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A B S T R A C T

The effects and mechanism of high-temperature annealing, a frequently-used strategy to modulate the properties
of nanoparticles (NPs), on the dissolution of zinc oxide (ZnO) NPs are investigated in this study. The results show
that annealing increases the ZnO NPs dissolution magnitude via increasing O vacancy abundance on the surface
and in the bulk crystal. The face-dependent distribution of O vacancy is revealed by characterizing ZnO single
crystal, and the (000-1) face has a higher abundance than the (10-10) face. Particularly, O vacancy abundance in
the bulk (000-1) is about 3 times higher than in the bulk (10-10). Annealing further strengthens the face-
dependence of O vacancy distribution, therefore both raw and annealed (000-1) faces contribute dominantly to
the dissolution of ZnO NPs. Typical topographies of the surface defect sites on the (000-1) face and their evo-
lutions during dissolution are collected. Annealing promotes the formation of larger and deeper etching pits.
Elevated solution temperature and annealing synergize to further accelerate ZnO dissolution. The dissolution
behaviors of ZnO NPs with different annealing statuses, surface properties, and solution temperatures in-
vestigated in this study have potential implications to the evaluations of environmental fate and risk of metal
oxide NPs.

1. Introduction

Metal oxide nanoparticles (NPs), e.g., zinc oxide (ZnO) NPs, have
been witnessed increasingly more applications in the recent decades
due to their unique optical, electronic, and structural properties (Lee
et al., 2015; Zhu and Zeng, 2017; G.R. Li et al., 2008; Q.L. Li et al.,
2008). The increasing manufacture and utilization of nanomaterials
will enlarge the possibility of their releases into terrestrial and aquatic
environments (Batley et al., 2013; Misra et al., 2012; Minetto et al.,
2014). Dissolution of NPs is an indispensable step in their environ-
mental fate (Batley et al., 2013). The dissolution process of NPs is
highly dependent on the physicochemical properties. Among all the
properties, particle size is frequently studied which critically influences
the surface Gibbs free energy (Batley et al., 2013; Misra et al., 2012).
The contribution of surface Gibbs free energy to overall Gibbs free
energy relates inversely to the particle sizes of NPs (Rao et al., 2002;
Zhang et al., 2010). It is concluded that a reduction in particle size
would expose the defects within the bulk crystal, which contributes to

the abnormal surface reactivity (Nutzenadel et al., 2000; Mudunkotuwa
and Grassian, 2011). The effects of various environmental factors on the
dissolution of metal oxide NPs have been frequently explored (Misra
et al., 2012; Li et al., 2011), but the effect of solution temperature on
metal oxide NPs with different defect abundances is not fully under-
stood.

Dissolution of solid particle occurs preferentially at defect sites,
such as dislocations, micro-fractures, and grain boundaries, where ex-
cess surface energy exists (Macinnis and Brantley, 1992; Tisserand and
Hellmann, 2006; He et al., 2019). The fact that dissolution initiates
from defects has been confirmed by Echigo et al. (2012) utilizing a
High-Resolution Transmission Electron Microscope (HR-TEM). Atomic
Force Microscopy (AFM) offers chances to recur molecular-scale process
at mineral-water interface, and investigations have shown that a mi-
neral surface dissolves via pit formation (Liang et al., 1996; Yoshihiro,
2012). Shallow pits evolve generally from point defects, whereas deep
pits evolve from dislocations (Renard et al., 2017; Valtiner et al., 2010;
Yoshihiro, 2012). While defect sites have been directly visualized, (Ling
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et al., 2015; Macinnis and Brantley, 1992), their topographies and
evolutions deserve more researches.

Face-preference is frequently encountered during dissolution
(Cwiertny et al., 2009; Fischer et al., 2014). For example, ZnO NPs have
been discerned to dissolve preferentially from (000-1) face (Michaelis
et al., 2017). Particle size- and crystallographic direction-dependences
are among the fundamental features related to crystal solubility, espe-
cially for nanocrystals (Fan et al., 2006; Yoshihiro, 2012). These de-
pendences could be ascribed to the distinctly varied surface Gibbs free
energies of different faces (Che et al., 1998; Zhang et al., 2010) which
are highly dependent on the respective defect abundance (Bian et al.,
2011; Eskelsen et al., 2018; Liu et al., 2008). While defect abundance is
critical for face-dependent dissolution, there is so far no study on the
comparison of defect abundances between different faces. The corre-
lation between surface topography evolution and defect abundance of a
crystal face is accordingly unclear.

On a molecular scale, chemical adsorption and dissociative activa-
tion of H2O molecule is the governing step for the breakage of lattice
cation from a metal oxide surface (Crundwell, 2013). It has been well
documented that H2O molecules adsorb preferably through electro-
philic adsorption onto the sites where excess negative charges are
available (J. Liu et al., 2016; C. Liu et al., 2016). For metal oxides like
ZnO, oxygen (O) vacancy formation via O2 evaporation from lattice O2–

leaves behind negative charges (J. Liu et al., 2016; C. Liu et al., 2016;
Pacchioni, 2003). Formations of O vacancy sites are thereby favorable
for H2O adsorption and consequent metal ion detachment from the
lattice, which results in enhanced macroscopic dissolution. In most
cases, metal oxide NPs are synthesized under extreme conditions during
which high-temperature annealing is a common practice (Bora et al.,
2017; Pacchioni, 2003). Annealing temperature is found to influence
remarkably the O vacancy abundance (Wang et al., 2012). However,
the effect of annealing temperature on the dissolution of metal oxide
NPs has been rarely studied.

This investigation attempts to enrich the understanding of the po-
sitive impact of annealing on crystal dissolution, using ZnO as a model
metal oxide. We use ZnO NPs to demonstrate that an increase in O
vacancy abundance as a result of annealing is predominantly re-
sponsible for the enhanced ZnO dissolution. Besides NPs, single crystals
(SCs) with two types of faces, polar (000-1) and nonpolar (10-10), are
investigated for microscopic insights. With the aid of an X-ray
Photoelectron Spectroscopy (XPS) combined with sputter depth pro-
filing (Busby et al., 2017), we quantify the face-dependent distribution
of O vacancy before and after annealing on the SCs which elucidates the
inherent impact of annealing on dissolution. In addition, the (000-1)
face of ZnO SCs are chosen to collect typical topographies of the defect
sites using AFM, and determine the dual impacts of annealing and so-
lution temperature on the evolution of crystal surface topography
during dissolution. By elaborating the roles of annealing and solution
temperature, this study contributes to understand the importance of
defect, especially its abundance and distribution on metal oxide NPs
dissolution under aquatic environment.

2. Materials and methods

2.1. Materials preparation

Fig. 1 shows the schematic diagram of the experimental approach in
this study. ZnO NPs are prepared according to the method proposed by
Uekawa et al. (2001). Briefly, 100mL Zn(NO3)2 solution (0.2M) and
100mL NaOH solution (0.2M) are mixed and stirred for 2 h. After fil-
tering, the precipitate is calcined in a tubular furnace (Thermo
TF55035C, USA) at 673 K under atmospheric pressure for 4 h, and
cooled under room temperature afterward to obtain ZnO NPs. Addi-
tional annealing is adopted to increase the O vacancy abundance and
annealing temperature (> 673 K) is optimized, prior to study the effect
of annealing on ZnO NPs dissolution.

ZnO SCs (5mm×5mm×0.5mm) with either (000-1) or (10-10)
face are obtained from MTI Corporation (California, USA). ZnO SCs are
calcined in the tubular furnace using the identical procedures as the
ZnO NPs and annealing temperature is fixed at 873 K. All optical-
quality crystal surfaces are prepared by a stress-free chemo-mechanical
polishing technique. Therefore, surface polishing does not increase
defect abundance, and the defect abundance is only related to crystal
growth (Michaelis et al., 2017). The cleaning procedure reported by
Valtiner et al. (2008) is carefully conducted to purify the ZnO SCs
surfaces prior to AFM measurement, as free of contamination is vital for
the accurate determination of surface topography.

It is worth noting that (i) ZnO NPs and ZnO SCs have the same
crystal structure (hexagonal wurtzite), and (ii) ZnO (000-1) and (10-10)
faces are equally hydrophobic. The water contact angels of ZnO SCs are
measured to determine the hydrophobicity using the sessile drop
method with the details shown in SI Text S2 and results shown in SI Fig.
S1. Therefore, we eliminate the impacts of crystal structure and hy-
drophobicity differences on the dissolution processes of ZnO NPs and
SCs.

2.2. Dissolution experiments

Ultrapure water (18 MΩcm−1, Millipore, USA) is used for all dis-
solution experiments. ZnO NPs dissolution is performed in 200mL
sealed amber glass serum bottles to prevent evaporation. Typically,
0.36 g ZnO NPs is added into 100mL ultrapure water and magnetically
stirred at 303 K. Aqueous samples were taken periodically and subse-
quently filtered through 0.22 μm PTFE syringe filters.

ZnO SCs dissolution, i.e., etching is conducted in a flow cell with an
air/fluid heating system to maintain the desired temperature (303 K,
333 K, 363 K) (Kuwahara and Makio, 2014). Ultrapure water flows
through the cell at a constant rate of 0.01mL/min which is controlled
by a syringe pump. The fluid residence time in the flow cell is ap-
proximately 8min. Six measurements with equal time interval within a
total duration of 18 h are performed for each of the three temperatures.
Since dissolved Zn2+ is in trace level, which is hard to quantify accu-
rately, dissolution magnitude of each ZnO SCs is presented by the al-
teration of surface topography which is measured after each time in-
terval.

2.3. Surface topography collection and quantitative analysis

Surface topographies of ZnO SCs with high vertical resolution are
obtained with an AFM (Bruker, USA). The contact-mode AFM images
are acquired under atmospheric pressure using silicon nitride probes
(DNP-S10, Bruker) with a nominal spring constant of 0.35 N·m−1, a tip
radius of 10 nm, and a resonance frequency of 35 kHz. The resolution in
up-down direction can reach as low as 0.03 nm. All AFM data proces-
sing is done using the software package NanoScope Analysis V1.8. Root-
mean-square roughness (Rq, Eq. (1)) is used to quantify the surface
height heterogeneity of the ZnO SCs (Fischer et al., 2015; Golgir et al.,
2017).
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A detailed description of the Rq is presented in SI Text S1. The
average Rq value for a face at each time step is calculated using at least
three AFM surface datasets with a field-of-view size of 20 μm×20 μm.
Correspondingly, the rate of Rq evolution is analogical to the dissolution
rate. By comparing rates of Rq evolution under selected conditions, the
relative efficiencies of etching temperature, annealing and their com-
bination can be determined.
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2.4. Characterization and analytical methods

Aqueous Zn2+ concentration during ZnO NPs dissolution is de-
termined using an Inductively Coupled Plasma Mass Spectrometer
(Agilent 7700, USA). The BET specific surface area and porosity of the
ZnO NPs are determined by N2 adsorption/desorption analysis using an
Autosorb-IQ-MP analyzer (Quantachrome, USA). XRD patterns of the
ZnO NPs are collected by a D8 advanced powder X-ray Diffractometer
(Bruker, Germany) with a Cu Kα (λ=1.5406 Å) radiation source
(40 kV, 40mA).

The compositional gradient from surface to the bulk of ZnO SCs is
obtained using an XPS (ESCALAB 250Xi, USA) with a Cu Kα radiation
source and an argon gun (1 eV) for depth profiling. The sputter rate is ~
0.4 nm·min−1 calibrated against a 100 nm SiO2 grown on a Si wafer.
Diameter of the analyzed area is 900 μm, and the average atomic con-
centrations of selected elements are obtained. Note that sputtering is
performed under vacuum to avoid the interference of O2 and H2O vapor
in the air. Identical XPS procedures are adopted to collect O informa-
tion on the ZnO NPs, but only the surface composition is characterized.
Calibration of all XPS binding energies is performed by shifting the
binding energy of the carbon peak to 284.6 eV, representing CeC
binding associated with adventitious carbon contamination (Levi et al.,
2015). Data analysis and fitting are conducted with software package
XPS Peak 41, after Shirley background subtraction.

3. Results and discussion

3.1. Annealing increases ZnO dissolution magnitude via O vacancy
generation

As can be seen from the SEM image in SI Fig. S2, raw ZnO NPs
exhibit a uniform polygonized morphology, which is inherently regu-
lated by the hexagonal wurtzite structure. Besides, the particle size of
ZnO NPs is uniformly distributed between 50 and 80 nm. The status of
O on the ZnO NPs surfaces is distinguished by XPS. Normalized high-
resolution O 1s XPS spectra for raw and annealed (873 K) ZnO NPs
fitted using three Gaussian functions are shown in Fig. 2A and B. The
lower binding energy peak at ~530.0 eV (Oa) is attributed to O2– in the
wurtzite structure with hexagonal Zn2+ array. The medium binding
energy component centered at ~531.2 eV (Ob) is associated with O2– in
the O-deficient regions within ZnO matrix. The higher binding energy
peak located at ~532.2 eV (Oc) is attributed to the presence of loosely-
bound O on ZnO surface (Bora et al., 2017). 873 K is chosen as the
desired annealing temperature to obtain the maximum O vacancy
abundance according to the results shown in Fig. 2C and SI Table S1.
When the temperature increases from 673 K to 873 K, O vacancy
abundance increases as a result of higher frequency of O2 evaporation

from lattice O2– (J. Liu et al., 2016; C. Liu et al., 2016). The decrease of
O vacancy abundance when the temperature is> 873 K is ascribed to
the crystalline improvement, possibly with the involvement of airborne
O2 (Wang et al., 2012).

Fig. 2D shows the dissolution kinetics of raw and annealed ZnO NPs.
It can be concluded that annealing increases the dissolution magnitude.
The increase in the dissolution kinetics is ascribed to the increase of O
vacancy abundance, rather than the improvement of porosity. An-
nealing in fact slightly reduces the surface area and porosity, which are
shown in SI Fig. S3 and SI Table S1. Under high temperature, micro-
structures in the local region might melt, deform and even collapse,
thereby possibly decrease the surface area and porosity, which is dis-
advantageous to interfacial reaction (Qi et al., 2012; Yu et al., 2006).
However, annealing is observed to increase Ob from 17.3% to 26.6%,
which is consistent with the annealing effect on ZnO dissolution. Al-
though O vacancy generation caused by annealing is a complex process,
the interstitial mechanism is mainly responsible for lattice O migration
in the presence of oxygen under atmospheric pressure (Erhart and Albe,
2006).

3.2. O vacancy distributions of (000-1) and (10-10) faces are different
before annealing

It is noticeable that ZnO NPs contain both (000-1) and (10-10) faces,
although the proportions of the two faces are not determined herein.
We further investigate the microscopic mechanism of ZnO dissolution
using ZnO SCs. The face-dependent dissolution of ZnO is recognized
only recently (Michaelis et al., 2017). Namely, the (000-1) and (10-10)
faces contribute differently to the total dissolved Zn2+ concentrations.
To gain intrinsic insight into the face-dependent dissolution of ZnO,
vertical distributions of the O vacancies parallel to both faces are
quantified using XPS combined with ion sputtering. In most cases, Oc

stems from the presence of loosely-bound O species, i.e., OH– and H2O,
and its intensity is proportional to the O vacancy abundance, since
spontaneous adsorption and hydroxylation are among the effective
strategies for surface defective sites to lower their excess energies (Park
et al., 2010; Zhang et al., 2003). In this study, the parameter of Ob is
mainly adopted for Ob intensity can directly denote the O vacancy
abundance, and O vacancy abundance in the bulk crystal cannot be
quantified if Oc is adopted (Oc= 0). Results in Fig. 3 and Table 1 show
that higher O vacancy abundance is presented on the surface of the
(000-1) face than (10-10), which strongly demonstrates the face-de-
pendent distribution of O vacancy. This difference is even more obvious
in the bulk of ZnO SCs, as O vacancy intensity of the (000-1) is around
three times higher than the (10-10). Particularly, homogeneous dis-
tribution of O vacancy within the bulk of each face is noted. Therefore,
it is feasibly deduced that the pattern of O vacancy distribution is

Fig. 1. Schematic diagram of the experimental approach in this study.
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inherently responsible for face dependent dissolution of ZnO. (000-1)
face is discovered to have the highest reactivity among all the faces of
ZnO (J. Liu et al., 2016; C. Liu et al., 2016; Solanki et al., 2016; Xu
et al., 2017). G.R. Li et al. (2008) and Q.L. Li et al. (2008) qualitatively
correlates the high reactivity to the high O vacancy abundance using
photoluminescence spectroscopy. The distribution patterns of O va-
cancy impact the surface topography evolution during continuous

etching, which will be discussed later. Full-range and Zn 2p XPS depth
profiling spectra for the two faces at different sputtering depths are
shown in SI Fig. S4, but negligible difference is noticed in each case.

Fig. 2. Typical normalized high-resolution O 1s spectra for raw ZnO NPs (A), annealed ZnO NPs (B), Oa, Ob and Oc proportions of ZnO NPs under different annealing
temperatures (C) and dissolution kinetics for raw and annealed ZnO NPs (D). ZnO NPs dissolution experiments are conducted in triplicates and the average value is
reported. Experimental conditions: [ZnO NPs]= 3.6 g·L−1, T=303 K. ZnO-R and ZnO-A represent raw ZnO NPs and ZnO NPs annealed at 873 K, respectively.

Fig. 3. O 1s XPS depth profiling spectra of ZnO (000-1) and (10-10) faces at different sputtering depths. To eliminate mutual interference, ZnO SC with the face of
(000-1) or (10-10) is characterized.
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3.3. O vacancy distributions of (000-1) and (10-10) faces are increased
after annealing

The 18% more dissolved Zn2+ from annealed ZnO NPs in Fig. 2D is
jointly contributed by the dissolution on the (000-1) and (10-10) faces.
The impact of annealing on O vacancy abundance of the both faces is
quantitatively differentiated. Annealing increases the Rq for (000-1)
face from 0.25 ± 0.04 nm to 0.42 ± 0.05 nm (by 68%), and from
0.27 ± 0.05 nm to 0.33 ± 0.05 nm for (10-10) face (by 22%). This
indicates more O2 evaporation from lattice structure on the (000-1)
face.

As shown in Table 2 and SI Fig. S5, annealing increases the O va-
cancy in the (000-1) bulk to ~23.3%, and ~10.4% in the (10-10) bulk.
This is mainly related to out-of-plane diffusion of O vacancy in wurtzite
structure where six equivalent paths are parallel to the (000-1) axis
(Erhart and Albe, 2006). Nearly identical Zn 2p XPS spectra shown in SI
Figs. S4 and S6 indicate a negligible impact of annealing on the hex-
agonal wurtzite structure. This conclusion is further supported by the
XRD characterization, as raw and annealed ZnO NPs exhibit almost
identical pattern (SI Fig. S7).

Two conclusions are drawn here: (i) annealing leads to homo-
geneous increase of O vacancies in the bulk ZnO of each face, (ii) (000-
1) face is more evidently affected by annealing. Therefore, it is very
likely that the (000-1) face also contributes more to the enhanced dis-
solution of annealed ZnO NPs. Considering the obviously higher O
vacancy abundance and rapider response towards annealing, the (000-
1) face is mainly chosen for the following investigation.

3.4. Typical topographies of surface defect sites

Surface defects have been acknowledged to play a crucial role in
interfacial etching (Urosevic et al., 2012). Selected images of disloca-
tions on the (000-1) surface are shown in Fig. 4A, B and C. Featured as
uneven topographies, these dislocations are randomly distributed on
the (000-1) surface. Fig. 4D displays a much smoother surface, which is
normally observed on the (000-1) surface. Fig. 4E further quantifies the
sizes of these defects, and the depths reach up to ~500 nm. These va-
lues are of the same magnitude as the interplanar spacing of a hex-
agonal ZnO (000-1) face (~0.26 nm) (He et al., 2011). In addition, the
four AFM images clearly exhibit the hexagonal structure parallel to the
crystal growth direction. Defects have been visualized by Ling et al.
(2015) on Fe particle using Spherical Aberration-Corrected Scanning
TEM, but the details could be hardly obtained. Acquisition of defect
information in this study is attributed to the joint contributions of the
optimal polishing technique and the high resolution AFM.

3.5. Annealing accelerates surface topography evolution during etching

As shown in Fig. 5, etch pits with regular hexagonal shapes are
forming during the etching of ZnO SCs, which is inherently determined
by the hexagonal wurtzite structure (Bora et al., 2017; Valtiner et al.,
2010). The random distribution of defect sites yields a corresponding
heterogeneous distribution of surface Gibbs free energy (Fisher et al.,
2012). Therefore, random distributions of shallow pits and deep pits are
observed (A1, B1, A2, B2 in Fig. 5). The growths of all pits show vertical
and lateral heterogeneity. Preferable etching along crystal defects as
dislocations into the bulk oxide results in deep hexagonal etching pit
(Liu et al., 2008). Pits tend to evolve more quickly on the annealed ZnO
SCs, which is embodied in the depth distribution of heterogeneous etch
pits. Variability in depth distribution has been confirmed to take an
indispensible role in the heterogeneous evolution of surface topography
(Luttge, 2005). It is calculated that the depths of deep etch pits in A2
mostly range between 30.0 nm - 38.0 nm, and 40.0 nm - 54.0 nm in B2.
Deeper and more variable pit depths provide a topographical insight
into the dissolution magnitude increase induced by annealing shown in
Fig. 2D. The O vacancy in the bulk crystal, which is confirmed by the
aforementioned XPS characterization, promises the growth of the etch
pits. The positive impact of annealing on dissolution by increasing O
vacancy abundance has been demonstrated above.

Slower development of pits on the (10-10) face than the (000-1) is
reasonable, and a selected topography is shown in SI Fig. S8. Pits with
flat triangular and trapezoidal shapes are observed, which are quite
different from those on the (10-10) surface. Both atomic arrangement
and defect abundance determine the surface topography evolution (He
et al., 2011; Luttge, 2005).

The changes of surface Rq with time under different temperatures
are plotted in Fig. 6A and B. Only deep pits that evolve from screw
dislocations are statistically analyzed, considering their dominant
contributions to the Rq values (Michaelis et al., 2017). The results show
that the Rq values increase almost linearly with the increase in dis-
solution time. The difference in curve slopes quantifies the impacts of
annealing and solution temperature. According to Fig. 5, similar den-
sities of deep pits are observed after the same dissolution time between
the raw and annealed surfaces, i.e., A1 and B1, and A2 and B2. This
indicates that the raw ZnO SCs surface contains similar density of screw
dislocations as the annealed surface. It is likely that O vacancies form in
linear defects within the crystal which is correlated with the out-of-
plane diffusion of O vacancy parallel to the (000-1) axis (Erhart and
Albe, 2006). We acknowledge that there are several possible pathways
for O vacancy rearrangement including linear formation. There is a lack
of direct and solid evidence confirming which mechanism is present in
the current study. Surface O vacancies are soon depleted after each
dissolution experiment starts. Thereafter, homogeneous distribution of
bulk O vacancies, as confirmed in Sections 3.2 and 3.3, is responsible

Table 1
O vacancy intensities of raw ZnO (000-1) and (10-10) faces at different sput-
tering depths.

Sample ID Depth
(nm)

Relative intensity (%)

Oa

(530.0 ± 0.2 eV)
Ob

(531.2 ± 0.1 eV)
Oc

(532.2 ± 0.1 eV)

(000-1) 0 57.2 ± 3.1 21.3 ± 2.9 21.5 ± 2.2
20 88.7 ± 4.6 11.3 ± 1.36 0.0
40 89.1 ± 4.1 10.9 ± 1.7 0.0
60 88.5 ± 4.0 11.5 ± 1.5 0.0

(10-10) 0 74.4 ± 5.1 13.2 ± 3.0 12.4 ± 1.9
20 95.7 ± 2.6 4.3 ± 0.8 0.0
40 95.9 ± 3.1 4.1 ± 0.8 0.0
60 95.5 ± 4.1 4.5 ± 0.8 0.0

Note: (i) All data are calculated from the XPS depth spectra in Fig. 3, (ii) at least
three measurements are carried out for each face and the average is reported.

Table 2
O vacancy intensities of annealed ZnO (000-1) and (10-10) faces at different
sputtering depths.

Sample ID Depth
(nm)

Relative intensity (%)

Oa

(530.0 ± 0.2 eV)
Ob

(531.2 ± 0.1 eV)
Oc

(532.2 ± 0.1 eV)

(000-1) 0 36.1 ± 2.6 30.6 ± 3.0 33.3 ± 2.9
20 77.0 ± 4.6 23.0 ± 2.4 0.0
40 77.4 ± 4.1 22. 6 ± 2.5 0.0
60 76.4 ± 4.0 23.6 ± 2.8 0.0

(10-10) 0 49.1 ± 4.4 27.7 ± 2.9 23.2 ± 1.9
20 90.1 ± 3.6 10.0 ± 0.8 0.0
40 89.5 ± 4.3 10.5 ± 1.0 0.0
60 89.2 ± 2.4 10.8 ± 0.8 0.0

Note: (i) ZnO NPs annealed at 873 K are adopted for characterization, (ii) all
data are calculated from XPS depth spectra in SI Fig. S5, (iii) at least three
measurements are carried out for each face and the average is reported.
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for the linear increase in Rq. The defects in the lattice structure are
mentioned to be responsible for the constant dissolution rate of highly
pure, nano-polished, monocrystalline ZnO substrates under neutral pH,
but the microscopic evidence is not provided (Yebra et al., 2006).

3.6. Annealing and elevated solution temperature synergistically increase
ZnO NPs dissolution

Synergistic effect between elevated solution temperature and an-
nealing is observed, for their combination has a greater promotion on
the rate of Rq evolution than the sum of the individual contributions.
For example, the annealed ZnO SC etched at 363 K increases ~270%
the Rq evolution rate of raw face at 303 K. However, annealing and
elevated solution temperature (363 K) increases the rate by ~53%,
~160%, respectively. Our results suggest that dissolution of metal oxide
NPs might accelerate unexpectedly if solution temperature is raised to

enhance the reaction mediated by NPs, which deserves an additional
attention. The dissolution magnitude of metal oxide NPs has been de-
termined, but for the most part, only room temperature is considered
(He et al., 2017).

Furthermore, a near-linear correlation between Rq evolution rate
and the corresponding solution temperature is observed. Results in
Fig. 6C show that annealing increases the slope (kobs) from
0.058 ± 0.006 nm·h−1·K−1 to 0.069 ± 0.008 nm·h−1·K−1. This in-
crease quantitatively describes the impact of annealing, and thus sup-
ports the dependence of etching on O vacancy abundance as discussed
above. This seems to be contradictory to the previous conclusion that
surface etching rate is heterogeneous as a result of heterogeneous sur-
face reactivity (Arvidson et al., 2003). In fact, the linear correlation in
Fig. 6C reflects the apparent dissolution trend as a result of hetero-
geneous etching of many single pits. This inspires us that the seemingly
“random” dissolution by H2O and topographical evolution can be well

Fig. 4. Selected AFM images of defect sites (A, B, C) and a non-defective site (D) on the (000-1) face. The vertical distances as a function of horizontal distances along
the paths marked in A, B, C, D are shown in E.

Fig. 5. Selected surface topographies of raw (A0, A1, A2) and annealed (B0, B1, B2) ZnO (000-1) faces after 0 h, 3 h, 15 h etching at 303 K. A schematic representation
of the ZnO hexagonal cell displays the main crystallographic planes (C). The z-axis magnitudes of all 20 μm×20 μm AFM images are identical. ZnO SCs are annealed
at the temperature of 873 K.
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quantified at meso- to macro-scale. The dissolution behaviors of metal
oxide NPs with different annealing statuses, surface properties, and
solution temperatures present in this study have potential implications
to environmental fate and risk of the metal oxide NPs. Recently, study
by Wang et al. (2016) suggests that the releases of metal ions from
metal oxide NPs and their contributions to the overall environmental
toxicity should be considered.

3.7. Environmental implications

Recent environmental fate models underline that nanowastes finally
end up in the aquatic environment, thus potentially affect natural
ecosystems and human health (Bystrzejewska-Piotrowska et al., 2009).
The bioavailability and toxicity of engineered metal-containing NPs
depend on their aggregation and dissolution in the environmental
media (Avilov et al., 2017). With regard to NPs dissolution, most pre-
vious investigations are about the environmental conditions, notably
pH, ionic strength/salinity, hardness, inorganic and organic ligands
(Lowry et al., 2012). Results in this study show that defects, funda-
mental physicochemical characteristics of metal oxide NPs, are also
essential to dissolution. In addition to studying the defects on crystal
surface (J. Liu et al., 2016; C. Liu et al., 2016; Wang et al., 2012), we
quantify the presence and dissolution behavior of the defects in the bulk
crystal. Particularly, defects in ZnO crystal body are revealed to present
in a face-dependent pattern, which is responsible for the preferential
dissolution from (000-1) face. This is recommended to be considered to
improve the accuracy of dissolution behavior of ZnO NPs and possibly
other metal oxides.

We further find that annealing, a frequently-used strategy to mod-
ulate the properties of NPs, inherently increases the dissolution

magnitude of ZnO NPs to various degrees, which is highly dependent on
the annealing temperature. The characterizations show that annealing
is capable of increasing defect within the crystal structure, thereby in-
creases the dissolution magnitude. This might lead to different beha-
viors of metal oxides NPs even with the same chemical composition
under aquatic environment, which is largely ignored previously.

According to our results, the ecological risk of discharged and
spilled metal oxide NPs, for example around the factory, might differ
seasonally a result of different water temperature. It is also very likely
for metal oxide NPs, from both natural and anthropogenic sources, to
migrate and finally reside in groundwater (Batley et al., 2013). Under
the condition of local high temperature, ecological risk of metal oxide
NPs with high defect abundance might increase as a result of enhanced
dissolution. The naturally occurring substances probably further sy-
nergize to aggravate the potential risk of metal oxide NPs in natural
water (Lowry et al., 2012; Batley et al., 2013). Therefore, defect
abundance and interaction of NPs with external factors deserve more
investigations to fully understand the behavior of metal oxide NPs in
the aquatic environment.

4. Conclusion

High-temperature annealing is frequently adopted to modulate the
properties of metal oxide NPs, but its effect on the dissolution process of
the corresponding NPs has not been fully understood. This study shows
that annealing increases the magnitude of ZnO NPs dissolution via in-
creasing O vacancy abundance on the surface and in the bulk crystal.
Face-dependent distribution of O vacancy is revealed, the (000-1) face
has a higher O vacancy abundance than the (10-10) face. Particularly, O
vacancy abundance in the bulk (000-1) is about 3 times higher than in

Fig. 6. Effect of solution temperature on the root-mean-square roughness Rq evolutions of raw (A) and annealed (B) ZnO (000-1) faces. The derivations of roughness
evolutions in (A) and (B) as a function of solution temperature are shown in (C). In A and B, interquartile boxes range between 25% and 75% of Rq values.
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the bulk (10-10). Annealing strengthens this pattern, confirmed by that
O vacancy intensity increases by ~12% for (000-1) bulk, but ~6% for
(10-10) bulk, implying that (000-1) face maintains the dominant con-
tribution in the enhanced ZnO dissolution by annealing.

Typical topographies of surface defect sites on the (000-1) face and
their evolutions during dissolution are collected by AFM. The results
show that annealing promotes the formation of larger and deeper
etching pits, which is directly correlated with the increase in O vacancy
abundance. It is found that elevated solution temperature and an-
nealing synergize to accelerate ZnO dissolution. The dissolution beha-
viors of ZnO NPs with different annealing statuses, surface properties,
and solution temperatures present in this study have potential im-
plications to the evaluations of the environmental fate and risk of metal
oxide NPs.
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Table S2: Porosity property of raw and annealed ZnO NPs.
Figs. S1–S8: The contact angels on the (000-1) face and (10-10) face

of ZnO crystals; SEM image for ZnO NPs; N2 adsorption/desorption
isotherms and pore size distribution curves of raw and annealed ZnO
NPs; Full-range and Zn 2p XPS depth profiling spectra of (000-1) and
(10-10) faces of ZnO with different sputtering depths; The annealing
effect on O 1s XPS depth profiling spectra of (000-1) and (10-10) faces
of ZnO with different sputtering depths; Effect of annealing on full-
range and Zn 2p XPS depth profiling spectra of (000-1) and (10-10)
faces of ZnO with different sputtering depths; XRD patterns of raw and
annealed ZnO SCs; Selected surface topography of (10-10) face of raw
ZnO SC etching for 12 h, under the solution temperature of 303 K.
Supplementary data to this article can be found online at doi:https://
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