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Abstract 

Structure has been considered to play an important role in photocatalytic performance of the semiconductors, but 
the intrinsic factors were rarely revealed. Herein, ZnO nanomaterials in the structures of thin film, nanowire array and 
nanosheet array were synthesized, and their structural characteristics, optical properties, photocurrent response and 
photocatalytic efficiency were compared with each other for illustrating the issue. The photoluminescence intensity 
decreased in the order of nanosheets, thin film and nanowires for improved lifetime of the photoexcited charges. The 
absorption of the nanosheets and nanowires improved obviously in the visible range with a redshift of the absorption 
edge than that of the thin film. The nanowires possessed the highest response current of 82.65 μA at a response time 
of 2.0 ms in a sensitivity of 87.93 at the light frequency of 1 Hz, and gained the largest catalytic efficiency of 2.45 μg/
cm2 h for the methylene blue degradation in UV light. Nevertheless, the improvement of catalytic efficiency of the 
nanosheets (up to 42.4%) was much larger than that of nanowires (5.7%) and thin film (2.6%) for the Au coating. The 
analysis revealed that the photocatalytic efficiency of the ZnO nanomaterials was modulated by the structure as it 
contained different surface area, roughness, defect and doping states, vacancies, polar and non-polar crystalline faces, 
which would provide structural design of semiconductor nanomaterials for the photoelectric and photocatalytic 
applications.
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Introduction
With the development of nanotechnology, the design and 
regulation of nanoscale materials have been in a great 
progress, which are currently applied in various fields 
like energy, catalysis, medicine, sensing, etc. Compared 
with bulk materials, nanomaterials possess many supe-
rior properties and functionalities due to scale reduction. 
For example, the bandgap of a semiconductor would be 
widened by the decreasing dimension [1, 2]. The elec-
trons in the metal nanoparticles (NPs) would be expelled 
to the surface as the localized surface plasmon by the 

light irradiation [3, 4]. It is well-known that semicon-
ductor nanomaterials can be catalysts for the dye pho-
todegradation. The metal NPs coating and metal doping 
can improve the photocatalytic efficiency significantly 
[5–12]. Besides the limitation of redox potential higher 
than that of the dye molecules [13], the structure of the 
semiconductors plays an important role in the photo-
catalytic performance [14–16]. The large surface area of 
the semiconductor nanomaterials is usually considered to 
dominate the performance [17–19], but the other intrin-
sic factors were rarely revealed.

With above consideration, in this study ZnO nano-
materials in the structure of thin film, nanowire array, 
and nanosheet array were fabricated by using different 
methods. The physicochemical properties of the differ-
ent ZnO nanostructures were compared with each other, 
in addition to the applications in photodetection and 
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photocatalysis, as well as the catalytic stability. The effect 
of metal NPs on photocatalytic activity of the specimens 
was also investigated systematically.

Experimental
Materials
Indium tin oxide (ITO, In:SnO2, 7–10 Ω, 20 × 20  mm2 
active area) glass substrates were ordered from Luoyang 
Guluo Glass Co. Ltd (Henan, China). Zinc nitrate hexa-
hydrate (Zn(NO3)2·6H2O, 99.5%), potassium chloride 
(KCl, 99%), methylene blue (MB, 98.5%), zinc acetate 
dihydrate (Zn(CH3COO)2·2H2O, 99%), and hexameth-
ylenetetramin (C6H12N4, 99.5%) were all ordered from 
Xilong Chemical Co. Ltd (Guangdong, China). Diethyl 
zinc (Zn(C2H5)2, 99.999%) for atomic-layer deposition 
(ALD) was bought from Ke-Micro Company (Jiaxing, 
China). Deionized water (H2O) with a resistivity higher 
than 18.0 MΩ cm was supplied by a Hi-tech laboratory 
water purification system. All chemicals and solvents 
used were at least reagent grade without any additional 
purification.

Thin Films
The ZnO thin films were grown on ITO substrates by a 
TALD-100-2H1R ALD system from Ke-Micro Company 
(Jiaxing, China). The substrates were cleaned in turn by 
deionized water, absolute ethanol, and acetone to remove 
inorganic and organic impurities that might exist on the 
surface. The Zn(C2H5)2 and H2O were used as Zn and 
oxygen sources, respectively. In a specific process, the 
ITO substrates were placed in the chamber, in which the 
temperature and pressure were maintained at 150 ℃ and 
0.15  torr. Afterward, 200 circles of Zn(C2H5)2 dose for 
0.02 s, N2 flow for 25 s, water vapor dose for 0.015 s, and 
N2 flow for 25 s were applied to grow the thin film in a 
thickness of 30 nm. The substrates were finally annealed 
at 500 °C in air. For comparison, some substrates with the 
thin film were deposited by a layer of Au NPs in a thick-
ness of 10 nm by a SCD005 ion sputter coater.

Nanowires
The ZnO nanowire arrays were synthesized by a simple 
chemical bath deposition method with the thin films on 
the ITO substrates as the seed layer [17]. The substrates 
were placed downward in a mixed aqueous solution 
of 0.02 M Zn(CH3COO)2 and 0.02 M C6H12N4 at 95  °C 
for 2 h. Then, the substrates were taken out and washed 
with water to remove excess salt, and annealed at 500 °C 
in air. The active area of the nanowire substrate was only 
20 × 15  mm2. For comparison, some substrates with the 
nanowires were deposited by a layer of Au NPs in a thick-
ness of 10 nm by the sputtering.

Nanosheets
The ZnO nanosheet arrays were prepared by a common 
electrochemical deposition method [20, 21]. The ITO 
substrates were firstly cleaned ultrasonically in an aque-
ous solution of 9.7% NaOH for 30  min, then cleaned 
by deionized water and dried in air. Secondly, the ZnO 
sheets were deposited on the ITO substrate by the elec-
trochemical deposition method, in which the ITO sub-
strate as the working electrode, Pt plate as the counter 
electrode, saturated calomel electrode as the refer-
ence electrode, and a mixed aqueous solution of 0.05 M 
Zn(NO3)2 and 0.1  M KCl as the deposition solution. 
In a working potential of −  2.0  V, the ZnO nanosheets 
grew on the substrate at 50 °C for 40 min. Thereafter, the 
excess salt was rinsed off from the substrates with slow-
flowing water. Finally, the substrates were annealed at 
350 °C in air. The active area of the nanosheet substrate 
was 20 × 16 mm2. For comparison, some substrates with 
the nanosheets were deposited by a layer of Au NPs in a 
thickness of 10 nm by the sputtering.

Characterization
Surface morphology, crystal structure and elemental 
components of the specimens were characterized by a 
ZEISS Sigma scanning electron microscope (SEM), an 
energy dispersive spectroscope (EDS) equipped in the 
SEM, and a X’Pert PRO X-ray diffractometer (XRD) with 
Cu Ka radiation (λ = 1.54056  Å); photoluminescence 
(PL) spectra were collected on a Hitachi F-7000 fluores-
cence spectrophotometer with an excitation wavelength 
of 325  nm. Absorption spectra were tested on an Agi-
lent Carry-5000 UV–Vis–NIR spectrophotometer. Pho-
tocurrent response was measured in a three-electrode 
electrochemical cell by an electrochemical workstation 
(Chenhua CHI660E, China), with KCl solution (1 mol/L, 
100 mL) as electrolyte, the specimens as a working elec-
trode, a platinum plate (area: 1 cm2) and a Ag/AgCl wire 
as a counter electrode and a reference electrode, and an 
ultraviolet light-emitting diode (UV-LED) in a wave-
length of 267  nm as the light source, respectively. The 
bias voltage of the working electrode was 0.1 V, and the 
given potential of the LED was 7.5  V in a square wave 
with the frequencies of 1, 10, and 100  Hz. Photocata-
lytic activity of the samples was evaluated by the degra-
dation of MB dye under the light irradiation of a 500 W 
high-pressure mercury lamp (at the dominant emission 
wavelengths of 365 nm and λ ≥ 380 nm, respectively) at 
ambient temperature. For the measurement, aqueous 
suspension of MB solution (1 × 10−5  M) in a volume of 
5 mL was poured into a glass Petri dish with a diameter 
of 32  mm, then a piece of sample was immersed in the 
solution. They were subjected to UV light and simulated 
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sunlight in an intensity of about 1050  μW/cm2 and 
500  μW/cm2, respectively. The photodegradation was 
performed 1  h per time, and three successive reaction 
periods on the MB solution with identical concentra-
tion were conducted for each sample. The photocatalytic 
efficiency was analyzed by measuring absorption spec-
tra of the degraded MB solutions by the Carry-5000 
spectrophotometer.

Results and Discussion
Structure Modulation
Structure images and element components of the differ-
ent ZnO nanostructures are shown in Fig.  1. The ZnO 
thin film in Fig. 1a1, a2 is composed of dense NPs with 
a size of about 5–25 nm. The NP morphology is irregu-
lar, as those deposited by the sol–gel spin-coating process 
[22]. The side-view image in Fig. 1a3 reveals a three-layer 
structure that includes a glass layer in the bottom, an ITO 
(In:SnO2, about 400 nm) coating film in the middle, and 
a thin film of ZnO on the top. The thickness of the ZnO 
film is about 30 nm. The small amount is also verified by 
the EDS spectrum in Fig.  1a4, in which a low propor-
tion of Zn atoms is observed with a high proportion of In 
and O atoms. The ZnO nanowires in Fig. 1b1–b3 nearly 
grow normal to the substrate. They have a length of about 
600  nm with different diameters, mainly in the range 
of 50–150  nm as well as a small amount in 17–20  nm, 
The atomic percentage of Zn is significantly improved 
in Fig.  1b4, indicating that the ZnO nanowires are long 

enough to shield the substrate and contain lots of oxygen 
vacancies in the crystal. The ZnO nanosheets in Fig. 1c1, 
c2 are primarily in a hexagonal structure with a diagonal 
of 1.5–3.0 μm and a thickness of 50–100 nm. They stand 
vertically and densely with sheet edge on the substrate. 
In a large magnification in Fig.  1c3, the nanosheets are 
found to be composed of NPs in a melting state. The ratio 
of Zn:O is around 1.33, bigger than that of ZnO nanow-
ires, suggesting the presence of oxygen vacancies with a 
larger amount in the nanosheets.

XRD spectra of the ZnO nanostructures are pre-
sented in Fig.  2a. Except the characteristic peaks of the 
ITO substrate, all the remaining diffraction peaks of the 
ZnO nanosheets can be assigned to hexagonal wurtz-
ite structure (JCPDS NO. 36-1451). The strongest peaks 
at the 2θ values of 31.8° and 36.3° correspond to the 
(100) and (101) crystal planes, respectively, indicating 
that the nanosheets mainly grow along these two direc-
tions. There are other relatively weak peaks for the dif-
ferent crystal plane orientations. All these are in good 
agreement with SEM images of the sample in Fig.  1c2, 
c3, where overlapping and mixed growth orientations of 
the crystal planes can be seen. For the ZnO nanowires, 
only the peaks of (100) and (002) plans are observed, and 
their peak intensity is very weak, suggesting that the crys-
tal quality of the ZnO nanowires is not as good as that 
of nanosheets. Moreover, the (100) and (110) planes cor-
respond to the non-polar plane (1120), while the (002) 
plane corresponds to the polar plane (0001), and the 

Fig. 1  SEM images and EDS spectra of the specimens: a1–a4 thin film, b1–b4 nanowires, c1–c4 nanosheets. The dot lines in a3 point out the area 
of ZnO film
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polar plane is prone to the creation of Zn vacancies and 
O vacancies [23]. The relatively strong intensity of the 
polar plane in the nanowires illustrates facile creation of 
the vacancies. Nevertheless, no characteristic peaks of 
the ZnO crystal are observed for the thin film, which may 
result from the limited thickness or the amorphous state 
of the specimen.

Optical Properties
PL spectra of the specimens are shown in Fig. 2b. All the 
ZnO nanomaterials display a strong luminescence peak 
at 375–410 nm and a series of blue luminescence peaks 
in the range of 420–500  nm. The luminescence peak in 
the UV region is related to the direct recombination of 
photogenerated carriers between the conduction band 
and valence band [24–26], corresponding to the intrinsic 
emission of ZnO nanomaterials. While the blue lumi-
nescence peaks can be attributed to the recombination 
of the electrons in shallow donor energy levels and holes 
in valence band, which originates from the n-type semi-
conducting properties of ZnO itself, as Zn interstitials or 
Zn inversions lead to the n-type properties of undoped 

ZnO and the lower formation energy of O vacancies [27]. 
The intensity of the intrinsic emission and blue emis-
sions decreases in the order of nanosheets, nanofilm and 
nanowires. The lowest intensity of the intrinsic emission 
of the nanowires suggests the longest lifetime of the pho-
toexcited charges, which is advantageous for the photo-
electric and photocatalytic performance. The coating of 
Au NPs on the ZnO nanostructures brings depression of 
the fluorescence intensity, as clearly observed in Addi-
tional file 1: Fig. S1. The fluorescence intensity of the Au/
nanosheets reduces the most and gets close to that of the 
Au/thin film followed by the Au/nanowires. The reduced 
intensity indicates extending lifetime of the photoex-
cited charges, which may be due to the Schottky junction 
between the Au and ZnO that separates the electrons and 
holes effectively by the built-in potential.

Figure  2c presents absorption spectra of the sam-
ples. The ZnO thin film owns a strong absorption in the 
UV range and a low absorption in the visible range, in 
addition to an absorption edge at about 370 nm. Com-
pared with the thin film, the absorption edge of the 
nanosheets and nanowires takes a redshift significantly, 

Fig. 2  Optical spectra of the specimens: a XRD, b PL, c absorption, d Tauc plots
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and the absorption intensity is obviously enhanced in 
the visible range. The Au NPs increases the absorp-
tion intensity in the visible range, while the increase is 
barely visible in the UV range (see Additional file 1: Fig. 
S2). The bandgap (Eg) of the ZnO nanostructures can 
be estimated by the Tauc plot [28],

where α is the absorptivity, hν represents the incident 
photon energy, and A is the correlation constant. As 
shown in Fig.  2d, the achieved bandgaps of thin film, 
nanowires and nanosheets are 3.65, 3.16 and 3.05  eV, 
respectively. In contrast to bulk ZnO (3.37  eV) [29], 
the bandgap of the thin film is broadened, while that of 
nanowires and nanosheets is narrowed down, especially 
for the nanosheets. The wide bandgap of the thin film 
may result from the space restriction of the ITO substrate 
and the limited film thickness, as the small size can lead 
to bandgap widening of the semiconductors [1, 2]. Nev-
ertheless, the nanowires and nanosheets grow normal to 
the substrate and in the free space. The bandgap of both 
the samples may be reduced in contrast to that of bulk 
ZnO for the ion doping and vacancy in the chemical 
bath deposition and electrochemical deposition, though 
the impurities are undetectable in the EDS spectra in 
Fig.  1b4, c4 for the low content. The smaller bandgap 

(1)(αhν)
2
= A hν − Eg ,

means that the nanowires and nanosheets would have 
better utilization efficiency of the visible light.

Figure  3 displays photocurrent response of the speci-
mens, in which the response parameters are supplied 
in Table  1. Under UV light irradiation, the photocur-
rent of the nanomaterials increases immediately, espe-
cially for the thin film and nanowires (tens of μA). In 
contrast to the nanosheets, the thin film and nanowires 
possess stronger photocurrent with faster recombina-
tion. The current intensity and response time are also 
modulated by the light frequency. For the thin film, the 
response current (the difference between the stable maxi-
mum value, Imax and the stable minimum value, Imin) is 
34.79  μA, and the response time is as low as ~ 1.0  ms 
(starting from the stable minimum current to the current 
value of 90% maximum) at the frequency of 1 Hz, which 
gains a sensitivity as high as 579.83. With increasing fre-
quency, the response current and response time of the 
specimen decrease a lot at 10 Hz but amplify obviously at 
100 Hz, while the sensitivity reduces continuously. More-
over, the rising time (τr) and declining time (τd) of the 
photocurrent keep the same at 1 and 10 Hz but become 
different with τr > τd at 100  Hz. For the nanowires, the 
Imax, response current and response time are 83.59  μA, 
82.65 μA, 2.0 ms, respectively, in a sensitivity of 87.93 at 
the frequency of 1 Hz, which is more sensitive and faster 
than many reported photodetectors based on ZnO nano-
structures [30, 31]. The current intensity and sensitivity 

Fig. 3  Photocurrent response of the specimens under UV light irradiation in a square wave with different frequency: a1, a2 1 Hz, b1, b2 10 Hz, c1, 
c2 100 Hz
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of the specimen reduce monotonously with increasing 
frequency, which may be caused by the reduction in pho-
togenerated carriers in each cycle. At 100 Hz the τr and 
τd of the photocurrent are also different with τr > τd. For 
the nanosheets, the photocurrent is much poorer than 
that of others as the response time is much longer than 
100 ms at 1 Hz, though the Imax and response current are 
larger than those of nanofilm. The Imax, current intensity 
and sensitivity reduce significantly and continuously with 
increasing frequency. The τr and τd of the photocurrent 
become difference with τr < τd at 1  Hz and turn larger 
than the half period of the square light. The declining 
photocurrent response may be ascribed to the relatively 
poor carrier generation and fast recombination of the 
nanosheets for the extraordinary arrangement of the NPs 
in Fig. 1c2.

Photocatalytic Performance
A common photodegradation process may occur in the 
following four steps: (1) absorption of photons to gen-
erate charge carriers (electron–hole pairs); (2) transfer-
ring of the separated charges to the catalyst surface; (3) 

creation of the active radicals at the surface; (4) redox 
reactions between the radicals and the pollutant mol-
ecules at the surface [32]. This means that for a good 
catalyst, its charge separation ability and surface charge 
assembly are particularly important. For the ZnO nano-
materials, the general process of the photocatalysis is 
shown in Fig. 4. That is, ZnO nanomaterials absorb pho-
tons with energy larger than its band gap (Eg) to gener-
ate charge carriers. Thereafter, the charges transfer to 
the catalyst surface. On the surface, the electrons (e−) 
and holes (h+) react with O2 and H2O to generate active 
radicals, such as hydroxyl groups (·OH) and superoxide 
( ·O−

2  ). Finally, the pollutants are decomposed into harm-
less substances by the redox reaction of active radicals 
and organic molecules.

Figure  5 shows absorption spectra of the degraded 
MB solutions as catalyzed by the ZnO nanostructures. 
In comparison with the original solution, the spectral 
intensity of the degraded solution is reduced obviously, 
no matter in visible light or in UV light, indicating pho-
tocatalytic ability of the specimens. The photocatalytic 
performance of the specimens in the visible light may 

Table 1  Photocurrent response of the specimens under UV light irradiation in a square wave with different frequency at a constant 
bias voltage of 0.1 V

*The sensitivity is calculated according to the equation, S =
∣

∣

∣

Imax−Imin

Imin

∣

∣

∣

Structures Light frequency 
(Hz)

Imin (μA) Imax (μA) Response current 
(Imax − Imin, μA)

Response time (τr/τd) S*

Thin film 1 0.06 34.85 34.79 1.0/1.0 ms 579.83

10 − 2.57 31.43 34.00 0.5/0.5 ms 13.23

100 − 6.78 35.28 42.06 1.2/0.7 ms 6.20

Nanowires 1 0.95 83.59 82.65 2.0/2.0 ms 87.93

10 − 0.86 60.03 60.89 2.0/2.0 ms 70.80

100 − 4.06 56.25 60.31 2.5/2.2 ms 14.85

Nanosheets 1 2.57 62.41 59.84 0.15/0.18 s 23.28

10 18.38 46.22 27.84 – 1.51

100 29.69 32.46 2.77 – 0.09

Fig. 4  Schematic diagram of the photocatalytic process of ZnO nanomaterials
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be ascribed to the carbon doping, oxygen vacancies and 
defect states in the materials, which create some local-
ized energy states in the forbidden bandgap and bring 
charge excitation from the states to the conduction band, 
as observed in lots of metal oxides [25, 33], while surface 
O vacancies have been shown to act as photogenerated 
electron trapping centers to enhance electron–hole sepa-
ration for enhanced photocatalytic activity [34]. Under 
visible light the spectral intensity of the solution as cat-
alyzed by the thin film and nanowires fluctuates signifi-
cantly in three cycles (1  h of each circle), while that of 
the nanosheets almost remains the same. However, the 
spectral intensity turns to be more stable in the UV light 
for all the samples, and becomes much weaker than that 
of the degraded solution in the visible light. This suggests 
improved catalytic stability and efficiency of the ZnO 
nanostructures under the UV light condition.

Many studies have shown that the modification of 
semiconductors by metal NPs is significant to enhance 
the photocatalytic performance. Au NPs attached to the 
surface of ZnO have been reported to produce surface 
plasmon resonance effect and increase the photocatalytic 
efficiency of ZnO [7, 8], that is, promoting charge gen-
eration and prolonging electron–hole pair separation 
in the light irradiation, thereby improving the light uti-
lization and catalytic performance of the ZnO. Figure  6 
displays absorption spectra of the degraded solution as 

catalyzed by the ZnO nanomaterials covered with Au 
NPs. The modification of ZnO by the Au NPs really leads 
to a downward intensity (an increasing catalytic effi-
ciency) in the UV light region, but an upward intensity (a 
decreasing catalytic efficiency) in the visible light region. 
The declining efficiency in the visible region may be that 
the Au NPs is excessive, which shields the ZnO nanoma-
terials and reduces utilization of the visible light, though 
the Au NPs enhance the absorption of visible light (see 
Additional file 1: Fig. S2). Nevertheless, the vibration of 
the spectral intensity becomes smaller in the three cycles 
for all the samples than those without Au NPs in Fig. 5, 
suggesting improvement of the catalytic and structural 
stability of the specimens for the Au coating.

The catalytic efficiency is calculated by considering 
the band intensity of the solution and the active area of 
the substrate surface, and is shown in Fig.  7. The effi-
ciency in the UV light is much larger than that in the 
visible light for all the samples with and without Au 
NPs, which is because more charge carriers are gener-
ated by the higher photon energy of the UV light and 
join the catalytic performance. For the samples without 
Au NPs, the ZnO nanowires possess the largest effi-
ciency of 2.45 μg/cm2 h and an upward trend with the 
cycle process. The ZnO nanosheets present the poor-
est photocatalytic performance in the UV and visible 
light, probably because they are mainly grown along 

Fig. 5  Absorption spectrum of the degraded MB solution as catalyzed by the specimens under visible light (top row) and UV light (bottom row) in 
3 cycles: a1, a2 thin film, b1, b2 nanowires, c1, c2 nanosheets
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the non-polar faces, which is different from previous 
studies where ZnO tends to grow along polar planes 
[23]. For the samples with Au NPs, the ZnO/Au nanow-
ires also own the largest efficiency of 2.59 μg/cm2 h in 
the UV light. However, the catalytic efficiency of ZnO 
nanosheets improves significantly from 1.51  μg/cm2  h 

without Au NPs to 2.15  μg/cm2  h with Au NPs in the 
UV light. The change (up to 42.4%) is much bigger than 
that of nanowires (5.7%) and thin film (2.6%) in the UV 
light, which should be due to the larger and rougher 
surface and the more extension of carrier lifetime of the 
nanosheets than the other two samples (see Additional 

Fig. 6  Absorption spectrum of the degraded MB solution as catalyzed by the Au-specimens under visible light (top row) and UV light (bottom row) 
in 3 cycles: a1, a2 Au/thin film, b1, b2 Au/nanowires, c1, c2 Au/nanosheets

Fig. 7  Evolution of photocatalytic efficiency in 3 cycles under visible light and UV light for the specimens: a ZnO without gold NPs, b ZnO with gold 
NPs. The inset is the maximum efficiency in the three cycles
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file 1: Fig. S1) for the deposition of Au NPs. With above 
analysis, it is found that the photocatalytic efficiency 
of ZnO nanomaterials could be effectively modulated 
by the structure as it is closely related to the surface 
area, roughness, defect and doping states, vacancies, 
polar and non-polar crystalline faces. The ZnO nano-
structure with large surface area, a moderate surface 
roughness, suitable defect and doping states as well as 
surface oxygen vacancies, crystallization in polar face, 
and appropriate metal NPs modification would own an 
excellent photocatalytic performance for the organic 
degradation.

Conclusion
ZnO nanomaterials in the structures of thin film, nanow-
ire and nanosheet were successfully synthesized on the 
ITO glass substrates. All the ZnO nanomaterials dis-
played a strong luminescence peak and a series of blue 
luminescence peaks, but the peak intensity decreased 
in the order of nanosheets, nanofilm and nanowires 
for the improved lifetime of the photoexcited charges. 
The nanowires possessed the highest response current 
of 82.65 μA at a response time of 2.0 ms in a sensitivity 
of 87.93 at the frequency of 1 Hz, which was more sen-
sitive and faster than many reported photodetectors 
based on ZnO nanostructures. The ZnO nanowires pos-
sessed the largest catalytic efficiency for the MB degra-
dation, but the efficiency change of ZnO nanosheets was 
much larger than that of others for the Au NPs coating 
in the UV light. The photocatalytic efficiency of the ZnO 
nanomaterials was found to be modulated by the struc-
ture as it contained different surface area, roughness, 
defect and doping states, vacancies, polar and non-polar 
faces, which shed light on the design of semiconductor 
nanomaterials for the photoelectric and photocatalytic 
applications.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s11671-​022-​03760-x.

Additional file 1. PL and absorption spectra of the ZnO nanostructures 
with and without Au NPs.

Acknowledgements
This work was supported by the National Natural Science Foundation 
of China (61974125); Natural Science Foundation of Jiangxi Province 
(20192ACBL20049); XMU Training Program of Innovation and Entrepreneur-
ship for Undergraduates (S202110384717, S202210384727, S202210384729).

Author Contributions
PL performed the experiment and wrote the main manuscript text; HP and BS 
performed the experiment and prepared figures; JL, JW, YF, XY, and SQ helped 
investigation and analyzed the data; GY and YH performed the experiment; SH 
supplied the conceptualization and project, directed the research, analyzed 

the data and revised the manuscript; SL and JK analyzed the data and revised 
the manuscript. All authors read and approved the final manuscript.

Funding
National Natural Science Foundation of China (61974125); Natural Science 
Foundation of Jiangxi Province (20192ACBL20049); XMU Training Program 
of Innovation and Entrepreneurship for Undergraduates (S202110384717, 
S202210384727, S202210384729).

Availability of Data and Materials
All data supporting the conclusions of this article are included within the 
article.

Declarations

Ethics Approval and Consent to Participate
Not applicable.

Consent for Publication
All authors have approved the publication of this article.

Competing interests
The authors declare that they have no known competing financial interests 
or personal relationships that could have appeared to influence the work 
reported in this paper.

Received: 7 October 2022   Accepted: 28 November 2022

References
	1.	 Wang Y, Wang L, Zhang X, Liang X, Feng Y, Feng W (2021) Two-dimen-

sional nanomaterials with engineered bandgap: synthesis, properties, 
applications. Nano Today 37:101059

	2.	 Koo Y, Kim Y, Choi SH, Lee H, Choi J, Lee DY, Kang M, Lee HS, Kim KK, Lee 
G, Park K-D (2021) Tip-induced nano-engineering of strain, bandgap, and 
exciton funneling in 2D semiconductors. Adv Mater 33:2008234

	3.	 Mayer KM, Hafner JH (2011) Localized surface plasmon resonance sen-
sors. Chem Rev 111:3828–3857

	4.	 Sui M, Kunwar S, Pandey P, Lee J (2019) Strongly confined localized sur-
face plasmon resonance (LSPR) bands of Pt, AgPt, AgAuPt nanoparticles. 
Sci Rep 9:16582

	5.	 Agarwal DC, Singh UB, Gupta S, Singhal R, Kulriya PK, Singh F, Tripathi A, 
Singh J, Joshi US, Avasthi DK (2019) Enhanced room temperature fer-
romagnetism and green photoluminescence in Cu doped ZnO thin film 
synthesised by neutral beam sputtering. Sci Rep 9:6675

	6.	 Chitradevi T, Lenus AJ, Jaya NV (2020) Structure, morphology and lumi-
nescence properties of sol-gel method synthesized pure and Ag-doped 
ZnO nanoparticles. Mater Res Express 7:015011

	7.	 Raji R, Gopchandran KG (2019) Plasmonic photocatalytic activity of ZnO: 
Au nanostructures: tailoring the plasmon absorption and interfacial 
charge transfer mechanism. J Hazard Mater 368:345–357

	8.	 Yao C, Chen W, Li L, Jiang K, Hu Z, Lin J, Xu N, Sun J, Wu J (2021) ZnO: Au 
nanocomposites with high photocatalytic activity prepared by liquid-
phase pulsed laser ablation. Opt Laser Technol 133:106533

	9.	 Sampaio MJ, Lima MJ, Baptista DL, Silva AMT, Silva CG, Faria JL (2017) 
Ag-loaded ZnO materials for photocatalytic water treatment. Chem Eng J 
318:95–102

	10.	 Das A, Deka T, Kumar PM, Bhagavathiachari M, Nair RG (2022) Ag-modi-
fied ZnO nanorods and its dual application in visible light-driven photo-
electrochemical water oxidation and photocatalytic dye degradation: a 
correlation between optical and electrochemical properties. Adv Powder 
Technol 33:103434

	11.	 Das A, Wary RR, Nair RG (2020) Cu modified ZnO nanoflakes: an efficient 
visible light-driven photocatalyst and a promising photoanode for dye 
sensitized solar cell (DSSC). Solid State Sci 104:106290

	12.	 Goktas A, Modanlı S, Tumbul A, Kilic A (2022) Facile synthesis and charac-
terization of ZnO, ZnO:Co, and ZnO/ZnO: co nano rod-like homojunction 

https://doi.org/10.1186/s11671-022-03760-x
https://doi.org/10.1186/s11671-022-03760-x


Page 10 of 10Long et al. Nanoscale Research Letters          (2022) 17:118 

thin films: role of crystallite/grain size and microstrain in photocatalytic 
performance. J Alloys Compd 893:162334

	13.	 Wang H, Li X, Zhao X, Li C, Song X, Zhang P, Huo P (2022) A review on 
heterogeneous photocatalysis for environmental remediation: from semi-
conductors to modification strategies. Chin J Catal 43:178–214

	14.	 Das A, Kumar PM, Bhagavathiachari M, Nair RG (2021) Shape selective 
flower-like ZnO nanostructures prepared via structure-directing reagent 
free methods for efficient photocatalytic performance. Mater Sci Eng B 
Adv 269:115149

	15.	 Das A, Nair RG (2020) Effect of aspect ratio on photocatalytic perfor-
mance of hexagonal ZnO nanorods. J Alloys Compd 817:153277

	16.	 Taylor CM, Ramirez-Canon A, Wenk J, Mattia D (2019) Enhancing the 
photo-corrosion resistance of ZnO nanowire photocatalysts. J Hazard 
Mater 378:120799

	17.	 Wan J, Al-Baldawy AS, Qu S, Lan J, Ye X, Fei Y, Zhao J, Wang Z, Hong R, Guo 
S, Huang S, Li S, Kang J (2022) Band alignment of ZnO-based nanorod 
arrays for enhanced visible light photocatalytic performance. RSC Adv 
12:27189–27198

	18.	 Park J, Yan M (2016) Three-dimensional graphene-TiO2 hybrid nanomate-
rial for high efficient photocatalysis. Nanotechnol Rev 5:417–423

	19.	 Rosso C, Filippini G, Criado A, Melchionna M, Fornasiero P, Prato M (2021) 
Metal-free photocatalysis: two-dimensional nanomaterial connection 
toward advanced organic synthesis. ACS Nano 15:3621–3630

	20.	 Xu F, Dai M, Lu Y, Sun L (2010) Hierarchical ZnO nanowire-nanosheet 
architectures for high power conversion efficiency in dye-sensitized solar 
cells. J Phys Chem C 114:2776–2782

	21.	 Xu F, Lu Y, Xie Y, Liu Y (2009) Controllable morphology evolution of 
electrodeposited ZnO nano/micro-scale structures in aqueous solution. 
Mater Des 30:1704–1711

	22.	 Goktas A, Tumbul A, Aba Z, Durgun M (2019) Mg doping levels and 
annealing temperature induced structural, optical and electrical proper-
ties of highly c-axis oriented ZnO: Mg thin films and Al/ZnO:Mg/p-Si/Al 
heterojunction diode. Thin Solid Films 680:20–30

	23.	 Galdámez-Martinez A, Santana G, Güell F, Martínez-Alanis PR, Dutt A 
(2020) Photoluminescence of ZnO nanowires: a review. Nanomaterials 
10:857

	24.	 Wang Y, Li X, Wang N, Quan X, Chen Y (2008) Controllable synthesis of 
ZnO nanoflowers and their morphology-dependent photocatalytic 
activities. Sep Purif Technol 62:727–732

	25.	 Huang S, He B, Yan X, Khan I, Wang J, Gao M, Lan J, Li S, Kang J (2018) 
Hierarchical ZnO/Si nanowire arrays as an effective substrate for 
surface-enhanced Raman scattering application. Sensor Actuat B-Chem 
273:48–55

	26.	 Nikhil SK, Das A, Bhagavathiachari M, Nair RG (2021) Effect of aspect ratio 
of c-axis oriented ZnO nanorods on photoelectrochemical performance 
and photoconversion efficiency. Opt Mater 121:111551

	27.	 Oba F, Nishitani SR, Isotani S, Adachi H, Tanaka I (2001) Energetics of 
native defects in ZnO. J Appl Phys 90:824–828

	28.	 Mekhnache M, Drici A, Saad-Hamideche L, Benzarouk H, Amara A, 
Cattin L, Bernède JC, Guerioune M (2011) Properties of ZnO thin films 
deposited on (glass, ITO and ZnO:Al) substrates. Superlattice. Microstruct. 
49:510–518

	29.	 Yang P, Yan H, Mao S, Russo R, Johnson J, Saykally R, Morris N, Pham J, He 
R, Choi HJ (2002) Controlled growth of ZnO nanowires and their optical 
properties. Adv Funct Mater 12:323–331

	30.	 Li X, Liu X, Li Y, Gao D, Cao L (2021) Using novel semiconductor features 
to construct advanced ZnO nanowires-based ultraviolet photodetectors: 
a brief review. IEEE Access 9:11954–11973

	31.	 Chu L, Xu C, Zeng W, Nie C, Hu Y (2022) Fabrication and application of 
different nanostructured ZnO in ultraviolet photodetectors: a review. IEEE 
Sens J 22:7451–7462

	32.	 Goktas S, Goktas A (2021) A comparative study on recent progress in 
efficient ZnO based nanocomposite and heterojunction photocatalysts: a 
review. J Alloys Compd 863:158734

	33.	 Fei Y, Ye X, Al-Baldawy AS, Wan J, Lan J, Zhao J, Wang Z, Qu S, Hong R, Guo 
S, Huang S, Li S, Kang J (2022) Enhanced photocatalytic performance 
of TiO2 nanowires by substituting noble metal particles with reduced 
graphene oxide. Curr Appl Phys 44:33–39

	34.	 Xu Y, Li H, Sun B, Qiao P, Ren L, Tian G, Jiang B, Pan K, Zhou W (2020) 
Surface oxygen vacancy defect-promoted electron-hole separation 

for porous defective ZnO hexagonal plates and enhanced solar-driven 
photocatalytic performance. Chem Eng J 379:122295

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Modulation of ZnO Nanostructure for Efficient Photocatalytic Performance
	Abstract 
	Introduction
	Experimental
	Materials
	Thin Films
	Nanowires
	Nanosheets
	Characterization

	Results and Discussion
	Structure Modulation
	Optical Properties
	Photocatalytic Performance

	Conclusion
	Acknowledgements
	References


