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Abstract
In this study, we focus on synthesizing various 3D ZnO hierarchical nanostructures (ZnH) for highly effective photocatalytic
performance via an innovative sol-gel method using diethylene glycol as an assembly-guiding agent. The morphology of 3D ZnH
can be turned from nanospheres into nanoplate blocks and nanosheet-based flowers by increasing the concentration of diethylene
glycol. Possible growth mechanisms are proposed for different assembly architectures. Analysis of characterization techniques
reveal that the synthesized hierarchical structures exhibited a large specific surface area, high degree of crystallinity, and a band
gap in the range 2.95–3.11 eV, depending on their morphology. X-ray photoelectron and photoluminescence spectroscopy
revealed the presence of rich oxygen vacancies introduced by the 3D ZnO hierarchical morphology. The photodegradation
experiment results presented in ZnO nanosheet-based flower shown superior photoactivity of rhodamine B degradation compared
with nanospheres and nanoplate blocks structures. This is attributed to the larger surface area, enhanced light absorption, and more
effective photogenerated charge separation on account of their rich Vo. The establishment of relevant structural–optical property
relationships is expected to provide deeper insights into the potential use of ZnH for innovative devices.
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Highlights
● Three different 3D ZnO hierarchical nanostructures were successfully synthesized.
● The morphology-optical properties relationship of the obtained samples was studied.
● Optical properties and oxygen defects are dependent on 3D ZnO hierarchical morphology.
● The ZnO nanosheet-based flowers exhibit excellent photocatalytic activity.

1 Introduction

ZnO nanomaterials are well known to be important semi-
conductors with unique chemical and physical properties; as
such, these materials have great potential applications in
photocatalysts, solar cells, and sensors, optoelectronic
devices [1]. Reviews of the structural, crystal growth
methods, and fundamental properties of ZnO nanomaterials
have revealed that the superior electronic structure and
optical properties of ZnO depend on its morphology and
structure [2–4]. Therefore, controlling the morphology of
ZnO nanomaterials, especially their size and shape, is an
area of active interest in materials science. To date, ZnO
nanomaterials with a wide variety of structures and
morphologies, including 1D (particles and nanowires/
tubes), 2D (nanosheets, belts, and plates), and 3D (nano-
spheres and flowers) hierarchical structures, have been
produced using various chemical methods [3–9]. Among
the numerous structures, ZnO hierarchical nanostructures
(ZnH) exhibit many outstanding advantages. These nanos-
tructures not only inherit the excellent properties of
assembled low-dimensional nanomaterials but also offer
advanced properties for the design of superior active cata-
lysts, ultra-sensitive sensors, and highly effective adsorption
materials for various applications [10, 11]. In this context,
methods to develop facile approaches to fabricate ZnH with
a unique oxygen vacancy (Vo)-rich structure are a promi-
nent research subject [11–13]. Oxygen surface defects in
ZnO crystals are considered important because they
enhance optical absorption and charge generation and
separation, thereby promoting improved ZnO performance
[12, 14, 15]. Although different approaches have been
employed to synthesize these structures [16], delivering a
relatively inexpensive, clean, and simple method to produce
nanostructures on a large scale with desirable features,
including well-controlled size, morphology, porosity, oxy-
gen defects, and electronic band structure, remains chal-
lenging [17]. Moreover, reports on the correlation between
the hierarchical morphology and optical properties of 3D
ZnH, as well as the effects of Vo defects on their photo-
catalytic performance, are scarce.

Using surfactants such as diethylene glycol (DEG) as
an agent for the self-assembly of hierarchical ZnO is an

appealing way for 3D structure construction reported in
the pieces of literature [18, 19]. DEG is well known as a
cheap surfactant with glycols that have strong affinity for
water which plays an important role in the formation of
the hierarchical structures. Thus, by adjusting the volume
ratio of DEG and water can vary the 3D morphology of
ZnH. Therefore, in this study, we present a simple, and
scalable sol–gel approach to synthesize ZnH with various
morphologies by using DEG used as a structure-directing
and capping agent. The correlation between the mor-
phology and optical properties of ZnH, particularly their
light absorption, band gap, photo-induced charge separa-
tion and recombination, Vo concentration, and photo-
catalytic activity were investigated in detail.

2 Experimental

2.1 Preparation of ZnO hierarchical nanostructures

ZnO samples were synthesized via a sol–gel method under
the assistance of diethylene glycol as an assembles agent.
Typically, 13.6 g of zinc acetate dihydrate (98%, Sigma-
Aldrich) was poured into 100 mL of a mixed solvent of
DEG (99%, Sigma–Aldrich) and water with the help of a
magnetic stirring for 1 h. Thereafter, 140 ml of carbonate
solution (1.5 M, 98%, Sigma–Aldrich) was added dropwise
into the above solution and remained stirring within 1 h at
room temperature. The reaction product was washed with
distilled water until neutral (pH 7) and then dried in an oven
for 24 h at 60 °C. After drying, the white precipitate was
heated at 350 °C for 2 h with the initial heating rate of
10 °C/min and then cooled down to room temperature. The
concentration of DEG was varied by changing the volume
ratio of DEG/water to 25% (25 mL/75 mL), 50% (50 mL/
50 mL), and 75% (75 mL/25 mL), corresponding to the
samples named Z25%, Z50%, and Z75%, respectively.

2.2 Characterization

X-ray diffraction (XRD—Bruker D8 Advance) measure-
ments to determine the crystal structure of as-prepared sam-
ples and the field emission scanning electron microscopy
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(FE-SEM; Hitachi S-4800) was used to analyze their mor-
phology. Microstructures were identified by high-resolution
transmission electron microscopy (HRTEM; JEM 2100,
JEOL). X-ray photoelectron spectroscopy (XPS - Mutilab-
2000 spectrometer) was performed to determine the chemical
composition of the samples. The Brunauer–Emmett–Teller
(BET) surface area and Barrett–Joyner–Halenda (BJH) por-
ous size distribution of the samples were estimated from
the N2 adsorption–desorption isotherms obtained using a
Micromeritics 3Flex surface characterization analyzer.
UV–vis NIR absorption spectrophotometer (Hitachi U-4100)
and FLS-1000 PL spectrometer (Edinburgh Instruments)
were employed to investigate optical absorption and photo-
luminescence (PL) spectra.

2.3 Photocatalytic activity test

Photocatalytic experiments were performed by dispersing
30 mg of catalyst into 60 mL of an aqueous solution of RhB
(5 ppm) under stirring in the dark for 30 min to achieve
adsorption–desorption equilibrium, the suspension then
was exposed to UV-light irradiation provided by a Philips
UVC 15W. The distance from the light source to the liquid
level of the RhB aqueous solution maintained at 25 cm.
During the photoreaction, 2 mL of the RhB solution con-
taining ZnO samples was collected at 10 min intervals and
centrifuged at 9500 rpm for 8 min to remove the catalyst.
The degradation process of RhB was monitored by mea-
suring the absorbance of RhB at 554 nm using a UV–Vis
spectrometer (Jasco V-670). The residual concentration of
the RhB solution was estimated by absorption spectroscopy
measurement at 554 nm through the calibration curve of
the relationship between the absorbance intensity and RhB
concentration.

3 Results and discussion

3.1 Structural, morphological characterizations

Figure 1a presents the XRD patterns of the ZnO samples
synthesized with different DEG concentrations. The dif-
fraction peaks of the three samples display at angles that
match with were in good agreement with the characteristic
peaks of the hexagonal wurtzite structure of ZnO (PDF
card number 01-075-6445) without any impurities. The
sharp peaks in the XRD patterns demonstrate that the ZnO
samples are well crystallized and oriented. A magnifica-
tion of the XRD pattern (Fig. 1b) reveals that the dif-
fraction peaks broaden and shift toward higher 2θ angles
with increasing DEG concentration; this finding implies
that the crystallite size and lattice constant of the ZnO
samples decrease with increasing DEG concentration.

Interestingly, the (0 0 2) peak of the Z75% sample is
stronger than those of the Z25% and Z50% samples and
standard JCPDS data. The relative intensities of (1 0 0) to
(0 0 2) in the ZnO samples decrease from 1.269 to 1.09
and 0.99 with increasing DEG concentration, thereby
indicating that the (0 0 2) face orients toward the growth
of ZnO as the DEG concentration increases. Similar
observations of the increasing intensity of the (0 0 2) peak
as the morphology of the ZnO crystals changes from
nanoparticles and nanorods to nanosheets have been
reported in the literature [20, 21]. The different
morphologies of the as-prepared ZnO nanostructures lead
to variations in their XRD pattern, as confirmed by the
FESEM images.

Figure 2 shows the FESEM images of the ZnO samples
synthesized with different DEG concentrations. All of the
samples exhibit well-defined hierarchical nanostructures in
the form of nanospheres, nanoplate blocks, and special
flower structures, corresponding to DEG concentrations of
25% (Z25%), 50% (Z50%), and 75% (Z75%), respectively.
The morphology of the nanostructures changes drastically
with increasing DEG concentration. At a low DEG con-
centration of 25%, individual ZnO nanoparticles of
~10–40 nm assemble to form nanospheres with a diameter
of ~400 nm. Continuous increases in DEG concentration to
50% result in smaller ZnO particles in the range of
10–20 nm that tend to align in plates that stack to build
nanoplate blocks. When the DEG concentration is further
increased to 75%, a uniform spherical morphology of
flowers constructed by ultrathin ZnO nanosheets with a
uniform thickness of several nanometers is formed; the ZnO
nanosheets intersect with each other to form multilayer
petals of flower structures measuring 400–600 nm in dia-
meter. The morphological evolution of the samples shows
that DEG promotes the self-assembly of ZnO nanoparticles
at low concentrations to form a nanospherical morphology.
At higher concentrations, DEG acts as a structure-directing
and capping agent that restricts the growth of ZnO crystals
and helps them grow in the preferential direction, resulting
in decreases in crystalline size and the formation of nano-
plates and nanosheets [22].

HRTEM images were obtained, as shown in Fig. 2c, f, i
to identify the crystal facets of the ZnO samples. The
HRTEM images of all samples exhibit well-resolved lattice
fringes, thereby indicating the high crystallinity of the ZnO
structures with the interplanar spacing samples of 0.52,
0.517, and 0.515 nm for Z25%, Z50%, and Z75%, respec-
tively, which could be assigned to the (0001) plane [20, 23].
The Z75% sample also exhibits a lattice d-spacing of
2.87 nm, which corresponds to the 1010

� �
plane of

hexagonal-phase ZnO. These results indicate that the ZnO
crystals of the Z25% and Z50% samples growth along the
[0001] plane to form particle structures. The preferential
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growth plane of the Z75% sample is in the (0001) and
0110

� �
directions, thus forming nanosheets on the initial

ZnO nuclei [24].

3.2 Formation mechanism of different ZnO
hierarchical morphologies

The formation mechanism of ZnH is based on the crystal
growth process of ZnO and the assembly process of the
ZnO crystals. According to ref. [25], the formation of ZnO
nanostructures through the reaction of carbonate-based
reducing agents is a complex process involving inter-
mediates including Zn(OH)2, [Zn(OH)4]2, ZnCO3, and
Zn5(CO3)2(OH)6. The possible formation mechanism of
different ZnO hierarchical morphologies in our work may

be described by the following chemical reactions:

Na2CO3 þ H2O ! 2Naþ aqð Þ þ CO2�
3 aqð Þ ð1Þ

CO2�
3 þ H2O$HCO�

3 þ OH� ð2Þ

Zn CH3CO2ð Þ aqð Þ ! Zn2þ þ 2 CH3CO2ð Þ2� ð3Þ

5Zn2þ aqð Þ þ 2CO2�
3 aqð Þ þ 4OH� þ H2O

! Zn5 CO3ð Þ2 OHð Þ6
ð4Þ

Zn25 CO3ð Þ: OHð Þ6 aqð Þ ! 5ZnOþ 3H2Oþ 2CO2 ð5Þ

At high reactant concentrations, intermediates are
formed by a burst of initial homogeneous nucleation, and

Fig. 1 X-ray diffraction patterns
of ZnO nanomaterials
synthesized with different DEG
concentrations

Fig. 2 Low/high-magnification
FESEM images and HRTEM
images of ZnO hierarchical
nanostructures synthesized with
different DEG concentrations:
a–c Z25%, d–f Z50%, and
g–i Z75%
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Zn5(CO3)2(OH)6 crystal nuclei are formed via the crystal-
line processes and phase transformation of amorphous
intermediates. The nuclei formed move until they achieve
the required crystallographic orientation and accumulate by
lateral atom-by-atom addition on other particles, resulting in
anisotropic growth [25, 26]. The ZnO nanostructures are
finally formed by dehydration of Zn5(CO3)2(OH)6 crystal
nuclei. ZnO crystals are well known to possess two polar
planes, including the positive Zn-terminated (0001) plane
and the negative polar O-ZnO 0001

� �
plane. Previous

research has reported that ZnO crystallites grow rapidly
along the [0001] direction of the c-axis to form nanowires or
nanorods on account of the high surface energy of the (0001)
plane, which renders it more active than other planes. The
presence of DEG not only strongly influences the rate of
atom deposition on different crystal faces but also controls
the rate of ZnO crystal growth [27]. When Zn5(CO3)2(OH)6
crystal nuclei form, the DEG molecules in the solution
absorb and occupy some of the active sites of the ZnCO3

hydroxide crystal nuclei [28]. Interactions between DEG

molecules via H-bonds may affect the orientation and growth
of the nuclei, as well as the assembly of crystal particles [29].
At low concentrations, DEG molecules act as bridges that
bind nuclei particles to create crystal agglomerations, and the
ZnO particles formed retain their spherical morphology; this
supposition indicates that no preferential growth axis could
be observed at low DEG concentrations. At high DEG
concentrations, however, the increased ratio of DEG mole-
cules adsorbed on the surface of the nuclei inhibits the
growth units of primary particles, especially along the c-axis.
However, interactions between DEG molecules still play an
important role in linking growth units in the preferred
direction of the non-polar faces of ZnO crystals to produce
both nanoplates and nanosheets. A possible mechanism for
the formation of ZnH is illustrated in Fig. 3.

3.3 Surface area and oxygen defects in ZnO samples

To better understand the BET surface area and porous nature
of ZnH with different morphologies, the adsorption–desorption

Fig. 3 Schematic illustration of a
possible mechanism of the
formation of ZnO hierarchical
nanostructures

Fig. 4 a N2

adsorption–desorption curves
and b BJH pore size distribution
curves of ZnO hierarchical
nanostructures
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isotherms in N2 were carried out and shown in Fig. 4. The
adsorption–desorption isotherms of the three samples
exhibit a type IV curve with H2 hysteresis loops for the
Z25% sample and H3 hysteresis loops for the Z50% and
Z75% samples, corresponding to hollow- and parallel plate-
shaped pores. The ZnH displays large specific surface areas,
with values estimated to be 30.5, 34.7, and 48.1 m2/g for
nanospheres, nanoplate blocks, and flowers, respectively.
Compared with that 1D ZnO nanoparticles, the specific
surface area of ZnH is 3–5 times greater [2]. The BJH pore
size distributions (Fig. 4b) indicate that all of the samples
possess a mesoporous morphology with bimodal pore dis-
tributions, one in the range of 1–5 nm and another in the
range of 5–120 nm. The pore volumes of the Z25%, Z50%,
and Z75% samples are calculated to be 0.190837, 0.185720,
and 0.22035 cm3/g, respectively.

High-resolution O 1s XPS spectra were measured, as
shown in Fig. 5, to obtain information about the Vo of the
ZnO hierarchical nanostructures. Thermo-Fisher Advan-
tage version 4.88 software was used to fit the XPS data of

all samples to a Gaussian distribution. The O 1s XPS
profiles of all samples could be deconvoluted into three
peaks, namely OI, OII, and OIII. The peak areas of OI, OII,
and OIII for all samples are listed in Table 1. The first OI

peak centered at ~530.4 eV is attributed to O2− ions
binding to Zn2+ ions in the wurtzite structure of ZnO,
which means OI represents the O2- ions in the ZnO lattice
[30]. The third OIII peak centered at 533 eV could be
assigned to oxygen adsorbed on the ZnO surface,
including O2, hydroxyl (OH−), and carbonate (CO3

2−)
groups [31]. The second peak OII centered at ~531.6 eV
originates from oxygen ions in oxygen-deficient regions
caused by Vo on the ZnO surface. As known, the intensity
of the OII peak is closely related to the density of Vo [32].
Therefore, the concentration of Vo in the ZnO samples
could be studied via the OII peak. Integration of the peak
area results reveals that the contribution ratios of the OII

peak in the O1s XPS spectra of spherical, nanoplate
blocks, and nanosheet-based flowers ZnO are 27.33%,
37.36%, and 64.09%, respectively. These results indicate
that a greater number of oxygen atoms escape the ZnO
nanosheet-based flower crystals, leaving VO defects, than
the other morphologies. The Vo concentration in the as-
prepared ZnH is also higher than that in other ZnO
nanostructures reported in recent literature [33–35]. The
high concentration of Vo introduced in ZnH may improve
their charge separation efficiency, resulting in enhanced
photocatalytic activity [36].

3.4 Optical properties and photocatalytic activity

Figure 6 shows the UV–vis diffuse reflectance spectra of
the ZnH with different morphologies. All of the samples
exhibit absorption bands at ~400 nm, which corresponds
to the intrinsic band gap absorption of ZnO. Compared
with that of nanospherical structures, the absorption band
of nanoplate blocks is blue-shifted while that of flower
structures is red-shifted. These results suggest that the
flower structures show enhanced light absorption; the

Fig. 5 High-resolution O1s XPS spectra of ZnO hierarchical nanos-
tructures synthesized with different DEG concentrations

Table 1 Fitting results of the O
1s XPS spectra of various ZnO
hierarchical nanostructures into
different oxygen species: (OI,
OII, OIII), Binding energy (EB),
Relative percentage (R), Time
constant (τ)

Samples Morphology Oxygen species EB

(eV)
R
(%)

τ1
(ns)

τ2
(ns)

Zn25% Spherical particles OI 530.4 64.27 1.827 9.2

OII 531.8 27.33

OIII 533.02 8.38

Zn50% Nanoplate blocks OI 530.4 48.96 1.92 10.04

OII 531.6 37.36

OIII 532.8 13.65

Zn75 Nanosheet-based flowers OI 530.4 21.93 1.92 13.6

OII 531.5 64.09

OIII 533.2 13.96
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high porosity of interlaced nanosheets may promote the
trapping of incident light within this type of structure. The
band gaps of the nanospheres, nanoplate blocks, and
flower structures were estimated by the τc equation as
follows [37]:

ahvð Þ1=y¼ B hv� Eg

� � ð6Þ

where B is a constant called the band tailing parameter,
ν is the photon frequency, h is the Planck constant, Eg is
the band gap energy, and γ is a power factor of the
transition mode that depends on the nature of the material
(γ= 1/2 or 2 for direct and indirect transition band gaps,
respectively). By extrapolating a straight line in a certain
region of the (αhv)2 versus hv curve to the zero ordinate,
the band gaps of nanospheres, nanoplate blocks, and
flower structures could be estimated to be 3.08, 3.11, and
2.95 eV, respectively. Changes in the band gaps of the
ZnH further confirm that ZnO hierarchical morphology

results in an effective band gap, which is smaller than its
bulk value of 3.37 eV. The narrowed band gap of the ZnH
could be related to an increase in Vo concentration, as
revealed by the XPS spectra [31].

Information on photogenerated electron–hole separation
and recombination and the introduction of Vo to the var-
ious ZnH were investigated by PL spectroscopy at an
excitation wavelength of 340 nm. Figure 7 illustrates the
PL spectra of the different 3D ZnH. All of the samples
exhibit two major emission regions a UV emission band
and a visible emission band. UV emission with a peak
centered at ~398 nm could be ascribed to the intrinsic
emission of ZnO, which is produced by electron transitions
from the conduction band to the valence band of ZnO.
Visible emission is related to the impurity energy of
defects in the ZnO crystal caused by Vo (with peaks at
~447 and 470 nm) [36, 38], interstitial zinc (with a peak
centered at 420 nm), interstitial oxygen (with a peak cen-
tered at 570 nm), zinc vacancies, and anti-site oxygen (with
a peak centered at 660 nm) [14, 36, 39]. The relative Vo
concentration in the 3D ZnH could be estimated by com-
paring the intensity of blue peaks at 470 nm in the PL
spectra [40]. Figure 7 clearly shows that the intensity of
peaks assigned to Vo shows the order Z75% > Z50% >
Z25%; the highest peak appears in the sample with flower
nanostructures, thus reflecting the large number of Vo
defects in these structures. Vo emissions are related to the
radiative recombination of an electron occupying the Vo
with a photo-generated hole [41]. The decrease in peak
intensity at 400 nm may be due to the Vo defect in the ZnO
nanostructures associated with trapping sites which are
caused by the reduced recombination of the photo-
generated e–h pairs, as confirmed by the reduction in the
intensity of the peak at 400 nm [14]. According to
Fig. 6, the peak intensity at 400 nm is lowest in the flower
samples and relatively higher in the nanoplate block and
spherical samples. These results indicate that ZnO
nanosheet-based flowers, which feature the highest Vo
concentration among the samples obtained, exhibit the best

Fig. 6 UV–vis diffuse reflectance spectra and the corresponding Tauc
plots of the as-prepared samples (inset)

Fig. 7 a Room-temperature PL
spectra of ZnO hierarchical
nanostructures with different
morphologies, b The enlarged
PL spectra of ZnO hierarchical
nanostructures at wavelengths
from 350 nm to 550 nm
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separation of photo-induced electron–hole pairs, which
greatly improve photocatalytic properties.

Time-resolved PL spectroscopy was conducted using a
pulsed laser with an energy of 363 nm to discriminate
between emissive states and the exciton lifetime, which is
directly related to electron–hole recombination and
defects in the ZnH. Figure 8 shows the time-resolved PL
spectra of three ZnH samples. The TRPL data of all

samples were well-fitted by a bi-exponential model:

I ¼ I1 exp � t

t1

� �
þ I2 exp � t

t2

� �
ð7Þ

τavg ¼ I1τ21 þ I2τ22
I1τ1 þ I2τ2

ð8Þ

where I1 and I2 are the decay amplitudes, t1 is a fast time
constant originates from the direct radiative recombination
of photo-generated carriers from valence–conduction band
[42]; and t2 is a slow time constant related to indirect
electron–hole recombination at localizing level of defects
such as oxygen vacancies, interstitial zinc that act as the
initial charge carriers acceptor to inhibit electron/hole
recombination [43]. The time constants obtained from
the fitting results are listed in Table 1. The slow time
component of ZnO nanosheet-based flowers is longer than
that of other morphologies, thus confirming the higher level
of trapping sites in these nanostructures. The XPS and PL
spectra reveal that the Vo concentration is also highest in
the ZnO nanosheet-based flowers, thus indicating that Vo
plays an important role in capturing photogenerated
electrons in the ZnH. The average electron lifetimes of
the ZnO nanospheres, nanoplate blocks, and nanosheet-
based flowers are calculated to be 1.99, 2.2, and 2.39 ns,
respectively. The long lifetime of photogenerated charge
carriers found in the ZnH implies effective charge carrier

Fig. 8 TRPL spectra of ZnO hierarchical nanostructure with different
morphologies

Fig. 9 a–c UV–vis spectra of the
residual RhB solution under
different UV irradiation times in
the presence of three ZnO
samples. d Photodegradation
curve of RhB in the presence of
three ZnO samples
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separation, which could improve the photocatalytic activity
of the samples.

The photocatalytic activity of ZnH was studied via the
degradation of RhB solution under UV light irradiation. A
plot of the residual RhB concentration as a function of
irradiation time is presented in Fig. 8d. As shown in Fig. 9,
the photocatalytic activity of the ZnH depends on their
morphology. The ZnO nanosheet-based flowers showed the
highest RhB degradation efficiency, completely decom-
posing the RhB solution within 30 min of irradiation.
Among the ZnO materials tested, the ZnO nanospheres
display the lowest photocatalytic activity, degrading 100%
RhB only after 60 min. The higher photocatalytic activity
of ZnO flowers compared with those of other nanos-
tructures may be related to the following: i) the large sur-
face area of the flowers could provide a greater amount of
surface-active agents for the degradation of pollutant
molecules; ii) the high concentration of oxygen defects
effectively suppresses electron–hole recombination, as
confirmed by the quenching of the PL intensity of the ZnO
flowers; and iii) enhanced light absorption helps increase
electron–hole separation. These effects could contribute to

the high activity of flower-like ZnO nanomaterials, which
may be applied to wastewater treatment.

The initial degradation rate of RhB was further explored
by calculating the photodegradation reaction rate constant
based on the reaction kinetics curves of pseudo-first-order
reaction as the following equation [44]:

ln C0=Ctð Þ ¼ kt ð9Þ
where C0 is the initial concentration of RhB solution, Ct is the
concentration of RhB solution at irradiation time t (min),
k (min−1) is the reaction rate constant of RhB degradation. By
linear fitting of ln (C0/Ct) against time for all samples (as
shown in Fig. 10), the photodegradation rate constant k was
obtained to be 0.1063min−1, 0.06986min −1, 0.04846min−1

for g-Z75%, Z50%, and Z25%, respectively. Taking the
results together, ZnH is worthy of further study as
photocatalysts with greater efficiency compared with those
described in previous reports (Table 2) [45–48].

4 Conclusion

In summary, nanospheres, nanoplate blocks, and nano-
flowers were successfully synthesized by using a simple
sol–gel method with DEG as an assembly-guiding agent.
DEG acts as a structure-directing agent that could pro-
mote or restrict the growth of ZnO crystals, resulting in
different hierarchical morphologies. The morphology of
the obtained nanostructures greatly influenced their pho-
tocatalytic activity on account of the different effects of
their light absorption, surface area, and oxygen defects.
ZnO nanosheet-based flowers offered better photo-
catalytic performance than nanospheres and nanoplate
blocks owing to their enhanced light absorption and
higher surface area. The flowers also contain a high
concentration of Vo. This indicated that, compared with
other ZnO morphologies, oxygen atoms in the nanosheet-
based flowers can easily escape creating a larger number
of Vo defects.

Fig. 10 Linear fitting ln(Ct/C0) vs. t of the kinetic curves for RhB
degradation under UV light irradiation

Table 2 Comparison of the photocatalytic activities of ZnO nanosheet-based flowers with hierarchical ZnO nanostructures for RhB
photodegradation in terms of light source (LS), photocatalyst concentration (CP), RhB concentration (CRhB), irradiation time (IrTime), and
photocatalytic efficiency (Eff)

Photocatalyst Light Source
(UV)

CP (mg/ml) CRhB (ppm) IrTime (min) Eff Ref

ZnO nanosheet-based flowers a philips 15W 0.5 5 30 100% Our work

ZnO hierarchical nanostructures 125W mercury lamp 10/15 10 100 63% [45]

ZnO hexagonal platforms Three Philips 15W mercury lamps 300 2.5 60 42% [46]

3D ZnO hierarchical nanostructures UV light 0.2 10 100 78% [47]

ZnO microflowers 500W Hg lamp 1 10 100 100% [48]
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