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ABSTRACT: The ultrafine ZnO nanoparticles/nanowires were successfully
synthesized on a flexible and transparent substrate by an ultraviolet-light
decomposition process. We demonstrate that water molecules can affect the
morphology of ZnO nanostructures. An ultraviolet lamp (λ ∼ 380 nm, 75 mW
cm−2) can be used to irradiate Zn(AcAc)2 and Zn(AcAc)2·H2O precursors,
which rapidly synthesize ZnO nanoparticles and nanowires, respectively. High-
resolution transmission electron microscopy (HRTEM) images and a selected-
area electron diffraction pattern revealed that the single-crystal nanoparticles
were comprised of wurtzite structure ZnO. The nanowires consisted of ultrafine
nanoparticles. On the basis of the Debye−Scherrer formula, the particle size of
ZnO was calculated as ∼6−9 nm. The more water molecules the precursor had,
the more OH− and Zn[(OH)4]

2− it put out. Moreover, due to the
Zn[(OH)4]

2− and Zn(OH)2 species formed on the surface of the ZnO
nanocrystals, they facilitated the one-dimensional nanowires during the crystal growth process. On the basis of our investigations,
oxygen vacancies, hydroxyl, and zinc hydroxide all acted as key components in the formation processes that determined
photoresponsive properties.
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1. INTRODUCTION

Zinc oxide (ZnO) nanostructures have shown promise for
commercial applications in nanosensors,1−3 photovoltaic cells,4

nanogenerators,5 and photocatalysis.6 Many reports have
described syntheses of ZnO nanowires through demonstrating
various chemical processes that are simple and may also have
industrial applications. In our previous works,7 an ultraviolet
decomposition method with a short processing time (i.e., ∼5
min) was successfully developed for the synthesis of ZnO
nanowires under an ambient air.8 These prior works found the
zinc hydroxide (i.e., Zn(OH)2) species acted as a key
component that determined photocatalytic activities.7,8 We
revealed that the Zn(OH)2 formed a larger number of surface
defect states on the surface of the ZnO nanocrystals during the
formation process.
In this work, a UV-light decomposition process has been

successfully developed to deposit the nanowires/nanoparticles
on a flexible substrate made of polyethylene terephthalate
(PET) with a high transparency. To study the influence of the
ZnO nanocrystals’ formation process and their photoresponsive
properties, a comprehensive experimental investigation was
performed to address the water molecules and surface defect
effect as raised from Zn(OH)2. Isopropylalcohol (IPA) solvents
with and without added water were mixed with zinc
acetylacetonate hydrate powder to prepare Zn(AcAc)2 and

Zn(AcAc)2·H2O precursors; these were marked as precursors A
and B, respectively. After being irradiated with UV-light (λ ∼
360−380 nm), the precursors A and B were decomposed into
zero-dimensional (0D) ultrafine nanoparticles and one-dimen-
sional (1D) nanowires, respectively. The nanowires consisted
of ultrafine nanoparticles that were ∼6−9 nm wide according to
the Debye−Scherrer formula and HRTEM images evaluation.
The ZnO nanoparticles exhibited a remarkable photocurrent−
dark-current ratio of ∼80 900%, which is 8.5 times that of the
ZnO nanowires (9000%).8 Through our investigation, we
determined that water molecules and surface defect states (i.e.,
oxygen vacancies (Vo

··) and zinc interstitial vacancies (Zni
2+))

raised from hydroxyl and zinc hydroxide acted as a key
component in the crystal growth and photoresponsive process,
respectively. Therefore, not only did zinc hydroxide affect the
chemical reaction but also water molecules played a critical role
during the formation process. We suggested that water
molecules exhibited a ligand exchange reaction between the
AcAc− and OH− in the Zn(AcAc)2-containing solution when
water was added into the precursor of Zn(AcAc)2.

9 The high
concentration of hydroxyl ions and H2O in the precursor
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provided plenty of opportunities to make Zn2+ react with OH−

to form Zn[(OH)4]
2− in facilitating one-dimensional nano-

wires.8,10,11

Utilizing transmission electron microscopy (TEM), X-ray
photoelectron spectroscopy (XPS), and cathodoluminescence
(CL) spectra investigations, it was discovered that, during the
decomposition process, the ZnO nanowires displayed many
surface features, such as oxygen vacancies, interstitial Zn, and
zinc hydroxide. Water molecules were found to play a critical
role in the surface defect states and to affect the morphology
and the photoresponsive properties of the nanoparticles/
nanowires.

2. EXPERIMENTAL SECTION
To determine the influence of water molecules on the formation
mechanism of the nanowires, a zinc acetylacetonate hydrate solute was
added to 2 mL of isopropyl alcohol without deionized water (DI)
solvent to prepare Zn(AcAc)2 precursors, which were marked as A-
series samples. A control sample group of Zn(AcAc)2 precursors with
DI water were marked as B-series samples. The as-prepared precursors
were then spray coated (at 25 °C) on flexible polyethylene
terephthalate (PET) substrates under ambient air. After coating, the
substrates were then subjected to UV-decomposition for 3−30 min to
synthesize the ZnO nanoparticles/nanowires.
The structures of the samples were assessed by a thin-film X-ray

diffractometer (XRD, Bruker). Measurements of morphology and
crystal structure were obtained with field emission scanning electron
microscopy (FESEM, HITACHI, S-4800) and high-resolution trans-
mission electron microscopy (HRTEM, JEOL, JEM-3000F). A
cathodoluminescence detector (Mono CL, Gatan) installed in the
FESEM was used to investigate the luminescent properties of ZnO
nanowires/nanoparticles. The chemical nature of the ZnO nanowires
was evaluated by high-resolution X-ray photoelectron spectroscopy
(HRXPS, ULVAC-PHI, AES 650) using monoaluminum. UV-light (λ
∼ 365 nm, I = 76 mW/cm2) was used to decompose the Zn(AcAc)2
and Zn(AcAc)2H2O precursors. As-synthesized nanowires/nano-
particles were characterized by Fourier transform infrared spectrosco-
py (FTIR) to investigate their surface compositional properties. In
addition, UV-light (λ ∼ 365 nm, I = 2.34 mW/cm2) acted as the
excitation source during photoelectric current measurements that
investigated the UV-sensing properties of as-synthesized ZnO
nanoparticles/nanowires.12

3. RESULTS AND DISCUSSION

Figure 1(a) shows that the ZnO nanoparticles were synthesized
from precursors A, with a 5 min UV-decomposition process.
The resulting nanoparticles and nanowires were therefore
named samples A and B, respectively. Figure 1(a) and its inset
image shows that the FESEM for sample A exhibited a 0D
nanoparticle. The corresponding TEM images of Figures 1(b)
and 1(c) show that the size of the nanoparticle was ∼5−10 nm
with lattice fringes of ∼0.52 nm. The selected-area electron
diffraction pattern (SAED) in Figure 1(d), which was taken
from multiple nanoparticles, shows that the ZnO nanoparticles
were a polycrystalline wurtzite structure. In contrast, after
precursor B was irradiated by a UV-light decomposition process
for 5 min, the product’s morphology exhibited 1D nanowires,
as shown in Figure 1(e) and its inset image of the upper right-
hand side. The diameter of the ZnO nanowires is sized between
80 and 200 nm. Figure 1(f) shows that the UV-decomposition
process has successfully synthesized the nanowires with high
transparency ∼80% (see the inset image of Figure 1(f)) on a
PET substrate. This demonstrates that the UV-decomposition
can effectively decompose the precursors into the nanowires/
nanoparticles on the surface of the PET substrate.

The TEM images in Figure 1(g) and 1(h) show that the
nanowires (sample B) consisted of fine single-crystal nano-
particles with lattice fringes of ∼0.52 nm. The concentric circle
indicates that the crystallinity of the ZnO nanoparticles (sample
A in Figure 1(d)) was superior to that of the ZnO nanowires
(sample B in Figure 1(i)). Figure 1(j) further shows that the
ZnO nanowires consisted of ultrafine nanoparticles and were
covered by an amorphous layer in the early stage (3 min) (see
black arrowheads), which was implanted on the surfaces of the
nanoparticles. On the basis of our previous works, the
amorphous layer can be attributed to zinc hydroxide (i.e.,
Zn(OH)2).

7

To investigate relationships between the decomposition time
and crystal structure, the precursors A and B were irradiated
under UV-light for periods of 3, 5, and 10 min. The powder X-
ray diffractograms of the A-series and B-series samples are
shown in Figures 2(a) and 2(b). The size-broadened reflections
from hexagonal wurtzite-type ZnO had lattice constants of a =
0.325 nm and c = 0.52 nm (JCPDS 36-1451). Although the B-
series samples still exhibited a single phase of wurtzite ZnO, B-
series crystallinity levels were generally poorer than those of the
A-series samples. The average particle sizes were quantitatively

Figure 1. (a) FESEM image of ZnO nanoparticles; inset upper right-
hand side: high magnitude SEM image showing the nanoparticles less
than 30 nm. (b) TEM image shows the nanoparticles consisted of
ultrafine nanoparticles with the size ∼5−10 nm. (c) HRTEM image
showing the lattice fringe ∼0.52 nm, which corresponds to the (0001)
plane. (d) The SAED pattern reveals the ZnO nanoparticles belong to
wurtzite structure. (e) FESEM image of ZnO nanowires; inset upper
right-hand side: high magnitude SEM image shows the nanowires with
high surface to volume ratio. (f) Nanowires were synthesized on a
PET substrate with a high transparency. The inset image revealed the
transparency of the nanowires/PET substrate was ∼80%. (g)The
TEM image shows the nanowires also consisted of ultrafine
nanoparticles, and the (h) HRTEM image shows the lattice fringe
∼0.52 nm, which corresponds to the (0001) plane. (i) The SAED
pattern of the ZnO nanowires shows the crystallinity levels (sample B)
were poorer than those of the nanoparticles (sample A). (j) In the
nanowires (in early growing stage of 3 min), the nanocrystals were
deposited by an amorphous layer.
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evaluated using the Debye−Scherrer formula,13 as given in eq 1,
where λ is the X-ray wavelength (Cu Kα radiation, 0.15406

nm), 0.9 represents the Debye−Scherrer constant, δ is the full
width at half maximum, and θ is the Bragg angle. The evaluated

Figure 2. XRD patterns of (a) A-series samples and (b) B-series samples. (c) Shows the average particle size as a function of decomposition time in
A- and B-series samples. (d) CL spectra of sample A and sample B, and the sample B (nanowires) shows a high intensity of oxygen vacancy emission
band position at a visible wavelength interval.

Figure 3. XPS spectra of (a) A-series samples: Zn 2p3/2, (b) B-series samples: Zn 2p3/2, (c) A-series samples: O 1s, and (d) B-series samples: O 1s.
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average particle sizes of A-series and B-series samples are given
in Figure 2(c). Samples subjected to longer decomposition
times tended to have larger particle sizes. The average particle
size of the A-series samples was smaller than that of the B-series
samples. On the basis of the Scherrer line width analysis of all
the shown peaks, the particle size was estimated to be ∼6−10
nm. This result was generally consistent with our observation of
the TEM images.

λ
δ θ

=D
0.9
cos (1)

In determining the surface state of nanoparticles and
nanowires by cathodoluminescence (CL), we investigated A-
and B-series samples that had been prepared for a
decomposition time of 5 min. As shown in Figure 2(d), in
contrast to that of sample A (nanoparticles), the CL spectrum
of sample B (nanowires) exhibited a high-intensity emission in
a broad visible wavelength interval. Moreover, both sample A
and sample B had a near-band-edge emission peak at 382 nm.
The broad emission band in the visible region for sample A and
sample B can be ascribed to the superposition of green and
yellow emissions.14 An observation of 761 nm was attributed to
the second harmonic emission. Sample A showed a stronger
intensity than sample B in the UV emission band. It is worth
noting that the broad emission band in the visible region in
sample B was stronger than that of sample A. The broad
emission band was further deconvoluted into three main peaks,
namely, 372, 404, and 521 nm, all of which can be regarded as
near-band-edge emissions of defect states. These three defect
states can be attributed to the presence of zinc hydroxide
Zn(OH)2 layers that were positioned on the surface of ZnO

nanocrystallites;7 these three defects formed oxygen interstitial
vacancies (Oi), single charge zinc interstitial vacancies (Zni),
and oxygen vacancies (Vo

··,Vo
· ), respectively.14 On the basis of

HRTEM images and the corresponding CL spectra, we
therefore propose that the concentrations of zinc hydroxide
species in sample B were higher than that of sample A (see
discussion below).
To investigate the chemical reaction process, XPS was used

to measure the surface states of ZnO nanoparticles/nanowires
during the formation processes. The precursors A and B were
irradiated by UV-light for 3, 5, and 10 min. The Zn 2p3/2 core-
level spectra are given in Figures 3(a) and 3(b). The Zn 2p3/2
peaks were deconvoluted into 1021.6 eV for ZnO and 1022.1
eV for Zn2+ and 1022.7 eV for Zn(OH)2.

15 It should be noted
that the binding energy of the Zn 2p3/2 peak is located at
1022.0 eV for ZnO nanoparticles because its crystals’ sizes were
larger than 200 nm.16 The smaller the particle is, the smaller the
binding energy shift effect is. Thus, owing to the size effect,8,16

we found that a significantly downward shift of binding energy
(BE) occurred in the Zn 2p3/2 spectra of A-series samples (see
Figure 3(a)) if compared with B-series samples (see Figure
3(b)). When compared with the other samples, the A-series
samples exposed for 3 min had the smallest particles; therefore,
the Zn 2p3/2 peak was significantly positioned at the lowest
bonding energy. Accordingly, the XPS investigation demon-
strated that the longer the decomposition time was, the bigger
the average particle was. For the B-series samples, Figure 3(b)
shows that the Zn 2p3/2 peak did not significantly shift to a
low bonding energy. This can be attributed to the fact that the
average particle sizes of the B-series samples were larger than
those of A-series samples, and BE peaks did not significantly

Figure 4. FTIR spectra of (a) A-series samples and (b) B-series samples show a high concentration of hydroxyl (−OH) groups. (c) The
concentration of the Zn2+/OH− ratio is a function of decomposition time. (d) The sensitivity as a function of decomposition time is shown in the A-
and B-series samples.
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shift due to low bonding energy. Figure 3(c) illustrates that
each O 1s peak found in any A-series sample can be
deconvoluted into two peaks at 530.6 and 532.3 eV, which
correspond to the ZnO and weak H2O peaks, respectively.17,18

In contrast, Figure 3(d) shows that each O 1s peak found in
any B-series sample can be deconvoluted into three peaks at
530.3, 531.3, and 532.2 eV, which correspond to the ZnO, C
OH bond, and OH (detailed discussion in FTIR below)
peaks, respectively.8,19 The shifting effect of low binding energy
was also observed in O 1s peaks in A-series samples (see Figure
3(c)). Thus, for small particles, especially in A-series samples,
the low BE peaks obviously shift.
Figure 3(d) is particularly noteworthy. The O 1s peaks in B-

series samples still slightly exhibited shift effects to low binding
energy. These shift effects can be attributed to the oxygen
vacancies produced by the reduction of charge transfer from
zinc to oxygen. This tended to increase the shielding effect of
the valence electrons in Zn ions.20 Our CL spectra indicate that
the B-series samples possessed a high defect level at the visible
emission band (see Figure 2(d)). Therefore, the B-series
samples exhibited a higher concentration of oxygen vacancies,
and the O 1s peaks were slightly shifted toward lower binding
energy levels in B-series samples.
In our XPS results, A- and B-series samples showed broad

bands of O 1s spectra at 532.3 eV, which can be assigned to
COH or OH species. Fourier transform infrared spec-
troscopy (FTIR) was performed to further confirm the
existence of these chemical bonds. As shown in Figures 4(a)
and 4(b), a broad band at 3500 cm−1 is assigned to the O−H
stretching mode of the hydroxyl group. Peaks between 2830
and 3000 cm−1 can be regarded as a C−H stretching vibration
of alkane groups. On the basis of FTIR and XPS investigation,
after adding water molecules to the Zn(AcAc)2 precursor (e.g.,
precursor B), the carboxylate (COO−), CO, and hydroxyl
(−OH) groups were significantly increased in B-series samples
(see Figure 4(b)). In contrast, Figure 4(a) shows that A-series
samples exhibited fewer −OH groups than B-series samples.
This implies that, during the reaction processes, high
concentrations of OH groups were formed in the B-series
samples, but similar OH groups were not concentrated in A-
series samples.
Formation Mechanism of Nanowires/Nanoparticles.

An interesting observation is that the A-series samples formed
0D nanoparticles, while the B-series sample displayed 1D
nanowires (see FESEM images in Figure 1(a) and 1(e)). The
following reactions were performed to investigate the reaction
processes. During decomposition, A-series samples underwent
chemical reactions as given by reactions 2−4, while B-series
samples were governed by reactions 5−8. The dissociation of
Zn(AcAc)2 precursors under UV-light produced Zn(OH)2,
which further formed Zn and OH ions (see reaction 2). The
UV irradiation of ZnO resulted in the separation of electrons
and holes (see reaction 3), which caused oxygen to form
oxygen ions that adsorbed on the surface of the nanoparticles.
Reaction 4 shows that when the oxygen ions are combined with
Zn2+ they form ZnO nanoparticles. This is the nanoparticle
formation process for A-series samples.
Equations 5−8 explain the chemical reactions of the B-series

samples. Equation 5 reveals that when Zn(AcAc)2 was added to
water molecules Zn(OH)2 formed with a high concentration of
OH species (as shown in XPS, TEM, and CL data). This is
because water molecules were added to the Zn(AcAc)2
precursor, which exhibited a ligand exchange reaction between

AcAc− and OH− in the Zn(AcAc)2-containing solution. The
Zn(OH)2 reacted with high concentration of OH species to
produce the Zn[(OH)4]

2− species (see eq 6).21 The Zn-
[(OH)4]

2− may dissociate into the Zn2+ and hydroxyl (OH)
ions, which further reacted with each other to form ZnO
nanocrystals, and water molecules were then formed (see eq 7).
However, the Zn[(OH)4]

2− ions were dissociated into ZnO2
−2

and H2O (as shown by eq 8), and the ZnO2
−2 and

Zn[(OH)4]
2− ions make an anisotropic growth of ZnO along

the [0001] direction with H2O molecular.22 In brief, eqs 5−8
explain how water molecules fit into the chain reaction. If there
is a high concentration of water molecules, many OH groups
may implant on the surface of the nanocrystals. Thus, the
residual Zn2+ with oxygen vacancies may implant a number of
defects on the surfaces of the ZnO nanocrystals. Thus, the CL
spectrum of nanowires reveals a high intensity defect band on
visible-light emission, but the CL spectrum of nanoparticles
does not (see CL image in Figure 2(d)).

→ ++ −Zn(OH) Zn 2OH2
2

(2)

→ +− +h e hv (3)

+ →+ −Zn O ZnO2 2 (4)

· → +Zn(C H O ) 2H O Zn(OH) 2C H O5 7 2 2(s) 2 2 5 8 2(g) (5)

+ →− −Zn(OH) 2OH Zn(OH)2 4
2

(6)

+ → ++ −Zn 2OH ZnO H O2
2 (7)

→ +− −Zn(OH) ZnO 2H O4
2

2
2

2 (8)

To demonstrate the ratios of Zn2+/OH− in the A- and B-
series samples, XPS was employed to semi-quantitatively
identify the ratio of Zn2+/OH− as a function of decomposition
time. Using Gaussian fitting approximations of the Zn 2p3/2
and O 1s spectra, the ratios of Zn2+ and OH− were calculated
by integrating the curves of Zn2+ and OH−, respectively. As
shown in Figure 4c, the average ratio of Zn2+/OH− in the B-
series samples was higher than that of the A-series samples.
Therefore, we suggest the addition of water molecules to the
Zn(AcAc)2 precursor in the B-series samples facilitated the
ligand exchange reaction between AcAc− and OH− in the
Zn(AcAc)2-containing solution and thus formed high concen-
trations of Zn(OH)2 with OH ions. This explains how the B-
series samples possessed high concentrations of Zn(OH)2 and
OH peaks compared to the A-series samples, as shown by FTIR
and XPS. To reveal the photoresponsive properties, each
sample in A- and B-series was irradiated by a UV-lamp with a
wavelength of 365−380 nm (intensity ∼ 2.33 mW cm−2).23

The sensitivity of each sample, S, was defined as IUV‑on/
IUV‑off,

24,25 as shown in Figure 4(d). As the decomposition time
increased, the sensitivity increased. The highest sensitivity ratio
in this work was that of the B-series sample with 10 min UV-
decomposition; its sensitivity ratio was 80 900%.
On the basis of the XPS and FTIR results, in the dissociated

Zn(AcAc)2-containing water solution, the Zn(OH)2 further
reacted with highly concentrated hydroxyl ions (OH−) to form
Zn[(OH)4]

2−, as mentioned by eq 6. Thus, the more water
molecules the precursor had, the more OH− and Zn[(OH)4]

2−

it put out. In this work, the B-series samples possessed more
water molecules than the A-series samples. Thus, the B-series
samples had more OH− that reacted with Zn(OH)2 to form
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Zn[(OH)4]
2−. These species of Zn[(OH)4]

2−
fit well with the

(0001) polyhedral surface of the ZnO nanocrystals; the spatial
resonance encouraged growth in the direction of the c-axis,26 as
shown by the schematic diagram in Figure 5. Although

dissociated Zn[(OH)4]
2− may have formed the Zn2+ that

reacted with the O2− to form ZnO nanocrystals, the high
concentration of hydroxyl ions and H2O in precursor B
provided plenty of opportunities to make Zn2+ react with OH−

to form Zn[(OH)4]
2−. Subsequently, the elongation of

nanopartcles was along the c-axis because the most
thermodynamically stable plane of (0001) was along the c-axis.
To investigate the nanowires’ formation process, we sampled

the B-series samples with different decomposition times (i.e., 3
and 30 min). Figure 6(a) shows that, for the B samples at 3
min, the particles were fused together, and the lattice planes
were aligned relative to each other. The high magnitude TEM
image of Figure 6(b) shows that the small particles
conglomerated together with a common crystallographic
orientation. The dashed line indicates the boundaries at
which there was misorientation between the primary particles.
The sizes of the assembling units were mostly 5−8 nm,27 so the
primary particles were almost equal in size. Twin boundaries
formed between two nanocrystals. Figure 6(c) shows that at 30
min the particle was even more elongated along the [0001]
axis.26 Black arrows indicate boundaries in which some slight
misorientations between primary particles have been incorpo-
rated.21 Figure 6(d) further demonstrates oriented aggregation
and a coarsening process whereby primary particles irreversibly
attach to one another in slightly oriented fashion to produce
secondary particles.28

A schematic diagram of nanowire formation by oriented
attachment is shown in Figure 6(e). The growths from
individual particles were crystallographically oriented and
partially fused together. As decomposition time increased, the
crystallinity increased, and primary particles were free to rotate
into an orientation that achieved structural accord at the
interface. This is because the nanoparticles possessed high
surface energy, which caused quasi-spherical particles to
aggregate together to reduce their free energy by consuming
the local ions of Zn[(OH)4]

2− species into wire-like structures.
This explains how nanowire formation was dominated by the
concentration ratios of Zn2+/OH− and how the amorphous
layers of zinc hydroxide were implanted on surfaces of the ZnO

nanocrystals. We suggest that Zn[(OH)4]
2− and Zn(OH)2

species formed on the surfaces of the ZnO nanocrystals.
Accordingly, as the formation ratio of ZnO nanocrystals
increased, the H2O increased. This indicates how high
concentrations of hydroxyl ions tended to form nanowire
morphologies instead of nanoparticles. This is the key
component in production of 1D nanowires. Those nanowires
were governed by the oriented attachment mechanism.8,10,11

In contrast, when water molecules were not added to the
precursor of Zn(AcAc)2 in A-series samples, the dominated
species was Zn2+, which reacted with oxygen in ambient air to
form ZnO nanoparticles. In other words, the precursor of
Zn(AcAc)2 provided a much lower concentration of hydroxyl
ions and H2O species during the decomposition process;
therefore, there were lower levels of Zn[(OH)4]

2− species in
the A samples than in the B samples. The lower concentrations
of Zn[(OH)4]

2− offered fewer opportunities for particles to
adsorb the Zn[(OH)4]

2− on the (0001) polyhedral surfaces of
ZnO nanocrystals. Therefore, the morphology exhibited 0D
nanoparticles.
Accordingly, due to the lack of OH species, the ZnO

nanoclusters did not have enough driving force to undergo an
oriented aggregation. In other words, the H2O acted as a
catalytic enhancement on the self-reaction by undergoing the
oriented aggregation mechanism; that oriented aggregation
facilitated 1D nanowires under the most thermodynamic
favorable conditions. Therefore, if the reaction used the
precursor of Zn(AcAc)2 without any additional water
molecules, the ZnO took the form of fine nanoparticles,
which were randomly distributed throughout the substrate.

Defect State of ZnO on Photoresponsive Properties.
Generally, the ultrafine nanoparticles contribute to large
surface-to-volume ratios and provided superior sensing

Figure 5. Growth mechanisms of ZnO nanowires. The growth process
is facilitated by the tetrahedral structure of the Zn[(OH)4]

2− which fits
well with the polyhedral surface (0001). This increases the growth in
the [0001] direction more than in other faces.

Figure 6. (a) HRTEM image showing the ZnO nanowires at initial
growing stage of 3 min. (b) The HRTEM image shows a crystal
constructed from at least three primary building block crystallites. The
white dash lines highlight the misorientation between three regions of
the assembled nanocrystals. (c) After 30 min of decomposition time,
the elongation of nanoparticles along the [0001] direction is more
significant. (d) One nanocrystal is fused to another larger nanocrystal
during the crystal growth process. The larger nanocrystals are
constructed by smaller attached nanocrystals with sizes equal to
primary particles (5−8 nm). (e) Schematic diagram depicting the
growth of nanocrystals by an oriented attachment: two primary
particles collide and coalesce in the same crystallographic orientation
of [0001], which is the most thermodynamically stable direction in
ZnO.
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performance through gas adsorption and desorption mecha-
nisms.8 However, Figure 4(d) shows that with the increase of
the UV decomposition time the particle size and the sensitivity
dramatically increased. We suggest that the sensitivity was not
directly correlated with the particle size because there were
other more important factors that determined the sensing
activities.
The CL spectra show that with 5 min UV-decomposition

time B-series samples had higher intensity than A-series
samples in the range of 450−700 nm. This is because Zn(OH)2
and Zn[(OH)4]

2− implanted on the nanoparticles and had a
high surface-area-to-volume ratio defect state. These defect
states normally are positioned on the surface of the ZnO
nanostructures.6,29 Figure 7(a) shows the crystallography of

these defects such as single charge zinc interstitial (Zni)
30 and

oxygen vacancies (Vo
··,Vo

· ),31 trapped electrons to recombine
with oxygen or hydroxide from ion states (i.e., O−, OH−) and
to reduce the carrier transfer process. As the UV-decomposition
time increased, the defect levels (i.e., oxygen vacancies)
dramatically decreased by consuming the Zn(OH)2 and
Zn[(OH)4]

2− located on the surface of ZnO nanoparticles to
form ZnO nanoclusters. It should be noted that water
adsorptions can be dissociated in oxygen vacancies and through
proton transfer to a neighboring bridging oxygen atom that
forms two bridging OH groups per initial vacancy (see Figure
7(b)).3,32 Therefore, the oxygen vacancies were effectively
decreased by consuming the water molecules. Here, the oxygen
defects served as trapping centers for the photogenerated
electrons; the defects reduced the charging and discharging of
oxygen on the surfaces of the nanoparticles, resulting in poor
sensing performance.7 The crystallinity showed that the longer
the UV-decomposition treatment time was, the higher the
crystallinity was. Materials that had ZnO with high crystallinity
also had a highly efficient electron−hole pair separation ratio.
These materials performed an effective photosensing process.
This high-crystallinity ZnO nanoparticle mechanism therefore
explains how A-series samples possessed an excellent sensing
property but B-series samples did not.

4. CONCLUSION
We demonstrated the use of UV radiation on precursor
Zn(AcAc)2 and Zn(AcAc)2·H2O to synthesize ZnO nano-

particles and nanowires on a flexible PET substrate,
respectively, under ambient air. The ZnO nanoparticles
exhibited a remarkable photocurrent−dark current ratio of
∼80 900%, which was 8.5 times that of the ZnO nanowires. We
used transmission electron microscopy, X-ray photoelectron
spectroscopy, cathodoluminescence spectra, and Fourier trans-
form infrared spectroscopy to discover that the ZnO nanowires
possessed many surface properties such as oxygen vacancies
and interstitial Zn, hydroxyl, and hydroxide, which acted as key
components in the photoresponsive properties and formation
processes. The high concentrations of hydroxyl ions and H2O
provided plenty of opportunities to make Zn2+ react with OH−

to form Zn[(OH)4]
2−, which was the key component that

facilitated the formation of one-dimensional nanowires. This
work revealed that water molecules played a critical role in the
surface defect states, affecting the morphology and the
photoresponsive properties of the nanoparticles and nanowires.
To the best of our knowledge, this is the first systematic and
comprehensive experimental study on the photoresponsive
performance, formation mechanisms, and surface chemistry of
ZnO nanoparticles and nanowires.
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