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The capability of semiconductor nanomaterials to generate reactive oxygen species (ROS) under solar irra-

diation, which is critical for their photocatalytic applications and may affect their environmental implica-

tions, can be substantially influenced by intrinsic nanomaterial properties, particularly exposed facets. How-

ever, the specific mechanisms controlling the facet-dependent ROS generation of widely used

semiconductor nanomaterials, e.g. zinc oxide (ZnO), are not well understood. Here, we report that under

identical irradiation conditions a ZnO nanoplate material with predominantly exposed {0001} facets gener-

ates nearly four times as much superoxide radical anions (O2˙
−) as a porous ZnO nanosheet material with

predominantly exposed {101̄0} facets, even though the former possesses much smaller specific surface

area. The enhanced O2˙
− generation of ZnO nanoplates with exposed {0001} facets can be ascribed to the

following two aspects: (1) the {0001} facets, which contain more abundant coordinatively unsaturated zinc

atoms, can adsorb a greater amount of molecular oxygen (O2), and (2) the more negative conduction band

potential of the {0001} facets can provide stronger thermodynamic driving force for the reduction of sur-

face O2 to O2˙
−. The enhanced O2˙

− generation resulted in faster photocatalytic degradation of organic

contaminants (using tetracycline as a model antibiotic contaminant) and greater bacterial inactivation (using

Escherichia coli as a model microorganism). This study further identifies exposed facets as a critical nano-

material property in dictating the photocatalytic activity and environmental implications of nanomaterials.

1. Introduction

The last two decades have seen a boom in nanotechnology,
and large quantities of engineered nanomaterials (ENMs) of
various compositions are expected to be released into the en-
vironment with increasing fluxes.1–3 The sustainable develop-
ment of nanotechnology and human society as a whole re-
quires a thorough understanding of the environmental and
health implications of the ENMs.4–7 Environmental toxicity
and other biological effects of ENMs often involve the genera-
tion of reactive oxygen species (ROS), which is strongly
influenced by environmental conditions, including environ-
mental stimulants such as solar light irradiation.8
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Environmental significance

The capability of semiconductor nanomaterials to generate reactive oxygen species (ROS) under solar irradiation is critical for their photocatalytic
applications in pollutant degradation and disinfection, and may affect their implications in natural environments. The ROS generation pattern and rates of
semiconductor nanomaterials can be substantially influenced by intrinsic nanomaterial properties. This study shows that nano-scale zinc oxide (ZnO), a
widely used semiconductor nanomaterial, exhibits significant facet-dependent ROS generation properties, particularly regarding the different generation
rates of superoxide radical anions. The findings will not only shed light on facet engineering of semiconductor nanomaterials with tunable ROS generation
capabilities for environmental applications, but also contribute to more accurate delineation of the environmental implications of metal oxide
nanomaterials.
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As one of the most widely used ENMs, zinc oxide (ZnO)
nanomaterials have found applications in numerous fields,
such as cosmetics,9 food packaging,10 lasers,11 solar cells,12

piezoelectric transducers13 and sensors.14,15 Particularly, as a
semiconductor, ZnO nanomaterials have been extensively in-
vestigated for photocatalytic disinfection or degradation of
water pollutants under natural or simulated solar irradiation,
which typically involves the generation of ROS such as super-
oxide radical anions (O2˙

−), singlet oxygen (1O2), and hydroxyl
radicals (HO˙).16–18 The capability of ZnO nanomaterials to
generate ROS under solar irradiation is not only the basis for
their applications in energy and environmental fields, but
also a critical property affecting their environmental implica-
tions when they enter photic water bodies.19,20

Considering the importance of ROS generation in both
photocatalytic applications and environmental implications
of semiconductor nanomaterials such as ZnO, it is imperative
to investigate how the intrinsic physicochemical properties of
the nanomaterials can affect their capabilities to generate
ROS, including the relative abundance and formation rates of
different ROS species. Previous studies have established the
relationships between the ROS generation of semiconductor
nanomaterials and the size,21 crystalline phase,22,23 morphol-
ogy,24 as well as bulk or surface defects19,25,26 of these nano-
materials. However, only a very limited number of studies
have discussed the effects of exposed crystal facets on the for-
mation of ROS,27–29 and only two studies investigated facet-
dependent ROS formation experimentally.30,31 For example, it
was shown that TiO2 with higher proportion of exposed {001}
facets could generate a greater amount of O2˙

− radicals.30 In
our previous study, we found that BiOI with predominately
exposed {110} facets could generate HO˙ radicals, whereas
BiOI with predominately exposed {001} facets could not.31 To
date, facet-dependent ROS generation by ZnO nanomaterials
has not been reported, and the knowledge acquired in the
previous studies on the facet-dependent generation of ROS
cannot be directly transferred to the case of ZnO nano-
materials under sunlight irradiation conditions, due to the
differences in atomic composition and crystal structures be-
tween these materials.

The objective of this study was to understand how exposed
facets of ZnO nanomaterials can affect the photochemical
properties of these nanomaterials in aquatic environments.
Herein, we selected ZnO as a model of n-type semiconductor
material and synthesized two ZnO nanomaterials, including a
ZnO nanoplate material with predominantly exposed {0001}
facets and a nanosheet material with predominantly exposed
{101̄0} facets. The types and quantities of photogenerated
ROS by the two ZnO nanomaterials in aqueous matrices were
examined under simulated solar irradiation. Strikingly, the
two ZnO nanomaterials exhibited distinctly different capabili-
ties to generate O2˙

− radical under simulated solar irradiation,
which appeared to be facet-dependent. Thus, we further ana-
lyzed the surface adsorption properties, light absorption and
charge carrier dynamics of the ZnO nanomaterials to eluci-
date the mechanisms controlling the facet-dependent photo-

chemical ROS generation properties. Furthermore, the envi-
ronmental implications of facet-dependent O2˙

− generation
were illustrated by degradation of tetracycline, a model anti-
biotic contaminant, and inactivation of Escherichia coli (E.
coli), a model microorganism, by the two ZnO materials un-
der simulated solar light.

2. Experimental
2.1 Materials

All chemicals were directly used after purchase without fur-
ther purification. Zinc acetate dihydrate ((CH3COO)2Zn·2H2O,
≥99%), triethanolamine (TEOA), 1,4-benzoquinone (BQ), iso-
propyl alcohol (IPA), thiourea (H2NCSNH2, ≥99%), sodium
hydroxide and triethylenetetramine (≥99%) were purchased
from Tianjin Chemical Reagent Co., Ltd. Sodium tartrate
(C4H4O6Na2·2H2O, ≥99%) was obtained from Tianjin Oqi
Medical Pharmaceutical Co., Ltd. Polyvinylpyrrolidone (PVP)
and tetracycline were purchased from Beijing Solarbio Sci-
ence & Technology Co., Ltd. 5,5-Dimethyl-1-pyrroline N-oxide
(DMPO) was obtained from Shanghai Meryer Chemical Tech-
nology Co., Ltd. Furfuryl alcohol (FFA, 99%), terephthalic
acid (TA), sodium dihydrogen phosphate (NaH2PO4) and
disodium hydrogen phosphate (Na2HPO4) were purchased
from Sigma-Aldrich. 2-Hydroxyl terephthalic acid (2HTA) was
synthesized according to the literature.32 Methanol (CH3OH),
acetonitrile (ACN) and trifluoroacetic acid (TFA) were HPLC
grade and purchased from Concord Technology Co., Ltd.
2-Methyl-6-[p-methoxyphenyl]-3,7-dihydroimidazoĳ1,2-a]-
pyrazin-3-one (MCLA) was purchased from TCI Chemicals.
Deionized water was used throughout all the experiments.

2.2 Preparation of ZnO nanomaterials

Synthesis of ZnO with predominantly exposed {0001}
facets. 0.8 g of (CH3COO)2Zn·2H2O, 0.4 g of NaOH and 0.1 g
of PVP were dissolved in 40 mL of deionized water, stirred
for 1 h at room temperature, and then transferred to a 50 mL
Teflon-lined autoclave, which was sealed and kept at 180 °C
for 24 h. After the hydrothermal reaction, the obtained white
precipitate was isolated from the aqueous solution by centri-
fugation and subsequently washed with deionized water and
absolute ethanol. Finally, the washed precipitate was dried at
60 °C for 12 h to obtain the ZnO-0001 material.

Synthesis of ZnO with predominantly exposed {101̄0}
facets. 0.658 g of (CH3COO)2Zn·2H2O and 0.1 g of C4H4O6Na2
·2H2O were dissolved in 40 mL of triethylenetetramine under
vigorous stirring for 30 min at room temperature, and then
0.228 g of thiourea was added to the solution, followed by
stirring for additional 30 min. The solution was transferred
to a 50 mL Teflon-lined autoclave, which was sealed and
maintained at 150 °C for 12 h. The white products were fil-
tered, repeatedly washed with deionized water and absolute
ethanol, and then dried at 60 °C for 12 h. Finally, the white
products, which were identified as zinc sulfide from X-ray dif-
fraction (XRD) (Fig. S1†), were heated in air at 600 °C for 4 h
to obtain the ZnO-101̄0 material.
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2.3 Characterization of ZnO nanomaterials

The crystal structures of the ZnO nanomaterials were charac-
terized by XRD using a D/Max-2500 diffractometer (Rigaku,
Tokyo, Japan) with Cu Kα radiation. The shape and morphol-
ogy of the ZnO nanomaterials were characterized by scanning
electron microscopy (SEM, Nova NanoSEM 230, FEI, Hills-
boro, USA) and transmission electron microscopy (TEM,
JEOL-2010, Japan) with an operating voltage of 200 kV. The
Brunauer–Emmett–Teller (BET) specific surface area (SABET)
of the ZnO nanomaterials was analyzed by nitrogen adsorp-
tion–desorption using a Micromeritics ASAP2010 accelerated
surface area and porosimetry system (Micromeritics Co.,
Norcross, USA). The surface elemental compositions of the
ZnO nanomaterials were determined with X-ray photoelec-
tron spectroscopy (XPS) (PHI 5000 VersaProbe, Tokyo, Japan).
The UV-vis diffuse reflectance spectra (DRS) of the ZnO nano-
materials were obtained by using a Shimadzu UV-3600
spectrophotometer equipped with an integrating sphere. Ra-
man spectra of the ZnO nanomaterials were recorded with a
Renishaw inVia Raman spectrometer (RM2000, London, UK)
with an excitation wavelength of 448 nm. The photo-
luminescence (PL) spectra of the ZnO nanomaterials were
recorded on a FLSP920 fluorescence spectrophotometer using
325 nm emission. The electron paramagnetic resonance
(EPR) spectra of ZnO suspensions in water and methanol
were obtained by a MS400 EPR spectrometer (Magnettech,
Germany), with radicals trapped by DMPO.
Thermogravimetric analysis (TGA) data were recorded at a
heating rate of 10 °C min−1 in air with simultaneous
thermogravimetry/differential thermal analyzers (TGA/DSC1,
Mettler Toledo, Switzerland). Photocurrent measurements
were carried out using a CHI660D (CH Instruments, Shang-
hai, China) electrochemistry workstation with a three-
electrode system in an electrolyte solution of 0.1 M Na2SO4

under simulated sunlight illumination from a 500 W xenon
lamp. The ZnO nanomaterials were prepared into a thin film
on fluorine-doped tin oxide (FTO) glass slide to serve as the
working electrode, and a platinum wire and a Ag/AgCl
electrode were used as the counter and reference electrodes,
respectively. Ultraviolet photoelectron spectroscopy (UPS)
analysis was performed using a VG Scienta R4000 analyzer
equipped with a He I light source, which has a photon energy
of 21.2 eV.

2.4 Photochemical experiments

All the photochemical experiments were performed at 25 ± 1
°C, using a solar simulator (Suntest XLS+, Atlas), which is
equipped with a 1700 W xenon lamp and a solar filter (λ ≥
290 nm). The irradiance spectrum of the xenon lamp was
recorded on a spectrometer (USB-4000, Ocean Optics Inc.),
and for comparison, we also measured the spectrum of natu-
ral sunlight at ground level on a summer day (Fig. S2†). All
the samples were placed in a specially made cylindrical
quartz container (diameter 9.5 cm, height 4.5 cm, wall thick-
ness 2 mm). In order to eliminate the pH effects, all solu-

tions were maintained at pH 7.0 with a phosphate buffer,
and the presence of the buffer has negligible effects on the
photochemical formation of ROS.

Determination of steady-state concentrations of O2˙
−

([O2˙
−]ss). Due to the low concentration and short lifetime of

O2˙
− in water, MCLA has been employed as a chemilumines-

cent probe, which selectively reacts with O2˙
− in a flow injec-

tion analysis (FIA) system (Waterville Analytical, Waterville,
ME, USA). During the measurement, the MCLA regent, which
was prepared according to the protocol of Rose and Waite,33

and the sample were pumped into the flow cell to yield a
chemiluminescent signal at 455 nm, which was detected by a
photomultiplier (PMT). The calibration curve of O2˙

− concen-
tration versus corresponding signal intensity is shown in Fig.
S3.† To account for the O2˙

− concentration decay before the
sample enters the PMT, we used a logarithm function to
model the O2˙

− concentration decay profile, as previously de-
scribed.34 Details about the calculation are provided in the
(ESI†).

Determination of the steady-state concentrations of 1O2

and HO˙ ([1O2]ss and [HO˙]ss). The steady-state concentra-
tions of 1O2 and HO˙ were measured using FFA and TA as
chemical probes, respectively.35 Under our irradiated condi-
tion, direct photodegradation of TA and FFA was negligible
in DI water.36 For the determination of 1O2, ZnO suspensions
with FFA were irradiated under the solar simulator for 10
min, and then the FFA concentrations in the suspensions
were determined by an ultrahigh performance liquid chro-
matograph (UHPLC) with a UV detector (λ = 219 nm) and a
Gemini C18 column (4.6 × 250 mm, 5 μm). The steady-state
concentration of 1O2 was calculated from the temporal
change of FFA concentration,37 with calculation details pro-
vided in the ESI.†

The steady-state concentration of HO˙ was measured by
using varied concentrations of TA in ZnO suspensions, which
can selectively quench the HO˙ radicals to produce 2HTA.
The concentration of 2HTA was measured using high perfor-
mance liquid chromatography (HPLC) with fluorescence de-
tection (excitation wavelength λex = 315 nm and emission
wavelength λem = 425 nm).38 The steady-state concentration
of HO˙ was calculated based on the formation rates of 2HTA,
with calculation details provided in the ESI.†

2.5 Photocatalytic degradation experiments

The photocatalytic degradation experiments of tetracycline
were carried out in an XPA-system photochemical reactor
(Xujiang Electromechanical Plant, Nanjing, China), using a
500 W xenon lamp with a solar filter (λ ≥ 290 nm) as the
light source to provide the simulated sunlight. In a typical
degradation experiment, 10 mg of ZnO powder was dispersed
in 50 mL of tetracycline aqueous solution (C0 = 30 mg L−1), in
the absence or presence of one of the active species scaven-
gers: BQ, IPA, and TEOA as scavengers of O2˙

−, HO˙ and
photogenerated holes (h+), respectively. The suspensions
were stirred for 1 h in the dark to reach adsorption
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equilibrium, and then the reaction was started. The reaction
temperature was maintained at 25 °C by circulating water.
Approximately 2 mL of the suspension was withdrawn at se-
lected time intervals and filtrated through a 0.22 μm mem-
brane filter to remove the catalyst. The concentration of tetra-
cycline was analyzed using a HPLC (Waters e2695) with a UV/
visible detector (Waters 2489) at the wavelength of 360 nm.
The column used was a symmetry-phase C18 column with a
length of 150 mm and diameter of 4.6 mm. The mobile
phase was acetonitrile–oxalic acid solution (15 : 85, v : v) at a
flow rate of 1.0 mL min−1.

2.6 Toxicity test of ZnO nanomaterials to E. coli

The toxicity of the two ZnO materials to E. coli under simu-
lated solar light was tested by incubating E. coli in a ZnO sus-
pension and subsequently measuring bacterial mortality with
the plate colony-counting method. Briefly, E. coli bacteria
were resuscitated and cultured at 37 °C and pH 7 for 12 h in
a beef extract peptone medium with the following composi-
tion: 5 g L−1 NaCl, 5 g L−1 beef extract, and 3 g L−1 peptone.
Then 10 mL of ZnO nanomaterial suspension (at 5, 10, 50,
100 and 500 mg L−1) was inoculated with 100 μL of E. coli
bacteria suspension, mixed thoroughly, and then exposed to
simulated sunlight, which was provided using a 500 W xenon
lamp with a solar filter (λ ≥ 290 nm). After 1 h incubation,
100 μL of the mixture was sampled, diluted and plated onto
agar plates, and then incubated in the dark at 37 °C for 24 h.
The total number of viable bacterial colonies was counted,
and the colony number of inactivated bacteria was obtained
by subtracting the number of colonies on the sample plate
from the average colony number on control plates (with no
ZnO exposure) incubated under the same conditions. The
bacterial mortality was calculated by dividing the colony
number of inactivated bacteria by the average number of col-
onies on the control plates. Concentration of Zn2+ ion re-
leased from the ZnO nanomaterials under simulated sunlight
irradiation was measured as follows: the ZnO E. coli mixture
suspension was filtered using filter membrane with pore size
of 0.22 μm, and zinc concentration in the filtrate was quanti-
fied using inductively coupled plasma mass spectrometry
(ICP-MS) (NexION 2000, PerkinElmer, USA).

3. Results and discussion
3.1 Structural and morphological characteristics of ZnO
nanomaterials with different exposed facets

The XRD spectra (Fig. 1) show that the diffraction peaks of
both ZnO nanomaterials can be well indexed to hexagonal
wurtzite ZnO (JCPDS No. 36-1451) structure with lattice con-
stants of a = b = 3.249 Å and c = 5.206 Å.39 The sharp charac-
teristic peaks in the XRD patterns imply that the ZnO nano-
materials have high degrees of crystallization.40 Meanwhile, no
peaks of other phases were observed in the spectra, which in-
dicates that wurtzite ZnO is the only phase in the samples.41

However, the relative intensities of the (0002) and (101̄0) peaks
are different between the two materials, which is consistently

observed in repeated XRD measurements (Fig. S4†). Specifi-
cally, the diffraction intensity ratio of the (0002) plane to
(101̄0) plane (I(0002)/I(101̄0)) of ZnO-0001 is significantly higher
than that of ZnO-101̄0 (p < 0.05, n = 3, Student's t test) (Table
S1†), implying that the exposure of the {0001} facets is more
dominant in the ZnO-0001 materials.42,43

The morphological differences between the two ZnO nano-
materials can be seen with the SEM images (Fig. 2). Both ma-
terials display sheet-like morphology, but with distinctly differ-
ent morphological details. The ZnO-0001 material shows a
morphology of irregularly aggregated nanoplates, with a uni-
form thickness of approximately 70 nm and lateral sizes rang-
ing from 100 to 500 nm (Fig. 2a and b). In contrast, the ZnO-
101̄0 material shows a morphology of porous nanosheets with
lateral sizes of 1–10 μm and the thickness of approximately 50
nm (Fig. 2c). It is noted that the ZnO-0001 nanoplates have
smooth surface indicating high crystallinity, whereas the ZnO-
101̄0 nanosheets contain numerous macropores larger than 50
nm, formed by the agglomeration of irregular nanoparticles
(Fig. 2d). These macropores may be produced from the re-
moval of the organic frameworks during high-temperature
annealing. Due to these morphological characteristics, the spe-
cific surface area of the ZnO-101̄0 material is more than three
times larger than that of the ZnO-0001 material (Table 1).

The structural and morphological characteristics of the
two materials are confirmed by TEM (Fig. S5†). Particularly,
the high-resolution TEM (HRTEM) image of a ZnO-0001
nanoplate (Fig. 2e) shows d spacing of 0.28 nm, which can be
indexed to the {101̄0} planes of hexagonal wurtzite ZnO.44

This suggests that the side surfaces of the nanoplates are
nonpolar {101̄0} facets, and the top and bottom surfaces are
±{0001} facets, which grow mainly along the six symmetric di-
rections perpendicular to the ±[101̄0], ±[0110], and ±[1100]
crystal axes.45 By contrast, the d spacing of the lattice fringes
for ZnO-101̄0 is 0.26 nm (Fig. 2f), corresponding to the {0001}
crystal planes of hexagonal wurtzite ZnO.46 Thus, we con-
clude that the two ZnO nanomaterials have different exposed
facets, as illustrated in Fig. S6.†

Fig. 1 XRD patterns of ZnO-0001 and ZnO-101̄0.
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3.2 Facet-dependent photochemical properties of ZnO nanomaterials

The photochemical properties of the two ZnO nanomaterials
were examined regarding their ability to generate ROS in
aqueous solution (pH 7.0) under simulated solar irradiation

(Fig. 3). The O2˙
−-generating abilities of the two ZnO nano-

materials are distinctly different, as the [O2˙
−]ss for ZnO-0001

(49.4 nM) was nearly four times as high as that for ZnO-101̄0
(12.8 nM) (Fig. 3a and Table 2), despite the much smaller
SABET of the ZnO-0001 material (Table 1). By contrast, the
steady-state concentrations of both 1O2 and HO˙ were similar
between ZnO-0001 and ZnO-101̄0 (Fig. 3b and c and Table 2).
The ROS-generating properties of the ZnO nanomaterials un-
der simulated solar irradiation were further examined by
DMPO-assisted EPR measurement (Fig. 4). The typical signal
of the DMPO–O2˙

− adduct31 was detected in the methanolic
suspensions of the two ZnO nanomaterials, and the signal
was much higher for ZnO-0001 than for ZnO-101̄0 (Fig. 4a),
which confirmed that ZnO-0001 was capable to produce more
O2˙

− than ZnO-101̄0 under identical solar irradiation. In

Fig. 2 SEM images of ZnO nanomaterials: ZnO-0001 with (a) low and (b) high magnification, ZnO-101̄0 with (c) low and (d) high magnification.
HRTEM images of (e) ZnO-0001 and (f) ZnO-101̄0.

Table 1 Selected physicochemical properties of ZnO nanomaterials

Material

Dominant
exposed
facets

SABET
a

(m2 g−1)

O 1sb (at%)

O_I O_II O_III

ZnO-0001 {0001} 10.0 72.5 27.5 0
ZnO-101̄0 {101̄0} 33.5 67.1 19.8 13.1

a Specific surface area measured using the Brunauer–Emmett–Teller
(BET) method. b Surface O composition analyzed with X-ray photo-
electron spectroscopy.
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comparison, the characteristic EPR signals of the DMPO–HO˙
adduct31,47 with similar intensities were observed in aqueous
suspensions of both ZnO-0001 and ZnO-101̄0 (Fig. 4b). Thus,
the qualitative EPR results are consistent with the above-
mentioned quantitative analyses (Fig. 3 and Table 2).

3.3 Mechanisms controlling facet-dependent photochemical
properties of ZnO nanomaterials

As discussed above, the two ZnO nanomaterials exhibit differ-
ent capabilities to generate ROS (especially O2˙

−) under simu-
lated solar irradiation, even after the difference in specific
surface area was taken into account, which implies that other
factors determine the photochemical properties of the two
ZnO nanomaterials with different exposed facets. It is well
established that in semiconductor photocatalysis the O2˙

− is
generated from O2 reduction by the photogenerated electrons
(e−) at the conduction band (CB) of the semiconductor. Thus,
the amount of photocatalytically generated O2˙

− can be

influenced by several factors: (1) the adsorption of O2 on the
semiconductor surface, (2) the amount of CB electrons that
can reach the surface of the semiconductor materials, and (3)
the CB level of the semiconductor, which determines the
thermodynamic driving force for the O2 reduction reaction.48

We first examined the O2 adsorption abilities of the ZnO
nanomaterials. The surface chemical compositions of the
ZnO nanomaterials were analyzed by XPS (Fig. S7†). The O 1s
peak (Fig. S7b†) was deconvoluted to determine the relative
contents of different surface oxygen species. The peak at ap-
proximately 530.2 eV (O_I) is related to oxygen in the ZnO
crystal lattice (i.e., the Zn–O bond), the one at about 531.4 eV
(O_II) to surface chemisorbed oxygen species (O−, O2

− or O2−)
or surface hydroxyl group, and that at approximately 532.5 eV
(O_III) to adsorbed H2O molecules.49,50 As summarized in
Table 1, the relative percentage of the O_II component is
higher for ZnO-0001 (27.5%) than for ZnO-101̄0 (19.8%), indi-
cating that the surface of ZnO-0001 may contain more
chemisorbed oxygen or OH groups. In addition, the ZnO-
0001 surface has negligible content of adsorbed H2O com-
pared with ZnO-101̄0.

The difference in O2 adsorption abilities manifested by
the XPS results were corroborated with TGA analysis of the
ZnO nanomaterials (Fig. S8†). According to Mueller et al.,51

the weight loss in the 30–120 °C range is due to the loss of
physically adsorbed water, and those in the 120–300 °C and
300–600 °C ranges are related to weakly and strongly bonded

Fig. 3 Measurement of steady-state concentrations of ROS species generated by the two ZnO nanomaterials in aqueous solution under the simu-
lated solar irradiation: (a) superoxide radical anions (O2˙

−); (b) singlet oxygen (1O2), via the degradation of FFA; (c) hydroxyl radicals (HO˙), via the
formation of 2HTA.

Table 2 Steady-state concentrations (in nM) of ROS species produced
by different ZnO nanomaterials in aqueous suspension under simulated
solar irradiation

Material O2˙
− HO˙ 1O2

ZnO-0001 49.4 4.5 × 10−4 2.7 × 10−3

ZnO-101̄0 12.8 4.7 × 10−4 2.9 × 10−3
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OH groups, respectively. Compared with ZnO-0001, ZnO-101̄0
contains significantly more adsorbed H2O and OH groups (p
< 0.01, n = 3, Student's t test) (Table 3). It should be noted
that although TGA is a bulk analysis technique, all the OH
groups are supposed to be present on the surface of the ZnO
nanomaterials. Thus, the XPS and TGA data together indicate
that ZnO-0001 has higher adsorption affinity towards O2 than
ZnO-101̄0.

This discrepancy in O2 adsorption between the materials
is most likely due to the difference in the surface atomic
structures of their predominant exposed facets. The Zn atoms
on the {0001} facets are usually coordinatively unsaturated
with more dangling bonds, and thus the adsorption of O2 is

more likely to occur on the {0001} facets than on the {101̄0}
facets.43 In addition, the chemisorption energy values of O2

molecules on the {0001} and {101̄0} facets are −1.0665 eV and
−0.5233 eV, respectively.52 The more negative the chemisorp-
tion energy, the stronger the ability to adsorb O2.

52 Therefore,
this previous theoretical calculation result is in accordance
with our finding that the ZnO-0001 material with predomi-
nantly exposed {0001} facets has higher O2 adsorption affinity
than the ZnO-101̄0 material with predominantly exposed
{101̄0} facets.

Secondly, the amount of CB electrons produced by the two
ZnO nanomaterials were compared by examining their light
absorption and charge separation efficiencies. Based on the
UV-vis DRS spectra (Fig. 5a) and the corresponding Tauc
plots (Fig. 5b), ZnO-101̄0 has a narrower band gap (Eg, 2.95
eV) than ZnO-0001 (3.11 eV). Thus, ZnO-101̄0 has stronger
light absorption capability and can generate more CB
electrons than ZnO-0001 under identical light irradiation
conditions. Moreover, it is noted that the ZnO-101̄0 material
has absorption in the visible-light range (λ ≥ 400 nm), likely
because of the more abundant defects in ZnO-101̄0,53 as
evidenced from the XPS (Fig. S7c†) and Raman spectroscopy

Fig. 4 EPR spectra of the ZnO nanomaterials (1.2 × 10−2 mol L−1) and
DMPO (0.25 mol L−1) in (a) methanolic and (b) aqueous suspensions
after irradiation by simulated solar light.

Table 3 Weight percentages (w/w, %) of adsorbed H2O and OH groups
calculated from TGA results (ZnO-0001 and ZnO-101̄0 showed significant
difference (mean ± SD, n = 3, p < 0.01) in total OH content, by Student's
t test)

Material H2O OHweak OHstrong OHtotal

ZnO-0001 0.15 ± 0.01 0.40 ± 0.03 0.82 ± 0.06 1.22 ± 0.09
ZnO-101̄0 1.23 ± 0.08 1.73 ± 0.12 1.41 ± 0.01 3.14 ± 0.13

Fig. 5 (a) UV-vis DRS spectra and (b) plots of (Ahν)1/2 versus photon
energy (hν) of ZnO-0001 and ZnO-101̄0.
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(Fig. S9†) analyses (the assignment of Raman bands is pro-
vided in the ESI†). On the other hand, ZnO-0001 has stronger
fluorescence signal in the PL spectrum than ZnO-101̄0
(Fig. 6a), suggesting higher recombination rates of photo-
generated e− and h+ and accordingly lower separation effi-
ciency of the charge carriers. This is further supported by the
lower photocurrent density of the ZnO-0001 material
(Fig. 6b). Thus, considering the generation and recombina-
tion dynamics of charge carriers, we concluded that the ZnO-
0001 material is indeed inferior to the ZnO-101̄0 material in
providing CB electrons for the reduction of surface adsorbed
O2 to produce O2˙

− radical.
Note that the efficiencies of reduction and oxidation reac-

tions on the surface of photoexcited semiconductor nano-
particles depend not only on the amount of CB electrons or
VB holes that can reach the surface of a nanomaterial, but
also on the CB and VB positions of the semiconductor, which
determine the thermodynamic driving force of the surface re-
dox reactions. The level of the VB maximum (EVBM) was mea-
sured from UPS analysis (Fig. S10†), which, in combination
with the Eg values, was then used to determine the CB mini-
mum level (ECBM) of the materials (Fig. S11†), where ECBM =
EVBM − Eg. The calculated EVBM energies of ZnO-0001 and

ZnO-101̄0 are 3.3 and 3.25 eV, respectively, relative to the
Fermi level, which are equivalent to 7.25 and 7.28 eV relative
to the vacuum level (Fig. S11†). These EVBM energies corre-
spond to 2.75 and 2.78 eV relative to the normal hydrogen
electrode (NHE) level, since the scale factor relating the NHE-
based redox potential to the energy levels on the absolute vac-
uum energy scale is −4.5 eV.54 Thus, the corresponding ECBM
potentials are −0.36 and −0.17 eV vs. NHE. The more negative
CB potential of ZnO-0001 can provide greater thermodynamic
driving force for the surface O2 reduction reaction than for
ZnO-101̄0 (Fig. 7). Therefore, even though ZnO-0001 is not as
effective in generating CB electrons as ZnO-101̄0, the greater
thermodynamic driving force associated with this material
still results in greater capability for the reduction of adsorbed
O2 to O2˙

−.

3.4 Environmental implications

Even though O2˙
− is a weak oxidant compared to HO˙ and

1O2, it can play an important role in certain (photo)chemical
and biological processes, given that it can occur at much
higher concentrations than HO˙ (e.g., in this study) and that
it can participate in various types of reactions, even serving
as a precursor to H2O2, which further results in HO˙ genera-
tion.55 The important role of O2˙

− has been observed in both
photocatalytic applications of semiconductor nanomaterials
and their environmental behaviors and impacts from a life-
cycle perspective. For instance, O2˙

− was identified as the pri-
mary oxidant for the photocatalytic oxidation of arsenicĲIII)
over TiO2 nanomaterials with different exposed facets.30 The
facet-dependent formation of O2˙

− was also a major cause for
the enhanced photocatalytic formaldehyde oxidation by
SrTiO3 nanocrystals.29 Moreover, the diverse ecotoxicological
effects of metal oxide nanomaterials have been attributed to
their different capabilities to generate O2˙

− under light illumi-
nation.20 Herein, the potential implications of facet-
dependent O2˙

− generation of the two ZnO nanomaterials in
engineered or natural aquatic environments are illustrated by

Fig. 6 (a) PL spectra and (b) photocurrent response of the ZnO
nanomaterials under simulated solar irradiation.

Fig. 7 Scheme of the band structures of ZnO-0001 and ZnO-101̄0, in
which the conduction band (CB) positions determine the thermody-
namic driving force for surface O2 reduction reactions.
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evaluating their performance in photocatalytic degradation of
tetracycline and inactivation of E. coli.

Overall, ZnO-0001 was more effective than ZnO-101̄0 in
photocatalytic degradation of tetracycline, resulting in faster re-
moval of tetracycline in the aqueous suspension (Fig. S12†).
The roles of different reactive species (i.e., O2˙

−, HO˙ and h+)
were examined by radical quenching experiments (Fig. 8).
Interestingly, in the presence of BQ (a O2˙

− scavenger), tetracy-
cline degradation with ZnO-0001 decreased to a much greater
extent (by 37%) than with ZnO-101̄0 (by 14%). This observa-
tion indicated that the O2˙

− radical plays an important role in
the photocatalytic degradation of tetracycline, and the rela-
tive extent of the decrease in tetracycline removal efficiency is
consistent with the O2˙

− concentration generated by the two
ZnO materials (Table 2). The addition of IPA (a HO˙ scaven-
ger) only slightly decreased the tetracycline removal efficiency
for both ZnO materials, suggesting that HO˙ plays a minor
role in the photocatalytic degradation of tetracycline. When
TEOA was added as a scavenger of h+, tetracycline removal
decreased by 15% and 36%, respectively, with ZnO-0001 and
ZnO-101̄0, further indicating that the greater photocatalytic
efficiency of ZnO-0001 is attributable to its greater O2˙

− gener-
ation capability (the greater contribution of h+ to tetracycline
degradation with ZnO-101̄0 is consistent with the higher light
absorption and charge separation efficiencies of this material
as shown in Fig. 5 and 6). Overall, these results demonstrated
that the facet-dependent ROS generation significantly deter-
mines the overall photocatalytic oxidation efficiency of ZnO
nanomaterials and consequently, can influence both applica-
tion and implication of these nanomaterials in terms of inter-
action with organic contaminants.

The relative toxicity of the two ZnO nanomaterials to E.
coli under simulated solar light is shown in Fig. 9. ZnO-0001
was markedly more effective in inactivating E. coli than ZnO-
101̄0. For instance, 68% inactivation of E. coli cells was

achieved with ZnO-0001 upon irradiation under simulated
sunlight for 1 h at a ZnO dose of 10 mg L−1, whereas the inacti-
vation efficiency was only 40% for ZnO-101̄0 under the same
conditions. The toxicity of ZnO nanomaterials to bacteria in-
cluding E. coli can usually be attributed to dissolution and re-
lease of Zn2+ and/or to the generation and action of ROS.56,57

Hence, the concentrations of Zn2+ ion released from the ZnO
nanomaterials (tested at 10 mg L−1 and 100 mg L−1 ZnO) un-
der simulated sunlight irradiation were measured. Interest-
ingly, ZnO-0001 released less Zn2+ ions than ZnO-101̄0 (Fig.
S13†). Thus, dissolution and release of Zn2+ can be ruled out
as a main cause of the higher bacterial toxicity of ZnO-0001.
Instead, higher generation rate of ROS, O2˙

− in particular, is
most likely the reason for the higher toxicity of ZnO-0001,
which is consistent with the toxicity mechanism of ZnO
nanomaterials to Photobacterium phosphoreum bacterium.20

4. Conclusions

A ZnO nanoplate material with predominantly exposed
{0001} facets and a nanosheet material with predominantly
exposed {101̄0} facets exhibit different photochemical proper-
ties in terms of ROS generation under simulated solar irradi-
ation. The ZnO nanoplates with predominantly exposed
{0001} facets can generate more O2˙

− radical as compared to
the porous ZnO nanosheets with predominantly exposed
{101̄0} facets. The exposed {0001} facets of ZnO have more
unsaturated zinc atoms, which is conducive to the adsorption
of O2, than the {101̄0} facets. Although the ZnO-101̄0 material
can provide more CB electrons due to its higher light absorp-
tion and charge separation efficiencies, its CB level is lower
than that of the ZnO-0001 material, thus limiting the thermo-
dynamic driving force for the reduction of adsorbed O2 to
O2˙

−. In summary, this study further demonstrates that the
photochemical properties of metal oxide semiconductor
nanomaterials such as ZnO are greatly affected by exposed
facets, which determine the abundance of unsaturated

Fig. 8 Photodegradation of tetracycline by ZnO-0001 or ZnO-101̄0 in
aqueous solutions with or without radical scavengers, after irradiation
under simulated solar for 3 h. The 1,4-benzoquinone (BQ), isopropyl
alcohol (IPA), triethanolamine (TEOA) were used as scavengers of O2˙

−,
HO˙ and h+, respectively. Error bars represent ± one standard deviation
from the mean (n = 3).

Fig. 9 Antibacterial activity of ZnO-0001 and ZnO-101̄0 nanomaterials
under simulated solar irradiation. Error bars represent ± one standard
deviation from the mean (n = 3).
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surface atoms as well as the band structures. Therefore, ex-
posed facet is an essential parameter for predicting the
photocatalytic activity and environmental implications of
semiconductor nanomaterials.
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