Volume 22
Number 16

28 April 2020
Pages 2691-2874

CrystEngComm

rsc.li/crystengcomm

)/

ISSN 1466-8033

p PAPER
ROYAL SOClETY Xiaojuan Bai, Haiyan Li et al.

“ O F CH EM IST RY Defective crystal plane-oriented induced lattice polarization
for the photocatalytic enhancement of ZnO



Published on 07 March 2020. Downloaded on 1/24/2026 9:36:00 AM.

CrystEngComm

7 ROYAL SOCIETY
PN OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: CrysttngComm, 2020, 22,
2709

Received 13th December 2019,
Accepted 6th March 2020

DOI: 10.1039/c9ce01966a

rsc.li/crystengcomm

Defective crystal plane-oriented induced lattice
polarization for the photocatalytic enhancement
of ZnO+

Xiaojuan Bai, ©*2 Boxuan Sun,? Xuyu Wang,? Tianshuo Zhang,® Qiang Hao, ®°
Bing-Jie Ni,® Ruilong Zong,® Ziyang Zhang,? Xiaoran Zhang® and Haiyan Li*?

Defects can influence the properties of photocatalysts, and defective ZnO has triggered broad interest and
intensive studies for decades. However, the correlation between crystal planes and defects remains
unclear. Here, we demonstrate that the (101) plane is superior in producing oxygen vacancies than the
(100) plane in rod-like defective ZnO samples. While the optimum intensity of the crystal ratio, (101)/(100),
approaches 1, the separation efficiency of electrons-holes is much enhanced. Furthermore, it is found that
the (101) plane has stronger spontaneous adsorption and higher dissociation activity of H,O, which is
conducive to the spontaneous formation of oxygen vacancies and eventually enhances the separation
efficiency of electrons-holes. The charge difference also shows that the crystal boundary junctions could
cause uneven charge distribution, inducing lattice polarization and boosting the charge separation of
defective ZnO, which is helpful for improving the photocatalytic activities. As a new proposed mechanism,
the relationship between defect engineering and crystal surface could provide inspiration for the design of
special nanomaterials for the environment purification and energy fields.

1 Introduction

Recently, due to its unique optical, electrical, and
physicochemical properties, zinc oxide (ZnO) as an n-type
semiconductor (3.3 eV bandgap and 60 meV exciton binding
energy) has attracted extensive interest and has been employed
in numerous applications.”™ Nevertheless, ZnO photocatalysts
absorb mainly in the UV region and the recombination rate of
photogenerated electron-hole pairs is high, which greatly
inhibits their applications.” Defect engineering of ZnO has been
one of the methods used to improve photocatalytic efficiency
since the fundamental physical and chemical properties of
nanomaterials highly rely on their defect structures.'® The
absorption of oxides and catalytic activity reportedly can be
greatly enhanced by implanting defects. For instance, the
decoration of nanomaterials with noble metal nanoparticles
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(NPs) is a promising method by which to reduce the
recombination of the photogenerated electrons-holes and
enhance the photodegradation activity."'™* In addition, vacuum
treatment'® and temperature-programmed reduction (TPR)"""*®
have been known to be promising and rather facile methods for
defect engineering. Lv et al. found that dramatic visible
photocatalytic activity and distinct photocurrent were generated
due to the introduction of oxygen vacancies on the ZnO surface
with vacuum deoxidation.'® TPR in the hydrogen atmosphere
has been used as a good technique for determining the surface
structures and properties of reduced and sulfided Mo/Al,O;
catalysts."”"® Therefore, defective ZnO nanomaterials have been
tested as the media for purification, disinfection, removal of
heavy metals, degradation of organic compounds and
pharmaceuticals."®>' Meanwhile, by means of density
functional theory (DFT) calculations, the formation energy of
surface defects has been calculated.>** Ji et al. systematically
investigated the photocatalytic reduction of CO, on perfect and
defective anatase TiO, (101) surfaces following both the fast-
hydrogenation and fast-deoxygenation pathways.”> By
comparing the properties of the metal-supported ZnO films
with those of the free-standing ZnO bilayer, Thang et al
demonstrated the key role of the metal/oxide interface by means
of DFT calculations including the adsorption of Au, NO,, and
0, atoms on ZnO/X(111) (X = Cu, Ag, Au).** Zhou et al. found
that the structure alternatives are controlled thermodynamically
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by nucleation through DFT calculations for the interface
structures of two growth orientations, while controlled
kinetically by the enhanced Zn adsorption and oxygen diffusion
upon the phase transformation.>*

However, not enough attention was paid to the relationship
between the crystal plane and active substances of defective
ZnO, particularly, for the (101) and (100) planes. Therefore, in
order to gain a deep understanding of the relationship, the
properties and mechanisms of the defects on the (100) and
(101) planes need to be carefully identified. The exploration of
mechanism and relationship between crystal plane exposure
and defects in photocatalysis is essential and urgent. According
to previous literature, the term “vacancy” is often used to
express a vacant site of atoms while “defective” is employed
when modifying specific substance with defect characteristics,
these are idiomatic phrases.”*>2®

In this work, a series of defective ZnO samples were
synthesized by vacuum treatment and H,-TPR with glycerol
and CTAB as surfactants. We discovered that the structural
features of the hexagonal shape for wurtzite ZnO is favorable
for needle tip field formation and the crystal boundary
junction of the (101) and (100) planes could generate lattice
polarization at the same time. Thus, the synergistic effect of
lattice polarization and the needle tip field is conducive to
the effective separation of holes and electrons. Meanwhile,
the separation efficiency of electrons-holes is much
enhanced as the intensity of the crystal ratio approaches 1.
Moreover, the (101) plane shows superiority in forming
oxygen vacancies and self-adsorption with H,O in
comparison with the (100) plane. Thus, the (101) plane is the
most effective active plane, improving the separation
efficiency of photogenerated electrons and holes to enhance
the photocatalytic activity.

2 Experimental section
2.1 Preparation of ZnO

All chemicals were analytical grade reagents and purchased
from Aladdin Chemical Reagent Co., Ltd. In this work,
nanometer ZnO samples were prepared by the hydrothermal
method using CTAB and different concentrations of glycerol
as precursors.””?® A batch of CT-ZnO samples were
synthesized by dissolving 0.73 g of CTAB in a 50 ml beaker
with 40 ml of 0.15 M sodium hydroxide (NaOH) solution and
2 ml of 0.3 M zinc chloride (ZnCl) solution. Then the mixed
solution was transferred into 50 ml steel autoclaves and dried
at 150 °C for 16 h. The white solid products were treated by
centrifuge at 4000 rpm for 20 min, washed with deionized
water and ethanol more than three times and finally kept in
a dry oven preheated to 60 °C for 8 h. A series of G-ZnO
samples were prepared as follows: a total of 53.32 g of NaOH
and 7.33 g of zinc acetate dihydrate were mixed in deionized
water. Then 26.66 g of NaOH was dissolved into the solution.
Then it was transferred into a 200 ml flask. Respectively, 10
ml of the solution was mixed with 15 ml, 20 ml, 25 ml, and
30 ml of glycerol and stirred for 15 min. The mixed solution
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was transferred into 50 ml steel autoclaves to dry at 150 °C
for 24 h. The same method as the preparation of CTAB-ZnO
was used. The prepared samples were labeled as 1G-ZnO, 2G-
ZnO, 3G-ZnO and 4G-ZnO.

Two defective preparation methods, vacuum treatment
and H,-TPR, were used to study their differences. The
vacuum deoxidation process was performed to prepare V-ZnO
samples at 250 °C for 4 hours. In order to obtain a sample
prepared by TPR with excellent activity, an exploring
experiment was carried out. Finally, we found the most
appropriate temperature to synthesize defective ZnO during
the TPR process was 380 °C (Fig. S1t). The defective samples
synthesized by TPR and vacuum treatment were labeled as T-
x-ZnO and V-x-ZnO series, respectively, such as T-1G-ZnO (T-
G-ZnO), T-CT-ZnO, V-1G-ZnO, V-2G-ZnO, V-3G-ZnO and V-4G-
ZnO.

2.2 Characterization

The crystalline structures of the photocatalysts were
identified by powder XRD (XRD, Bruker PHI Quantera) in the
diffraction angle range 26 = 3-80°, using Cu Ko radiation.
FTIR spectra were performed using a Bruker VERTEX 70
spectrophotometer. The microscopic morphologies of the
samples were observed via scanning electron microscopy
(SEM, Hitachi SU-8010) and a transmission electron
microscope (TEM, Hitachi HT7700). Electron spin resonance
(ESR: ESR 300E, Germany) and the capture experiments
below analyse the main active species during the
photocatalytic reaction. The Brunauer-Emmett-Teller (BET)
surface area and pore width of the samples measured by N,
adsorption-desorption photoelectron spectroscopy (XPS)
spectra were obtained via a Thermo VG ESCALAB 250Xi.
Photoluminescence (PL) spectra were obtained using a JASCO
FP-6500 fluorescence spectrophotometer instrument (ASAP
2460 version 2.01, USA). A 50 W xenon lamp (PLS-SXE300D,
Beijing Bofeilai Technology Co. Ltd.) was used as simulated
solar irradiation and with a 420 nm cut-off filter (100 mW
em™>) was used as the visible light source. The
photoelectrochemical measurements were performed via a
CHI670E Electrochemical Workstation (CHI Shanghai, Inc.),
in which saturated calomel electrodes (SCE) were employed
as the reference electrodes. The electrolyte was a 0.1 M
Na,S0O, aqueous solution.

2.3 Computational methodology

The first-principles calculations were performed using the
Vienna ab initio simulation package (VASP)*° based on
density functional theory (DFT).***" The projector-augmented
plane wave (PAW) method was adopted with the Perdew-
Burke-Ernzerhof (PBE) generalized gradient approximation
(GGA) to describe the exchange-correlation potential.**** The
wave functions were expanded with a plane-wave basis set
with a cutoff energy of 500 eV. The Brillouin zone was
sampled using 4 X 5 x 1 and 4 X 4 x 1 k-point meshes for the
(100) and (101) surfaces, respectively. The self-consistent

This journal is © The Royal Society of Chemistry 2020
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convergence of total energy was chosen to be as 107 eV,
during the calculation, all the atoms positions were
optimized with the convergence criterion less than 0.02 eV
AT

2.4 Photocatalytic degradation experiment

The photocatalytic degradation of methylene blue (MB)
solution was carried out at room temperature in a visible
light multi-position photochemical reactor. The specific
photocatalytic degradation of methylene blue (MB) solution
operations were as follows: the defective ZnO solids (25 mg)
were mixed with 50 mL of MB solution (1 x 10> mol L™).
The solution was stirred by an ultrasonic vibration to form a
homogeneous composite solution, and then stirred in the
dark for 30 minutes to reach adsorption equilibrium,
subsequently, the lamp (4 = 420 nm) was turned on to start
the photocatalysis reaction. 2 ml samples were taken every 30
min for 3 h. The concentration of supernatant after
centrifugation was continuously measured by using an
ultraviolet-visible spectrophotometer. Finally, the pollutant
removal rate (%) was calculated based on the following

10 nm
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equation: contaminants removal rate (%) = In(C/Cy) x 100%,
where C, and C refer to the contaminant-concentration of
completing dark adsorption and finishing 6 x 30 min
photocatalytic separately.

3 Results and discussion

3.1 Crystal structure and morphology of defective ZnO

SEM (Fig. 1a) indicates that the V-CT-ZnO samples have a
flower-like morphology assembled from nanosheets. The
single micro-flower grows radially from the center outward
and has a diverse size. The average widths and lengths of
ZnO nanosheets are 60-150 nm and 300-500 nm,
respectively. This reveals that V-CT-ZnO has a large ratio of
length to diameter, a rod-like structure, which is beneficial to
form the needle-tip effect. More detailed information on the
crystal structure of V-CT-ZnO was gained from the HRTEM
image (Fig. 1b and c). Corresponding to lattice spacing, the
distances of the (101) and (100) planes are 0.241 nm and
0.278 nm (Fig. 1b and c), respectively. HRTEM confirms that
V-CT-ZnO has extraordinary (100) and (101) crystallographic
orientation. The morphologies of V-G-ZnO investigated by

g h
L —anhCTEO (101) plane diffraction (100) plane diffraction . o ys.tal pla}ne
L | Sample peak intensity peak intensity Intensity ratio of
- A Al (101)/(100)
& L 6200 | .
g * =a-ih CT-ZnO 1462 917 1.594
2 | l 3G-ZnO i
E ! = 1G-ZnO 5766 5615 1.027
1 I l o0 | P
- N - 2G-ZnO 5847 4850 1.206
e g s 8 Z2g
T - T T 3G-ZnO 4153 3074 1.351
30 40 50 60 70
4G-ZnO 5105 3191 1.600

20 (degree)

Fig. 1 (a) SEM of CT-ZnO, (b) HRTEM of CT-ZnO, (c) the corresponding HR-TEM images of the marked area in (b), (d) and (e) SEM images of
G-ZnO with different magnifications, (f) scheme of G-ZnO wurtzite-type crystals, (g) XRD patterns of ZnO samples and (h) diffraction peak intensity

and peak intensity ratio of the dominant crystal plane.
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SEM (Fig. 1d and e) reveal the hexagonal rod-like morphology
of V-G-ZnO with around 1 pm in width and 10-50 pm in
length. The rod-like structure of defective ZnO with the tip-
edge is conducive to the formation of lattice polarization,
similar to the electric field needle tip in nature.**

Meanwhile, the XRD diagram (Fig. 1f and g) indicates the
potential effect of crystal orientation on the photocatalytic
activity: the hexagonal shape of the wurtzite-type crystals
(JCPDS no. 36-1451) forming the nanorods allows exposure of
both polar planes (001-002) and non-polar planes (100-
101).>> The (100) and (101) plane diffraction peaks exhibit
much stronger than the others, revealing that the two crystal
planes are closely related to the photocatalytic activity. Lv
et al. considered that oxygen vacancies are formed on the
surface of ZnO photocatalyst and there are no changes in the
crystal structure during the process of vacuum treatment.'®
Thus, in our work, defective ZnO can be replaced by bulk
ZnO to act as the research object of the lattice structure. In
Fig. 1h, the peak intensity ratio of the 1G-ZnO series sample
is slightly larger than 1 and its peaks are strongest,
suggesting that 1G-ZnO displays a much greater crystallinity.
Moreover, the degradation effect increases as the ratio
increases, indicating the (101) plane has ascendancy on
defect production. Combined with the above analysis, the
(101) and (100) crystal boundary junctions and nanorod
structural characteristics of defective ZnO are helpful for
forming lattice polarization, which is conducive to the
separation of photogenerated carriers.

3.2 Microstructure of defective ZnO

To observe the chemical composition of the sample and to
elucidate the corresponding chemical states of the elements,
XPS analysis is performed for defective ZnO and bulk ZnO.

View Article Online
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The survey XPS spectra, as shown in Fig. 2a, reveal that the
ZnO samples mainly contain Zn, O and C elements. As shown
in Fig. 2b, the major Cls XPS peak of the defective ZnO
(284.58 eV) is asymmetric, which might be due to the peaks
overlapping between contaminant carbon and other carbon
species. Whereas, the main peak at 284.68 eV for bulk ZnO is
symmetric and can be ascribed to adventitious
hydrocarbon.?® In Fig. 2¢, the doublet spectral lines of Zn 2p
are observed at the binding energies of 1021.18 + 0.05 eV (Zn
2ps;,) and 1043.88 + 0.05 eV (Zn 2p,,,) with a spin-orbit
splitting (As) of 23.1 + 0.05 eV, which coincides with the
results for Zn** in ZnO. The fitted O 1s XPS for both the bulk
and defective ZnO samples are presented (Fig. 3d and e). As
reported previously, the O 1s peak can be fitted by three
Gaussian  peaks  with  different  binding  energy
components.”’° The lowest binding energy O1 peak
centered at 529.90 + 0.05 eV can be attributed to the O ions
in the hexagonal wurtzite structure of Zn0O.** The medium
binding energy O2 peak located at 530.65 + 0.05 eV could be
related to oxygen vacancies in the oxygen deficient regions of
Zn0.* The intensity of the 02 peak is an indication of the
amount of oxygen defects in the samples. The highest peak
observed at 531.54 + 0.05 eV can be assigned to chemisorbed
oxygen species such as CO; on the surface of ZnO.*’ It is
observed that the intensity of the O1 and O3 peak decreased
with defects. Notably, the intensity of the O2 increases,
suggesting that oxygen vacancies increased in the defective
ZnO system. The analysis suggests that defective ZnO is
beneficial to the formation of oxygen vacancies and the rapid
separation of electrons and holes.

In addition, the bulk ZnO shows a weak ESR signal at g =
1.960, which was assigned to a shallow donor state due to
some impurities or defects and usually assigned to a singly
ionized oxygen vacancies defect."’ From Fig. 2f, an additional
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Fig. 2 XPS spectra of (a) survey, (b) C 1s, (c) Zn 2p, and (d and e) O 1s and (f) ESR spectra of defective ZnO in visible light.

2712 | CrystEngComm, 2020, 22, 2709-2717

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/c9ce01966a

Published on 07 March 2020. Downloaded on 1/24/2026 9:36:00 AM.

CrystEngComm

View Article Online

Paper

Fig. 3 Side views of the surface structures of defective ZnO (a) with O vacancies, (b) adsorption and (c) dissociation H,O on the (100) plane, side
views of the surface structures of defective ZnO (d) with O vacancies and (e) adsorption and (f) dissociation H,O on the (101) plane.

signal at g = 2.003 of the defective samples is observed, which
may be caused by surface Zn vacancies.**** Such defects have
been identified as positively charged oxygen vacancies acting
as deep donors.”> Meanwhile, the main g values of T-ZnO
and V-ZnO, having shifted, are 1.958 and 1.961, respectively.
Due to the high sensitivity of ultra high-frequency ESR, we
clearly disentangled the overlapping contributions of the
small g-factor differences, which indicated that different
defect sites are simultaneously present on the surface. These
analyses are consistent with the XPS images, revealing that
oxygen vacancies exist in defective ZnO. Thus, the existence
of oxygen vacancies on the surface of defective ZnO changes
the chemical environment and we inferred that the formation
of oxygen vacancies may be related to the exposure of planes.

3.3 The relationship between oxygen vacancies formation

To further determine the relationship between oxygen
vacancies formation and crystal surface exposure, we
performed DFT calculations of the formation energy activity
for oxygen vacancies on the (100) and (101) planes with the
most energetically favorable configurations. The (100) and
(101) planes are modeled by a supercell with three atomic
layers of ZnO, as shown in Fig. 3a-f (Zn, O and H are
indicated as red, dark blue and white spheres, particularly,
the O of the H,0 molecule is labeled as red). To calculate the
formation energy for oxygen vacancies of the ZnO surface, we
used the following eqn (1):

Ef:EN_Ean _Eo (1)
where Ef is the formation energy, Ey represents the total
energy of the pristine ZnO system with N total atoms, En—,

represents the energy of the ZnO system with oxygen
vacancies, (where n represents the number of missing oxygen

This journal is © The Royal Society of Chemistry 2020

atoms), and Eo denotes half the energy of O, in the gas
phase. From Table 1, the formation energy of the (101) plane
is lower than the (100) plane, revealing that the (101) plane is
more favorable to form oxygen vacancies on
thermodynamics. Meanwhile, to explore the location and
features of oxygen vacancies on a molecular level, DFT
calculations of the adsorption and dissociation reaction of
molecular H,O were performed. The adsorption energy and
dissociation energy were calculated using the following eqn
(2) and (3):

FEaas = ET(surf»mol) - ET(surf) - Efree(mol) (2)
Eqis = ET(dis) - ET(surf—mol) [3)

Here, Ergurtmol)y Ereury and Ergis) stand for the total
energy of oxygen vacancies with, without and dissociated
from the H,O molecule, respectively, while Efcemor
represents the total energy of the free H,O molecule. As
illustrated in Table 2, the adsorption energy of H,O on the
oxygen vacancies of the (100) plane is 0.11 eV. The result
suggests that the adsorption of H,O on the (100) plane is a
nonspontaneous reaction which is unstable. Nevertheless,
the (101) plane is spontaneous and pretty much stable.
Meanwhile, the dissociation energy on the (101) plane
increases by 1.24 eV in comparison with that of the (100)
plane. Thus, the oxygen vacancies on the (101) plane are
more prone to react with H,O. Thereby, the formation of

Table 1 The formation energy for oxygen vacancies of the (100) and
(101) planes

Plane En-n En Eo E¢
100 -174.64 -166.38 -1.68 6.58
101 -220.45 -215.55 -1.68 3.22

CrystEngComm, 2020, 22, 2709-2717 | 2713
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Table 2 The adsorption and dissociation energy of molecular H,O

Plane E(surf) ET(surf-mol) Efree(mol] ET(dis] Eads Edgis

100 -166.38
101 -215.55

—-180.53 14.26
-230.88 14.26

-181.34 0.11  -0.81
-232.93 -1.07 -2.05

oxygen vacancies on the (101) plane is spontaneous and the
system is very stable, suggesting that the structural features
of the (101) plane are helpful for the formation of oxygen
vacancies. Whereas, the optimum intensity of the crystal ratio
approaches 1, which shows a fast separation efficiency of
electrons and holes. Meanwhile, it is found that the (101)
plane has stronger spontaneous adsorption and higher
dissociation activity of H,O, indicating the actual behavior of
the plane in the process of pollutant degradation.

3.4 Features of charge transfer and lattice polarization

The charge difference of the crystal plane was calculated to
analyze the charge transfer behavior (Fig. 4a and b).
Enhanced charge accumulation and depletion occur between
the O atom and H* from H,O molecule on the (101) plane
remarkably. Meanwhile, charge transfer occurs to OH*
absorbed on the oxygen vacancies, in which the charge
density is much larger than that of the (100) plane. These
verify that the crystal boundary junctions cause an uneven
charge distribution inducing lattice polarization and boosting
the charge separation of defective ZnO, thus improving the
photocatalytic activities. Combined with the needle tip effect
caused by wurtzite defective ZnO (Fig. 1f), the synergistic
effect makes the (101) plane more able to facilitate carrier

View Article Online

CrystEngComm

separation and defect generation, which is beneficial to
promote crystal plane activity.

Photoluminescence (PL) emission spectroscopy is useful
for revealing the migration, transfer, and recombination
processes of the photogenerated electron-hole pairs. The PL
peak of T-CT-ZnO (Fig. 4c) is relatively strong, revealing a
higher recombination rate of photogenerated electrons and
holes. Meanwhile, as shown in Fig. 4d, V-2G-ZnO also
exhibits much stronger peaks, suggesting that the rapid
recombination rate induced poor activity.

The carrier migration properties can significantly change
with surface modifications.***> Therefore, some effective
techniques such as photocurrent tests, electrochemical
impedance spectroscopy (EIS) measurements, and linear
sweep voltammograms (LSV) are used to study the carrier
separation efficiency of defective ZnO samples. The
photocurrent response (Fig. 4e) of the T-CT-ZnO was higher
than that of the T-G-ZnO and V-G-ZnO under the simulated
solar irradiation, which indicated that its electrode has a
better separation efficiency of photogenerated carriers than
other samples. Furthermore, the photocurrent response
could also be enhanced by the applied voltage (Fig. 4f). The
EIS (Fig. S2t) shows the low charge transfer resistance (R.)
for T-ZnO and V-ZnO. The lower R value means that the
recombination of carriers (¢ ~h" pairs) at the interface with
the electrolyte is decreased. The analysis reveals that the
(101) plane is the effective active crystal plane, which is
beneficial to form lattice polarization, improving the
separation efficiency of photogenerated electrons and holes
to enhance the photocatalytic activity.

The Brunauer-Emmett-Teller (BET) method and the
Barrett-Joyner-Halenda (BJH) model were used to evaluate
the specific surface areas and the pore size, separately.*® The
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Fig. 4 Charge difference of (a) the (100) plane and (b) the (101) plane (charge accumulation is in yellow and depletion is in blue), PL of (c) T-ZnO
series samples and (d) V-ZnO series samples, (e) transient photocurrents and (f) linear sweep voltammetry.
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specific surface area values were found to be 17.60 and 16.37
m?* g™* (Fig. S3at) and the pore size (radius) was observed to
be 8.20 nm and 12.09 nm for the bulk ZnO and defective-
ZnO samples (Fig. S3bf), respectively. The photocatalytic
activity of defective ZnO was mainly attributed to rapid
carrier transportation induced by the lattice polarization field
but not merely as the BET surface increased.

3.5 Proposed photocatalytic mechanism

The photocatalytic activities of the samples were evaluated by
the degradation of MB solution under simulated solar
irradiation. As Fig. 5a and S4f show, the degradation
efficiency of V-1G-ZnO is the highest among all samples. We
also found that the degradation efficiency of defective ZnO
treated by vacuum with glycerol as the surfactant is higher
than that treated by TPR. For instance, the degradation
efficiency of V-1G-ZnO is 4 times higher than T-G-ZnO. Lv
et al. found that most oxygen atoms were removed from the
ZnO surface with vacuum deoxidation, which could generate
surface oxygen vacancies.'® Meanwhile, through H,-TPR,
hydrogen atoms could interact with the surface lattice oxygen
of metal oxides, introducing oxygen vacancies and interstitial
hydrogen into the ZnO lattice."” However, in this work,
combined with the ESR results, V-1G-ZnO shows a better
performance, suggesting that V-1G-ZnO has superiority in
oxygen vacancies. Besides, Kundu et al. reported that in H,
atmosphere the oxygen functional groups are less stable and
can decompose,’® so the oxygen-containing functional groups
of the T-G-ZnO system will be reduced and may generate
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oxygen vacancies in the bulk, which hinders the
improvement of photocatalytic activity. Meanwhile, the V-1G-
ZnO sample has a rod-like structure, which is conducive to
the formation of lattice polarization and oxygen vacancies.
These are instrumental in the separation of photogenerated
carriers to enhance the photocatalytic activity. The results
show that V-1G-ZnO has a better activity than T-G-ZnO.

The determination of the active substances in the process
of photocatalysis was further evaluated by ESR
measurements. In order to detect the active substances in the
photocatalytic process, the free radical capture detection of
singlet oxygen ('0,), superoxide radical (‘O,"), hydroxyl (‘OH),
holes (h*) and electrons (e”) by ESR was carried out. In Fig.
S5, the active substances of bulk ZnO samples are ‘O, and
‘'OH. Obviously, the ESR signals of ‘O,” and 'OH of these
defective samples are both strong under simulated sunlight
(Fig. 5b and c). As shown in Fig. S6,f the active substances of
V-ZnO are much stronger than T-ZnO, indicating that V-ZnO
has a superiority of active substances and charge carriers,
improving the photocatalytic activities, which is in
accordance with the conclusions of different defective ZnO
prepared by the same surfactants (Fig. 5a). In summary, the
active substances of T-ZnO and V-ZnO in photocatalysis are
‘O, and "OH, respectively.

Based on the above analysis, defective ZnO prepared by
vacuum treatment and H,-TPR with glycerol and CTAB as
surfactants could improve photocatalytic performance
compared with the bulk ZnO. As shown in Scheme 1, we
intuitively analyzed the structural feature of hexagonal shape
for wurtzite ZnO which is favorable for needle tip field
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Fig. 5 Histogram of the slope of degradation of MB solution and ESR measurements of (b) T-ZnO and (c) V-ZnO.
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Scheme 1 Schematic illustration of the mechanism in the photocatalytic reaction of defective ZnO systems.

formation. Meanwhile, the crystal boundary junction of the
(101) and (100) planes is beneficial to form lattice polarization.
The synergistic effect of lattice polarization and needle tip field
provides efficient channels to accelerate the separation of holes
and electrons. Besides, the formation of oxygen vacancies on
the (101) plane is spontaneous in thermodynamics and the
system is very stable, suggesting that the structural feature of
the (101) plane is helpful for the formation of oxygen vacancies.
The optimum intensity of crystal ratio, (101)/(100), approaches
1 and the separation efficiency of electrons-holes is much
enhanced. Meanwhile, it was found that the (101) plane has
stronger spontaneous adsorption and higher dissociation
activity of H,O molecules, which is conducive to the
spontaneous formation of oxygen vacancies and eventually
accelerates the separation efficiency of electrons-holes.
Therefore, the experimental and theoretical results highlight
the crucial role of the (101) plane that is the effective active
crystal plane, which is very favorable for the lattice polarization
formation, thus improving photogenerated carrier transfer to
enhance the photocatalytic activity.

4 Conclusions

In conclusion, the relationship of the (101) and (100) planes
and oxygen vacancies is revealed by developing a general
method for studying surface defects of nanomaterials. All
results highlight the crucial role of the (101) plane being
superior in producing oxygen vacancies than the (100) plane
and exhibiting strong spontaneous adsorption ability on the
thermodynamics and high dissociation activity. This

2716 | CrystEngComm, 2020, 22, 2709-2717

demonstrates that the (101) plane is the effective active
crystal plane and is very favorable for the lattice polarization
formation, thus improving photogenerated carrier transfer to
enhance the photocatalytic activity. As a new proposed
mechanism, the relationship between defect engineering and
crystal surface can provide inspiration and be extended to
other nanocomposites with controllable architectures, which
may offer more opportunities for their applications in
environmental purification.
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