—electron exchange correlations. To obtain the
positron lifetimes, the GGA form of the enhancement factor
proposed by Barbiellini et al. was chosen.*”
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Photoelectrochemical properties were measured in a three-
electrode configuration, which was composed of a counter
electrode (Pt foil), a reference electrode (saturated calomel
electrode (SCE)), and a working electrode (BiOCI electrode).
The BiOCl electrodes were prepared using a spin-coating
method. First, 50 mg of BiOCI-1 or BiOCI-2 was suspended in
2 mL of ethanol, and the mixture was ultrasonicated for 15 min
to form a homogeneous suspension. Then, the suspension was
spin-coated on a FTO substrate with a rate of 300 rpm for 20 s.
This procedure was repeated 10 times. A 1 M sodium hydrate
was used as the electrolyte. The current—time (i—t) curves
were collected at 0 V vs SCE. A 300-W UV lamp was used as
the light source.

Steady-state photoluminescence (PL) spectra were acquired
on a luminescence spectrometer (Jobin Yvon Fluorolog 3-
TAU). Transient absorption spectra (TAS) of charge carriers
were obtained using the microsecond—millisecond (ps—ms)
time scale laser system. The sample preparation procedures
were the same as those for photoelectrochemical measure-
ments. A PTT GL-3300 nitrogen laser was used as the excitation
source (380 nm, 0.4 mJ pulse™!, 2 Hz, and 1 ns pulse duration),
and a 100 W tungsten lamp provided the probe light. The
signal was recorded with a digital oscilloscope (Tektronix
TDS220) and transferred to a computer for analysis. All TAS
signals were obtained following averaging of 100—300 pulses.

Electrochemical impedance spectroscopy (EIS) was meas-
ured at 0.0 V, using an impedance measurement unit of
workstation in the frequency range of 0.1-10° Hz with a
sinusoidal ac perturbation of S mV. Approximately 0.1 g of as-
prepared BiOCl powder was mixed with 1 mL of 2.5%
PEG20000 solution and stirred for 30 min. A film was then
made using the doctor-blade method on fluorine-doped tin
oxide (FTO) conductive glass to obtain counter electrode
(CE). EIS was executed on dummy cells with a typical
symmetric sandwich-like structure (i.e., CE/electrolyte/CE).

Electron spin resonance (ESR) spectra (to characterize the
photocatalytically generated ROS) were obtained using an ESR
spectrometer (JEOL JES-FA200) at 300 K and 9.062 GHz.

Computational Details. The projector augmented wave
(PAW) approach® was used in density functional theory
(DFT) computations to represent the ion—electron interaction,
as implemented in the Vienna ab initio simulation package
(VASP).*" The electron exchange-correlation functional was
treated using generalized gradient approximation (GGA) in the
form proposed by Perdew, Burke and Ernzerhof (PBE).*” The
energy precision was set to 107° eV, and atomic position was
fully relaxed until the maximum force on each atom was less
than 107* eéV/A. The 500 eV energy cut off was adopted, and
Brillouin zone was sampled with a 11 X 11 X 1 I'-centered
Monkhorst—Pack k-points grid for geometry optimization and
self-consistent calculations.

The BiOCl monolayer was cleaved from the bulk BiOCI
crystal, which belongs to the tetragonal space group P4/nmm
(No. 129). The monolayers with and without pores were
considered to compare the formation energies of a Bi vacancy
within the monolayers. The isolated Bi vacancy was modeled by
moving the appropriate-position Bi atoms from the monolayer,
as schematically illustrated in Figure 3. The BiOCl monolayer
sheet was placed in the xy plane with the z direction
perpendicular to the layer plane, and a vacuum space of 16 A
in the z direction was used to avoid interactions between
adjacent layers.

6874

Photocatalytic Degradation Experiments. The photo-
catalytic activities of the BiOCIl products were evaluated with
the photocatalytic degradation experiments of aqueous bi-
sphenol A (BPA), using an XPA-system photochemical reactor
(Nanjing Xujiang Electromechanical Plant). Photocatalytic
experiments were carried out under UV irradiation at room
temperature. A 300 W Hg arc lamp was used as the light source
to provide the UV light, and the light intensity was ~7 mW
cm™2 In a typical degradation experiment, 0.11 mmol (0.050 g)
of a BiOCl material was dispersed in 50 mL of BPA aqueous
solution (1 X 107> M). Prior to light irradiation, the suspension
was stirred for 1 h in the dark to reach adsorption equilibrium
of BPA on the photocatalyst. Then, the reaction was initiated,
and 4 mL of the suspension was withdrawn every hour and
centrifuged to remove the catalyst. The concentration of BPA
was analyzed using UV-—vis spectroscopy (characteristic
absorption peak of BPA at 4 = 275 nm). The intermediates
from the photocatalytic oxidation of BPA were monitored using
high-performance liquid chromatography (HPLC)/mass spec-
trometry (MS) (Waters Xevo TQ-S) with full scan from m/z
100 to 300 in positive electrospray ionization mode.

Photocatalytic Reduction Experiments. The equipment
used to test the photocatalytic reduction of NO;™ was the same
as that used in BPA oxidation experiments. In a typical
reduction experiment, 0.11 mmol (0.050 g) of BiOCl and 0.05
mmol (0.004 g) of sodium acetate were dispersed in S0 mL of
NO,;~ solution (NaNO; was used as NO,;~ source and the
initial NO;~ concentration was 6.77 mg-N L™"). Prior to
initiating the reduction experiment, argon was bubbled into the
aqueous suspension through a diffuser for 30 min to remove
dissolved oxygen. Samples (4 mL) were withdrawn every 20
min and centrifuged to remove the catalyst, and the filtrate was
analyzed to determine NO;~, NO,~, and NH," concentrations
by ion chromatography (IC, Dionex ICSS000). N, was also
analyzed, using a gas chromatograph (GC, Agilent 7890A-
5973) equipped with a thermal conductivity detector, to
calculate the total nitrogen balance.

Bacterial Disinfection Assays. Overnight cultured E. coli
(DHSa) was suspended in phosphate buffer saline (PBS) to a
final concentration of about 10° cells mL™". BiOCI-1 or BiOCI-
2 (200 mg mL ") was then added into the suspensions, and the
suspensions were irradiated with an ultraviolet analyzer (6 mW
cm ™2, 1 = 365 nm, ZF-S, Kanghua, China) for the indicated
durations. The cells were then stained by propidium iodide (PI,
final concentration of 1 g mL™") for S min and observed by
fluorescence microscopy (BXS1, Olympus, USA). At least 10
fields were examined. The Pl-positive (dead) cells and the total
cells were counted, and the percentage of Pl-positive cells was
calculated for different treatments.

All experiments were carried out in triplicates. Differences
between groups were examined using Student’s t test (p <
0.05). Statistical analyses were conducted using Statistical
Packages for the Social Sciences (SPSS) Version 20.0.

B RESULTS AND DISCUSSION

Two Mesoporous Nanostructures Assembled from
BiOCl Nanosheets of Different Thicknesses Exhibited
Similar Morphology and Exposed Facets but Different
Vacancies. TEM images of BiOCl-1 and BiOCI-2 show that
the flower-like architectures are composed of nanosheets
(Figure 1a,b), with BiOCI-1 having much thinner nanosheets
(3—6 nm) than BiOCl-2 (10—20 nm) (Figures lc,d and S4).
XRD patterns (Figure S1) and XPS analysis (Figure S2)
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Figure 1. Transmission electron microscopy (TEM) images showing
that two nanosheet-assembled 3D nanostructures BiOCI-1 and BiOCl-
2 have similar morphology, but the nanosheets of BiOCI-1 are thinner
than those of BiOCI-2. TEM images of BiOCI-1 (a) and BiOCI-2 (b)
corroborate the presence of flower-like architectures with similar
morphology and size. The thickness of nanosheets in BiOCI-1 is 3—6
nm (c), and the thickness of nanosheets in BiOCI-2 is 10—20 nm (d).
Schematic representations of trapped positrons of Vi Vg Vi Ve Vi (e)
and VE VS VR (f) vacancy associates based on positron annihilation
data.

Table 1. Positron Lifetime Parameters of BiOCI-1 and
BiOCl-2“

nanostructures T, (ps) T, (ps) 7, (ns) I (%) L (%) I (%)
BiOCI-1 268 393 3.57 SS.1 44.7 0.149
BiOCl-2 260 363 2.98 S3.1 46.7 0.156

“r: positron lifetime components of different types of defects. I:
relative intensity of different types of defects.

Table 2. Theoretically Calculated Positron Lifetime ()
Values of Different Types of Defects in BiOCI?
defect type  bulk B VEVS VEVS VEVS Vi
7 (ps) 205 242 248 276

“1: positron lifetime components of different types of defects.

VEVEVE,
260

Figure 2. High resolution transmission electron microscopy (HR-
TEM) images showing that mesopores are present on the nanosheets
of BiOCI-1 (a) and BiOCI-2 (b) but not on the ultrathin BiOCI
nanosheets (UBN) (c). The yellow circles indicate the pores.

indicate that both BiOCI nanostructures are pure tetragonal
BiOCl, and SEM images (Figure S3) corroborate that BiOCI-1

6875

a jisolated Bi vacancy

o
o
o
o
R
4o
R
o
R
+ oo
1t
-

NG G

JASRSRSRSRN!
I T]T

ot o

Ei=7.09 eV Er=2.59 eV

Figure 3. Computational results demonstrating formation of Bi
vacancy is energetically more favorable for nanosheets containing
mesopores. Plot (a) shows the coordination environment of isolated
Bi vacancy. The E; values represent formation energy of Bi atom
vacancy in different types of BiOCI nanosheets, including a 9 nm*
nanosheet without pores (b), a 9 nm” nanosheet with a 0.83 nm? pore
(c), and a 9 nm? nanosheet with a 2.86 nm?* pore (d). A smaller E;
value indicates a higher likelihood of Bi vacancy formation.
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Figure 4. Photodegradation of bisphenol A (BPA) showing higher
photocatalytic activity of BiOCl-1 than BiOCl-2. Panel (a) shows
photodegradation of BPA under UV irradiation (~7 mW cm™, 1 =
365 nm) in the presence of different BiOCI nanostructures (1 g L™');
the initial concentration of BPA was 2.28 mg L™! (107> M). Error bars
represent + one standard deviation from the mean (n = 3). Panel (b)
shows mineralization kinetics of BPA as indicated by the decrease of
total organic carbon (TOC) in the presence of different BiOCl
nanostructures (1 g L™"); the initial TOC concentration was 1.8 mg
L.
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Figure S. Photoreduction of NO;~ was more effective with BiOCI-1
(with larger vacancies) than with BiOCl-2. Experiments were
conducted with 1 g L™ of BiOCI-1 (a) or BiOCl-2 (b), both
irradiated by UV light (~7 mW cm™, 1 = 365 nm). No reduction of
NO,~ was observed in the absence of BiOCl (i.e., UV irradiation
alone) or without UV irradiation (Figure S18). Error bars represent +
one standard deviation from the mean (n = 3).

and BiOCl-2 both consist entirely of uniform flower-like
architectures. High resolution TEM (HR-TEM) analysis
confirm the highly crystalline nature of the two BiOCI
nanostructures (Figure SSa,b), and the corresponding
selected-area electron diffraction (SAED) patterns reveal that
both BiOCI nanostructures have the (001) facet as the
dominant exposed facets (Figure SSc,d). Both BiOCl-1 and
BiOCI-2 are mesoporous materials; the average pore sizes are
11.9 nm for BiOCIl-1 and 12.1 nm for BiOCIl-2 (Figure S6).
The BET surface areas of BiOCI-1 and BiOCIl-2 are 42.1 and
31.9 m’g™", respectively.

We monitored the vacancies of the two BiOCl nanostruc-
tures using positron annihilation (Figure S7). As an accurate
method to characterize defects in solids, positron annihilation
spectrometry can provide information on the type and relative
concentration of defects/vacancies by measuring the lifetime of
positrons, even at the parts-per-million level.*>** Both BiOCI-1
and BiOCI-2 yielded three lifetime components, 7,, 7,, and 7;
(Table 1), based on experimental lifetime of positrons. The
lifetime component 7, is generally attributed to the Bi—O
vacancy associates, whereas the components with longer
lifetimes (7, and 7;) are assigned to the large defect clusters
and the interface present in a material, respectively.”® Larger-
sized defects/vacancies lead to lower average electron density,
thus reducing the annihilation rate and increasing the positron
lifetime.* Thus, a larger 7 value would indicate the presence of
larger defects/vacancies. The measured 7, for BiOCI-2 is 260
ps, corresponding to the Vi V) Vg; vacancy associates, based on
the theoretically calculated positron lifetime values of different
types of vacancies of BiOCI using the atomic superposition
(ATSUP) method (Table 2). In contrast, the experimentally
measured 7; value of BiOCI-1 (268 ps) indicates that BiOCI-1
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Figure 6. Disinfection of E. coli DHSa (10° cells mL™") in phosphate
buffer saline (PBS) was more effective with BiOCI-1 (with larger
vacancies) than with BiOCI-2 (each at 200 mg mL™") under (a) 10
min and (b) 30 min of exposure to UV (6 mW cm™, 4 = 365 nm). N-
Acetyl-L-cysteine (NAC, 1 mmol L") was used as a scavenger for all
ROS species, and t-butanol (1 mmol L™') as -OH scavenger. The
asterisks “*” indicate a significant difference between the groups (p <
0.05). Error bars represent + one standard deviation from the mean (n
=3).

possessed larger vacancies than BiOCI-2. Specifically, besides
Vi Vo Vg, vacancy associates, Vg Ve Vi Vey Vi, vacancy asso-
ciates were also present on the crystal surfaces of BiOCI-1. The
schematic illustrations of V3 Vy Ve Ve Ve and Vi VS Vi
vacancy associates on BiOCI are depicted on the basis of
theoretical calculation of the two types of Bi—O vacancy
associates (Figure lef). The relative intensity (I) of the
positron lifetime provides information on the concentration of
the vacancies. For both BiOCIl-1 and BiOCI-2, the relative
intensity of 7, accounts for over 50% of the total defects,
indicating that Bi—O vacancy associates are the predominant
forms of defects.*™*

Nanosheet Thinness Alone Cannot Explain the
Formation of Large-Sized Vacancies on BiOCl Nano-
structures. When the thickness of BiOCl nanosheets
decreases to atomic scale, the predominant vacancies on
BiOCI crystal surface change from single V§; to larger Vg Ve Vi
vacancy associates.”” Thus, a potential explanation for the
existence of larger vacancies associates (i.e, VEVOVEVE VE)
on BiOCI-1 than on BiOCl-2 might be that BiOCI-1 is
assembled from thinner nanosheets. However, the difference in
nanosheet thickness alone cannot explain this result. The
nanosheet thickness of BiOCI-1, for which large amounts of
VEVSVEVE VE: were detected, is 3 to 6 nm. If nanosheet
thinness were the only factor controlling the formation of large
vacancies, we should not have observed such large vacancies on
BiOCl-1, since they were not detected on the thinner 2.7 nm

DOI: 10.1021/acs.est.8b00352
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BiOClI nanosheets (for which only ViV Vi vacancy associates
were detected).”” To the best of our knowledge, the
extraordinarily large VR V& Vg VE Vg vacancy associates have
never been reported before. Apparently, other factor(s) besides
nanosheet thickness influenced the formation of the unique
large surface vacancies.

Presence of Mesopores Is Vital for the Formation of
Quintuple Vacancy Associates. To understand the potential
role of nanosheet surface morphology in the formation of large
vacancies, we examined the surface features of BiOCl-1 and
BiOCI-2, as well as a 2.7 nm-thick ultrathin BiOCI nanosheet
product (referred to as “UBN” hereafter) synthesized according
to the literature” (detailed characterization data of UBN are
shown in Table S1 and Figures S8—S11). A distinct difference
between UBN and the nanosheets of the two BiOCI
nanostructures is that the surfaces of the latter had much
larger pores. As indicated by the HR-TEM images (Figure
2),"** significant amounts of mesopores were observed on the
nanosheets of both BiOCI-1 and BiOCI-2 but not on UBN.
The pores on the two BiOCI nanostructures were likely formed
during the Ostwald ripening process during crystal formation,
because the nanosheets of the BiOCI products were assembled
from BiOCl nanoparticles. To understand the correlation
between the presence of pores and the existence of vacancies,
we calculated the formation energies, E;, of Bi atom vacancy in
different types of BiOCl nanosheets, including a 9 nm?
nanosheet without pores, a 9 nm? nanosheet with a 0.83 nm?
pore, and a 9 nm” nanosheet with a 2.86 nm* pore (Figure 3).
A smaller E value indicates that the formation of Bi vacancy is
energetically more favorable, resulting in a higher likelihood of
finding Bi vacancies on BiOCl nanosheets. The formation
energy of the Bi vacancy can be defined as™

- Eoriginal

Ef = EBi—vacancy + ”Bi

where E,i is the total energy of the BiOCl monolayer
without Bi vacancy; Ep; yacancy is the total energy of the BiOCl
monolayer with an isolated Bi vacancy; pig; is the energy of one
Bi atom taking into account the spin effect (1.32 eV). The
calculated E; values are 9.83 eV for the nanosheet without
pores, 7.09 eV for the one with a 0.83 nm” pore, and 2.59 eV
for the one with a 2.86 nm” pore. The order of E; values
indicates that Bi vacancies on BiOCI nanosheets should be
energetically more favorable for nanosheets with pores, which is
consistent with the experimentally determined vacancy proper-
ties of the three products.

On the basis of these computational results, we propose the
following conceptual model to explain how mesopores induce
the formation of large vacancies. Along the perimeters of the
mesopores, there are many incompletely coordinated Bi and O
atoms. These atoms tend to bond with each other, which
stretches the bonds between the incompletely coordinated
atoms and those immediately adjacent. Accordingly, the
formation of vacancies near the mesopores counterbalances
the thermodynamic instability of the system caused by the
stretching of the bonds. Overall, the presence of mesopores can
lower the formation energy of vacancies.

Larger-Sized Vacancies Resulted in Enhanced Photo-
catalytic Activity. Large vacancies are known to facilitate
photoexcitation of electrons and prevent the recombination of
e—h pairs, resulting in enhanced photocatalytic ROS generation
and direct-hole oxidation of target contaminants.””*’ We
compared the photoelectrical responses of BiOCl-1 and
BiOCl-2 (Figure S12). The photocurrent density of BiOCI-1
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reached 0.14 mA cm ™ under UV irradiation, approximately 7
times that of BiOCI-2. Therefore, BiOCl-1 had greater
photoexcitation capability, which was corroborated by steady-
state PL measurements showing a lower PL quantum yield of
BiOCI-1 than that of BiOCl-2 (Figure S13a). Such drastic PL
quenching was likely due to the greater charge carrier extraction
efficiency for BiOCIl-1.>' In addition, the dynamics of
photogenerated charge carrier can be directly monitored with
TAS, on the basis of the characteristic bleaching profile of the
semiconductors.”> Note that the photogenerated electrons in
BiOCI-1 displayed a longer lifetime than those of BIOCI-2 (the
time for the concentration of charge carriers to decrease by half
of its initial value, fy, was 1182 ns for BiOCI-1 versus 861 ns
for BiOCl-2; Figure S13b), which demonstrates that large
vacancies effectively mitigate the recombination of e—h pairs.

EIS analysis also indicates higher photocatalytic activity of
BiOCI-1 than BiOCL-2.>*** Figure S14 shows the Nyquist plots
of BiIOCI-1 and BiOCI-2 under UV irradiation. Two semicircles
in EIS were observed for each of the two BiOCI products. The
diameter of the arc in the middle-frequency region represents
the charge-transfer resistance, which is the most important
factor affecting catalytic activity.” Evidently, the diameter of
the arc of BiOCI-1 is smaller than that of BiOCI-2,
corroborating the greater catalytic activity of BiOCI-1 and
further confirming the significant effects of vacancies on the
changes of electronic structures of the materials.

To verify the effects of large vacancies on photocatalytic
activities, we compared the photocatalytic oxidation activities of
BiOCI-1 and BiOCl-2 under UV irradiation (~7 mW cm™ A =
365 nm), using BPA as the model target compound. BPA is a
relatively recalcitrant endocrine disruptor that is commonly
detected in water.® Figure 4a shows that no measurable
degradation of BPA occurred in the absence of the BiOCI
photocatalysts nor in the presence of the BiOCI but without
UV irradiation. UV-irradiated BiOCl-1 (1.0 g L™") removed
96% BPA after 6 h, versus only 55% BPA removal with BiOCI-
2. More importantly, the total organic carbon (TOC) data
show that photocatalytic treatment with BiOCI-1 resulted in
near complete (96%) mineralization of BPA upon 13 h of UV
irradiation, compared to only 35% for BiOCl-2 (Figure 4b).
Such high degree of mineralization of organic carbon by BiOCl-
based photocatalysts is unprecedented.

We also compared the ROS production activity of BiOCI-1
versus BiOCl-2 under UV irradiation, using $5,5-dimethyl-1-
pyrroline N-oxide (DMPO) spin-trapped electron spin
resonance (ESR) spectroscopy. Both -OH and O,° were
generated by BiOCl-1 and BiOCl-2 (Figure S15). Radical-
trapping experiments were carried out to clarify the roles of
different ROS in the photocatalytic degradation process (Figure
S16). In the presence of t-butanol (a -OH scavenger), BPA
removal over 3 h with BiOCI-1 decreased by 56%, compared to
only 17% with BiOCl-2. This reflects the importance of
hydroxyl radicals for treatment with BiOCI-1, which is
consistent with the more effective e—h separation by BiOCI-1
that results in enhanced hole generation and associated
formation of water-derived -OH. In contrast, when superoxide
dismutase was used to trap O,*”, BPA degradation after 6 h
with BiOCI-1 was reduced by only 24%, compared to 33% with
BiOCl-2. Moreover, when ammonium oxalate was used as a
scavenger of holes, BPA degradation with BiOCI-1 or BiOCI-2
was inhibited to similar extents (42% and 45%, respectively).
Thus, ROS scavenging experiments indicate that the higher
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catalytic efficiency of BiOCl-1 is due to its higher -OH
generation capacity.

Differences in the predominant types of ROS produced may
lead to different degradation pathways. Therefore, the
intermediates formed during BPA photocatalytic degradation
were analyzed. In both experiments with BiOCI-1 and BiOCl,
the product ion at m/z (number of protons/number of
charges) 227 was detected and identified as the deprotonated
molecule [(M — H)] of BPA. When BiOCI-1 was used as the
photocatalyst, a total of three product ions (m/z 135, 133, 121)
were identified. The concentrations of the three intermediates
increased initially and then decreased gradually (Figure S17a).
In contrast, when BiOCI-2 was the photocatalyst, only two
product ions (m/z 133, 121) were identified. More importantly,
the intermediates were not further degraded within the tested
time frame, as their concentrations leveled off after
approximately 19 h. The patterns shown in Figure S17 are
consistent with the results of TOC removal (Figure 4b) and
clearly show that BiOCI-1 was more effective in degrading BPA
into small organic acids and eventually into inorganic molecules
(e.g, CO, and water).

To further verify the greater photocatalytic efficiency of
BiOCI-1, we compared the BPA degradation capabilities of the
two BiOCI materials under conditions relevant to wastewater
tertiary treatment. These experiments were carried out with
BPA in diluted secondary effluent (Table S2). BiOCI-1
outperformed BiOCL-2 achieving 2.5-fold higher BPA removal
(37% vs 14%) upon 6 h of UV irradiation (Figure S18).

We also compared the ability of BiOCI-1 versus BiOCI-2 to
photocatalytically reduce nitrate, which is a common target
during wastewater treatment to prevent eutrophication®’ and is
a frequent cause of drinking water standards violations,
especially in rural areas.’® Consistent with its higher e—h
separation efficiency, BiOCI-1 exhibited higher NO;™ removal
efficiency than BiOCI-2 (98.3% vs 79.5%) as well as a higher
extent of reduction (e.g, 56.6% vs 34.7% conversion to N,)
upon 6 h of UV irradiation (~7 mW cm™, A = 365 nm)
(Figures S and S19). The higher reduction capacity of BiOCI-1
is consistent with the larger yield and longer lifetimes of its
photogenerated electrons (Figure S13).

BiOCI-1 was also more effective for bacterial disinfection,
killing 91% of E. coli (DHSa) cells (10° cells mL™") upon UV
irradiation for 30 min (compared to 66% for irradiated BiOCI-2
and 31% for UV alone) (Figure 6). The greater bactericidal
effects of BiOCI-1 is also attributable to its higher efficiency for
generating -OH, which led to more severe damage to the
bacterial cells. Furthermore, the photocatalytic activity of UBN
(tested with BPA degradation, nitrate reduction, and bacterial
disinfection) was higher than that of BiOCI-2 but lower than
that of BiOCI-1 (Figure S20), which is consistent with the
differences in vacancy type among these three materials.

Overall, the formation of large vacancy associates (as
demonstrated with our model BiOCl nanosheets) holds great
promise for enhancing the efficiency and practical applicability
of both oxidative and reductive photocatalytic water treatment.
This can be accomplished by surmounting thermodynamic
instability through the introduction of mesopores, which
represents a practical innovation to lower the formation energy
of large vacancies on crystalline nanosheets. Benchmarking with
commercially available photocatalysts would be needed to
assess the practical use of BiOCl-based photocatalysts.
Nevertheless, this novel insight on generating stable large
vacancies advances fundamental understanding of nanomaterial
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structure—activity relationships and underscores significant
opportunities for enhancing semiconductor photocatalysis
through nanocrystal engineering.
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