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The in vitro chemical stability and etching of ZnO nanostructures in simulated physiological solution (SPS) were
studied using electron microscopy. Calcium hydrogen phosphate thin layers were observed to be uniformly deposited
on the surfaces of ZnO nanomaterials in SPS. Electron diffraction and high-resolution transmission electron microscopy
revealed that the calcium hydrogen phosphate layers were amorphous and had excellent interfacial contact with
the nanocrystals. ZnO nanostructures fabricated by thermal evaporation were found to survive much longer in SPS
than those fabricated using a hydrothermal solution method. The shapes of the voids formed in the ZnO nanostructures
by the etching in SPS can be used to deduce the polar directions of ZnO nanostructures.

Introduction

Biosensors based on nanostructured materials such as
nanowires1–5 and nanotubes6–9 10 have received increasing
attention in recent years. Nanostructures possess high bio-
sensitivity because of the depletion or accumulation of charge
carriers on their surfaces when charged biological macro-
molecules are bound. This surface charge affects the entire
cross-sectional conduction pathway.4 ZnO nanostructures are
one type with many potential applications in optoelectronic

devices, transducers, and photovoltaic devices.11–14 Recently,
ZnO nanomaterials are being widely investigated for use in
biosensors,15–17 bioimaging,18,19 drug delivery, 20 and other
such biological applications. Such applications often involve
direct interaction with biological systems and sometimes
require a certain time to perform their functions, for example,
in the real time bioimaging of protein interactions or in the
real time monitoring of changes in pH or glucose in vivo.
This makes investigating the bioactivity, biocompatibility,
chemical stability, and behavior of nanomaterials in biofluids
a priority. So far, little has been published on the bioactivity
and biocompatibility of ZnO nanomaterials21–24 and, their
chemical stability and interactions with biofluids remain
poorly understood.
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Wurtzite ZnO has been shown to form structures such as
nanowires, nanobelts,12nanorings,25 nanosprings,26 and nano-
helices.27 It is believed that the polar surfaces (Zn terminated
or O terminated) play an important role in the formation of
these nanostructures. The differently charged surfaces show
distinct reactivity and thus display different growth behaviors.
To correlate the growth behaviors with the structure of
nanosized crystalline ZnO, it is important to identify the
polarity of the ZnO nanocrystals experimentally. This has
been the first study of the in vitro chemical stability of ZnO
nanostructures with different morphologies and their etching
behavior in simulated physiological solution (SPS) with ion
concentrations approximately equal to those in human blood
plasma. SPS has been used widely for in vitro assessment
of the artificial biomaterials.28 ZnO nanomaterials synthe-
sized by thermal evaporation and solution methods have
different “survival times” in SPS, and they show interesting
anisotropic etching behaviors. The anisotropic etching be-

haviors can be very useful for determining the polar
directions of ZnO nanostructures.

Experimental Section

Preparation of ZnO Nanostructures. ZnO nanowires and
nanoribbons with different morphologies were fabricated by (1) a
simple thermal evaporation method based on the self-catalyzed
vapor-solid mechanism (no metal catalyst was used); and (2) a
simple hydrothermal method without using any capping agents or
surfactants. In brief, ZnO powder was placed at the center of an
evacuated (2 × 10-2 torr) tube furnace. Substrates were placed
downstream in a lower temperature region (400-800 °C) of the
furnace. The furnace was heated to 1400 °C for 2 h. For the growth
of ZnO nanowires and nanobelts, carbon foils and a polycrystalline
sapphire substrate were used, respectively. In the solution hydro-
thermal method, 5 mL of 0.1 M zinc acetate ethanol solution was
mixed with 35 mL of 0.5 M NaOH ethanol solution to form a mixed

Table 1. Ion Concentrations of SPS

ion Na+ K+ Mg2+ Ca2+ Cl- HCO3
- HPO4

2- SO4
2-

concentrations (mmol\dm3) 142.0 5.0 1.5 2.5 103.0 27.0 1.0 0.5

Figure 1. (a) XRD patterns of ZnO nanowires fabricated by the hydro-
thermal method (bottom) and nanowires (middle) /nanobelts (top) by thermal
vapor deposition. (b) PL spectra of ZnO nanowires fabricated by the
hydrothermal method (bottom) and nanowires (middle) /nanobelts (top) by
the thermal vapor deposition.

Figure 2. (a) ZnO nanowires fabricated by the hydrothermal method. (b)
ZnO nanowires fabricated by thermal evaporation. (c) Amorphous thin
calcium phosphate shells formed on the surfaces of the ZnO nanowires
synthesized by the hydrothermal method. These ZnO nanowires acted as
the templates. (d) Calcium phosphate shells coated on the ZnO nanowires
synthesized by thermal evaporation. (e) HRTEM image of calcium
phosphate shell-ZnO nanowire structures and the EDS spectrum of the
calcium phosphate shell. Scale bars 200 nm for panels a and b, 100 nm for
panels c and d, and 5 nm for panel e.
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solution which was later transferred into a Teflon-lined stainless
steel autoclave (50 mL) and heated to 180 °C. After 24 h, a white
precipitate had formed at the bottom of the autoclave with
transparent solution above the product.

Characterization. The as-prepared samples were characterized
by X-ray diffraction (XRD; Philips, PW1813). A drop of solution
containing the nanostructures was diluted with ethanol and sonicated
for 15 min. The nanostructures were then dispersed onto a holey
carbon film for structural characterization using a JEOL JEM-2010F
transmission electron microscope (TEM) equipped with an energy-
dispersive X-ray spectrometer (EDS). The convergent-beam electron
diffraction (CBED) patterns were recorded using a Philips TEM
(CM120), and the CBED simulation was performed using the JEMS
software. The photoluminescence (PL) measurements were carried
out using a He-Cd laser as the exciting light source.

In Vitro Experiments. The in vitro experiments were conducted
in the SPS28 which has the same ionic composition as human
plasma. One liter of SPS was prepared by dissolving 5.403 g of
NaCl, 0.736 g of NaHCO3, 2.036 g of Na2CO3, 0.225 g of KCl,
0.182 g of K2HPO4, 0.310 g of MgCl2 ·6H2O, 11.928 g of HEPES
(2-(4-(2-hydroxyethyl)-1-piperazinyl) ethane surfonic acid), 0.293
g of CaCl2, 0.072 g of Na2SO4, and 1.5 mL of 1 mol ·L-1 NaOH
into double distilled water in sequence. The ion concentrations of
this SPS are listed in Table 1. ZnO nanomaterials were immersed
in SPS at 37 °C for several hours to several weeks. After this
treatment, the ZnO nanomaterial samples were washed with distilled
water and dispersed on holey carbon supporting grids for structural
characterization by transmission electron microscopy.

Results and Discussions

As shown in the XRD data in Figure 1a, ZnO nanowires
and nanobelts synthesized by our methods can be well
indexed as Wurtzite ZnO. The lattice parameters calculated
for the nanowires from the hydrothermal method are a )
0.324 nm and c ) 0.518 nm, and the nanowires and nanobelts
from thermal evaporation show very similar lattice param-
eters (a ) 0.324 nm and c ) 0.520 nm). The diffraction
peaks are sharp and no other phases can be found. This
indicates that these nanostructures have very good crystal-
linity. It has been widely acknowledged that point defects,
for example, oxygen vacancies and impurity atoms, are the

main defects in ZnO nanocrystals that cannot be detected
by electron microscopy. However, these point defects largely
affect the optical properties such as PL.29 So far, there is no
good way to determine the defect types and numbers
quantitatively in nanostructured materials. However, the
presence of impurities or point defects in ZnO nanostructures
can be revealed by a PL spectrum.29 Figure 1b shows the
PL results obtained from the as-prepared ZnO nanostructures.
The nanostructures from the hydrothermal method have a
large green emission (due to defects, ranging from 450 to
650 nm) versus the band gap emission (near 380 nm)
compared to those nanostructures from the thermal evapora-
tion method, indicating that the point defect concentration
(such as ionized oxygen vacancies, antisite oxygen and zinc
interstitials, etc.)29 is high in the hydrothermal samples. In
addition, according to the band gap emission intensity, the
ZnO nanostructures from the thermal evaporation method
have a high crystalline quality.

Figures 2a,b are TEM images showing the morphologies
of as-grown ZnO nanowires synthesized by the hydrothermal
solution method and the thermal evaporation process,
respectively. The nanowires from these two synthesis
methods show uniform diameters of about 30 nm and smooth
surfaces with a unique [0001] growth direction. According
to the electron diffraction patterns and high-resolution TEM
(HRTEM) images taken from these nanowires, the nanowires
contained few defects and showed high crystallinity. Figures
2c,d are low-magnification TEM images of nanowires after
they had been soaked in SPS for 3 days. Most ZnO nanowires
synthesized by the hydrothermal solution method were etched
out, leaving only thin tubular shells several nanometers thick,
as shown in Figure 2c. These shells apparently formed on
the wire surface. However, the nanowires fabricated by
thermal evaporation were stable and still held their original
shapes after soaking, with some voids several nanometers
in diameter randomly distributed on their surface (see Figure
2d). The wires formed through the high temperature process
may have been able to persist longer in the SPS solution

Figure 3. TEM images of etched ZnO nanostructures: (a) nanowires viewed along [1j100]; (b) nanobelts with a (0001) dominant plane; (c) and (e) with a
(1j100) dominant plane; (d) with a (11j20) dominant plane. Scale bar 50 nm for panels a and b; 200 nm for panels c-e.
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because they had better crystalline quality than the nanowires
formed through the hydrothermal process as revealed by our
PL studies (Figure 1b). ZnO nanowires fabricated by thermal
evaporation were observed to survive in SPS at least two
weeks.

As is illustrated in the inset of Figure 2d, a very thin layer
(several nanometers in thickness) uniformly coated each ZnO

nanowire after immersion. Selected-area electron diffraction
and HRTEM (Figure 2e) demonstrated that these thin shells
were amorphous. The results from EDS study indicated that
the shells contained a high concentration of phosphorus
(3.27%, at) (atomic percent) and calcium (2.86%, at). Other
impurities such as Mg (0.17%, at), S (0.52%, at), and Cl
(0.99%, at) in SPS were also detected. Some very weak peaks
are caused by the background noise and cannot be character-
ized by peaks from any elements. The amorphous calcium
phosphate is a precursor of hydroxyapatite and can be
stabilized by being crystallized into apatite.30,31 Biomedical
researchers commonly use the formation of apatite on
materials soaked in SPS to indicate the material’s bioactivity.
The precipitation of amorphous calcium phosphate in these
experiments shows that ZnO nanostructures behave as
bioactive materials.31

When ZnO nanostructures are soaked in SPS, ZnO(OH)4
2-

is formed by the reaction ZnO + 3H2O ) ZnO(OH)4
2- +

2H+, resulting in a negatively charged surface. Takadama
et al. 30 have explained that such negative surfaces can induce
the formation of amorphous calcium phosphate. Calcium ions
in the SPS are attracted to the surface preferentially. This is
followed by the arrival of HPO4

2-, resulting in a hydrated
precursor cluster of calcium hydrogen phosphate. The pre-
cursor clusters grow by incorporating calcium and phosphate
ions from the surrounding SPS. The calcium phosphate phase
accumulates uniformly on the surface, forming a thin shell
of amorphous calcium phosphate intimately interfaced with
the substrate.31 The fast reaction for the formation of
ZnO(OH)4

2- at defect sites was probably responsible for the
obvious etching which formed the voids on the surfaces of
the ZnO nanostructures tested in these experiments.

The etching and morphology changes were further studied
using HRTEM. All the samples in this phase of the study
were fabricated by the thermal evaporation method. Apart
from the thin shells of amorphous calcium phosphate,
numerous voids were clearly visible by TEM. As Figure 3a
shows, the voids at the nanowire surface were shaped
approximately as right-angled triangles. (See also the en-
larged image in the inset.) Because the voids were rather
small, it was hard to distinguish their profile shapes embed-
ded in the nanostructures when the sample was thick. The
voids in the nanobelts with {0001} as the dominant plane
could be seen only as small “spots” with quite poor contrast
at low magnification (Figure 3b). However, the etching
patterns could be observed clearly in the nanobelts grown
with other dominant planes, such as (1j100) and (11j20), as
shown in Figures 3c-e. In these cases, many voids about
several nanometers in size were observed all over the
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Figure 4. CBED experimental patterns (top) and simulated patterns
(bottom) for the samples shown in Figures (a) 3a,b; (b) Figure 3c; (c) Figure
3d; and (d) Figure 3e.
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nanobelts. Apart from some irregularly shaped voids, most
of the voids in the nanobelts with (1j100) dominant planes
were isosceles trapezoids (see the inset in Figures 3c,e). In
nanobelts with (11j20) dominant planes the voids were
triangles (Figure 3d). It is worth noting that the symmetry
axes of the void patterns were always along the [0001]
direction.

The atomic structure of Wurtzite ZnO has positively and
negatively charged polar surfaces due to alternative stacking
of O2- and Zn2+ ions along the c axis. Traditionally, CBED

has been widely used to determine the polarity of this kind
of compound. However, the sample thickness determines the
contrast of CBED diffraction patterns.25–27,32 CBED patterns
taken from nanometer size (<10nm) samples show no useful
contrast. To quantitatively determine the polarity of the
surfaces, CBED was supplemented by theoretical simulation.
Figure 4 shows CBED patterns taken from ZnO nanostruc-
tures with the electron beam parallel to the [1j100] direction.
These patterns (shown at the top of Figures 4a-d) match
fairly well with the simulated ones (shown at the bottom of
Figures 4a-d) produced using the JEMS simulation software.
The thicknesses for the simulations of Figure 4 were 26 nm
for 3a, 100nm for 3b, 74nm for 3c, and 28nm for 3d. These
CBED results permit identifying the polarity of the surfaces
in relation to the shapes and orientations of the etched voids.

Figures 3a and 3c-e show that the [000j1] direction always
pointed to the larger flat side of each void perpendicular to
the c-axis. All etched ZnO nanostructures investigated in the
present work yielded the same results. This indicates that
ZnO nanostructures exhibit consistent etching behavior in
SPS. Figures 5a,b are HRTEM images of the voids viewed

Figure 5. HRTEM images showing the typical morphologies of the voids viewed along (a) [1j100] and (b) [11j20] directions. Insets are corresponding
Fourier transform patterns. (c, d) Profile graphs of the outlined areas A and B shown in panels a and b. Scale bar 5 nm for panels a and b.

Figure 6. (a) Schematic model of an etched void. (b, c) 3D projections of
the voids viewed along the [1j100] and [11j20] directions. (d, e) Profile images
of cross-sections of panels b and c cut perpendicular to the [0001] direction.

Table 2. Comparison of Methods for Identifying the Polarity of ZnO Nano Crystals

methods CBED 32 HRTEM 34 EELS 35 CE

process record CBED patterns;
compare with the
simulated patterns.

record HRTEM images;
compare with
atomic model.

collect EELS spectra;
compare element
peak intensities.

directly observe by TEM

real-time no no no yes
sample geometry thickness >10 nm. flat and

free of defects.
thickness <5 nm. flat and

free of defects.
proper thickness. no limit.

equipments normal TEM HRTEM special EELS normal TEM
time consuming yes yes yes no
reliability high low high high
feasibility for bulk

quantity of
samples

no no no yes
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along the [1j100] and [11j20] directions, respectively. The 3D
structure of the voids can be deduced by analyzing the image
contrast. Figures 5c,d illustrate the thickness changes of the
void along the observing direction. Because a thin foil gives
an intense image, the reversion of the profile in areas A and
B reveals different concave shapes in the voids. Figure 6
shows the structure of the etched voids. The voids are
enclosed by the {01j11} and ((0001) planes, with the
sequence of areas S(000j1) > S{10j11} > S(0001). This indicates
anisotropic etching at speeds along different directions V〈0001〉

> Vnb⊥{10j11} > V[000j1] (nb stands for the normal direction of
the planes). This relationship of etching speeds is consistent
with ZnO’s growth speeds along different directions in
neutral solution (V<0001> > Vnb⊥{10j1j1} > Vnb⊥{10j11} > V[000j1]) as
observed by Li et al. 33 Because the etching behavior of ZnO
crystals in SPS is due to the anisotropy of ZnO crystals and
independent of the morphology of the ZnO nanostructure,
the observed behavior can be used to determine the polar
directions, especially the [0001] and [000j1] directions. This
is important for understanding the growth of nanosized
crystals dominated by polar surfaces. By immersing a sample
in SPS and examining it with TEM, the polar directions can
be identified immediately from the shapes of the etched
voids. The immersion time can be shortened to several hours
at an elevated etching temperature.

Currently, three TEM techniques are widely applied for
determining the polar surfaces of ZnO nanostructures: (1)
CBED,25–27,32 (2) HRTEM, 34 and (3) the electron energy
loss spectrum (EELS) technique.35 Table 2 compares these
three methods. The key requirement for forming a high
quality CBED pattern is a sample thicker than one extinction
distance (about 100 nm at 120 kV) to give a strong dynamic
effect. Samples in nanostructure studies are always thinner
than 100 nm. In this situation, low accelerating voltages for
the electron beam and a cooling holder are used to improve
contrast and increase the number of the Kossel-Moellenstedt
fringes (or decrease the extinction distance in the material).

The identification process is time-consuming and is not useful
for the samples less than 10 nm thick. In addition, this
method is very sensitive to the defects in the sample.
Identifying the polar direction using HRTEM largely depends
on the quality of the HRTEM images and the image
simulation, as has been discussed by Ding et al.34 Moreover,
the orientation of the nanocrystals severely limits the
applicability of this technique. Compared to CBED, the
advantage of HRTEM is that it can be used to study samples
less than 10 nm thick. The EELS method determines the
polar directions by comparing the element peak intensities
in the EELS spectra collected at two beam conditions with
proper collection angles. The experimental procedure is
complicated, requiring a dedicated and skilled operator, and
the results are very sensitive to factors such as contamination,
the thickness of the sample, and collection angles.35

The chemical etching (CE) method proposed in the present
work is, by contrast, relatively simple, reliable, timesaving,
and easy to manipulate, with less constraints on sample
geometry and preparation, equipment, and technique. It can
be used to investigate many samples quickly for any sample
thicknesses and growth direction. In addition, this method
might be applied to other polar crystals if a proper etching
solution is chosen. The chemical stability of ZnO nanostruc-
tures in SPS has important implications for medical applica-
tions. ZnO can potentially be used in biosensors, where a
reasonable exposure time is often required for sensing in
biological systems. Indeed, working times from several hours
to several days or even several weeks are often needed. In
addition, the behavior of ZnO nanostructures in vivo is often
similar to that of many bioactive materials, which could
potentially allow its use in many applications.36,37
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