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an efficient, solar active
hierarchical ZnO flower photocatalyst for
repeatable usage: controlled desorption of
poisoned species from active catalytic sites†

K. S. Ranjitha and R. T. Rajendra Kumar*ab

To date, reusable properties of nano photocatalysts (PCs) have been investigated for five to ten consecutive

cycles with a mild decrease in photocatalytic performance. Systematic investigation on the decrease in

photocatalytic performance and regeneration of the nanocatalyst after repeatable usage have rarely

been reported. Hierarchical forms of self-assembled zinc oxide (ZnO) with a flower-like structure have

been successfully synthesized by an aqueous solution based precipitation and show visible

photocatalytic degradation efficiency of 98% against methylene blue (MB) dye in 120 min under natural

solar irradiation and visible irradiation. Reusable catalytic properties were studied for 50 consecutive

cycles and the degradation efficiencies obtained were around 85.9, 61.4, 47.3, 31.6 and 21.3% in 120 min

of photo irradiation for 10, 20, 30, 40 and 50 consecutive repeatable cycles, respectively. On increasing

the number of cycles, the photocatalytic efficiency of the ZnO flowers decreased due to adsorption of

hydrocarbon molecules on the active sites of the catalyst, a phenomenon termed as catalytic poisoning.

Furthermore, we show that the photocatalytic performance of ZnO hierarchical flowers could be

completely reverted by a simple chemical treatment for further repeatable usage by removing the

hydrocarbon groups on the active sites of the surface of the nanocatalysts. Our results provide insights

into the effective visible photocatalytic nature and controlled process which removes the poisoning

effect and regenerates the catalytic properties.
Introduction

Considering the importance of human safety and environ-
mental problems, various efforts have been undertaken to
overcome the environmental issues counterbalancing a clean
and healthy environment. The advanced oxidation process
(AOP) is a promising green technology for the degradation of
toxic contaminants, especially for the removal of organic
pollutants in environment remediation applications.1–3

Recently, researchers have focused on semiconductor photo-
catalysts (PCs) for AOP-based applications, which mainly
involved the synthesis of efficient solar light driven PCs.4–7 In
the eld of semiconductor PCs, ZnO has acquired great atten-
tion due to its immense potential as a catalyst with abundant
availability, non-toxicity and good photochemical stability.8,9

Previous reports show that ZnO based nanocatalysts are highly
efficient under ultraviolet (UV) and visible irradiation.10–15
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Efficiency of the catalytic response has inuence by the
morphology as well as by the effective carrier separation and
production of reactive oxygen species (ROS) over the catalytic
surface.15 However, catalytic stability and multiple reusable
properties of the nanocatalyst are the critical deciding factors
for commercializing the AOPs for the environment remediation
applications. Several investigations about catalytic loss,16–18

sulfur19 and hydrocarbon impurities20 based poisoning of
catalysts and regenerating the catalytic performances were
described on gas phase oxidation of heptane, petroleum
rening and photochemical based industries.20–22 Reusability of
the nanocatalysts is the one of the important criteria for the
utilization of nanocatalysts for environmental remediation
applications. Re-using of nanocatalysts is vital owing to the
rigid environmental safety regulations for their disposal and
economic benet.27 So far, majority of the reports show that
reusable properties of TiO2, WO3, ZnO nanocatalysts were
studied up to 10 cycles and further utility of the catalyst were
not much clearly investigated.18,23–26 To date, articles present
reusability of the photocatalyst tested upto 5 to 10 cycles and
report good reusability. However, detailed study on reusability
(aer multiple cycles) and stability of the photo catalyst is
missing.
RSC Adv., 2017, 7, 4983–4992 | 4983
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Our previous article reports on morphology (rods, brooms,
spindles, stars, needles, hierarchical owers, multipods)
controlled synthesis of ZnO nanostructures and inter-relation
between their (i) morphology, (ii) surface defects (iii) ROS
production and (iv) photocatalyst properties.15 Hierarchical ZnO
nanoowers show efficient PC performance compared to the
other nanostructures and reusability of the same was studied
upto 10 cycles.

In the present work, to get better insight on the catalytic
stability and reusability, reusable properties of hierarchical ZnO
owers were studied extensively upto 50 cycles. The structural
and functional properties of the reused hierarchical ZnO ower
catalysts reveal that aer multiple reusable cycles, catalytic
surface were poisoned due to chemisorbed hydrocarbon groups
on the active catalytic sites which termed as catalyst poisoning.
A simple, cost effective, chemical treatment process has been
proposed to regenerate the poisoned hierarchical ZnO ower
catalyst to revert back to its maximum photocatalytic perfor-
mance. The results could be useful for designing and process-
ing of photocatalysts for repeatable usage.
Experimental
Synthesis of hierarchical ZnO owers

All chemicals were purchased from Himedia and used without
further purication. Growth parameters of hierarchical ZnO
owers are reported in detail in our previous publication.15

Briey, equal mole of Zn(NO3)2$6H2O and HMTA were taken in
separate 150 mL beakers and stirred for 5 min. Aer stirring,
HMTA was added drop wise into Zn(NO3)2 precursor and stir-
red. Aer stirring for 10 min at room temperature, 10 mL of
ammonia was mixed slowly into the solution. The solution was
placed in a constant temperature bath and heated at 97 �C for 4
hours. The samples were cleaned and centrifuged using
distilled water and ethanol three to four times and baked at
100 �C for 30 min.
Characterization

The phase and crystalline structure of the samples were studied
using Phillip X'pert Pro Advance Powder X-ray diffractometer
(Cu-Ka radiation; l ¼ 1.5418 Å). The morphology of the nano-
structures was studied by ZEISS scanning electron microscope.
A JEOL JEM-2100 high resolution transmission electron
microscope (HRTEM) operated at 200 kV was used for the
detailedmicrostructural characterization of the nanostructures.
UV-Vis absorbance spectra of the samples were recorded using
JASCO V620 UV-Vis spectrophotometer. A HORIBA JOBIN YVON
spectro uoromax-4/photoluminescence spectrophotometer
was used for obtaining the photoluminescence spectra (PL) of
the samples. The specic surface area (SSA) was evaluated using
the Brunauer, Emmett, and Teller (BET) nitrogen adsorption
method (Micromeritics ASAP 2030). Fourier's Transfer Infrared
Spectrometer (FTIR) spectra were recorded by Bruker Tensor 27,
spectrometer over the range 4000–400 cm�1 using KBr as the
reference. UV-Vis DRS measurement was acquired using
a JASCO V620 UV-Vis spectrophotometer. The surface analysis
4984 | RSC Adv., 2017, 7, 4983–4992
of the sample was carried out by using X-ray photoelectron
spectroscopy (XPS). All binding energies were referred to the C
1s peak (284.6) arising from surface hydrocarbons (or adventi-
tious hydrocarbons).
Photocatalytic study

The photocatalytic activity of ZnO was evaluated using Methy-
lene Blue (MB) as model contaminant. The reactions were per-
formed under dark, UV light (30 W Hg lamp (ZF-1 UV, Philips,
China), setup with peak emission at l ¼ 365 nm), under visible
irradiation (75 W xenon lamp with the UV cut off lter (l > 400
nm) (Lee type 226 (USA))), under natural sunlight (sunlight, 905
Lm per m2) with the UV cut off lter (Lee type 226 (USA)) on
a normal sunny day between 8.00 a.m and 4.00 p.m under the
shadows in order to avoid the evaporation of solution through
heat effect. The light intensity was constantly checked every
30 min using lux meter.15 In a photo reaction experiment,
100 mg of ZnO was suspended in a 100 mL aqueous solution
containing 15 mg L�1 of MB in neutral pH. Prior to irradiation,
the solution was stirred for 30 min in the dark to ensure
establishment of an adsorption–desorption equilibrium on the
surface of the PC. The absorbance behaviour of MB was moni-
tored every 30 min with an overall reaction time of 180 min by
UV-Vis spectrophotometer ranging from 200 to 800 nm. The
concentration of organic dyes was determined by measuring the
absorption intensity at the maximum absorbance wavelength of
the supernatant (MB ¼ 661 nm) by using a UV-Vis spectropho-
tometer. Similar experiment was carried out without any photo
illumination sources in order to measure the catalytic behav-
iour under dark. The degradation efficiency (h) of the dye
wastewater could be dened as follows.28

h ¼ C0 � Ct

C0

� 100 (1)

where C0 is the initial dye concentration, Ct is the dye concen-
tration at a certain reaction time t (min). Catalytic efficiency of
commercial ZnO (sigma Aldrich) was investigated and
compared with the hierarchical ZnO ower catalyst. The
poisoning effect due to absorbance of the dye molecules on the
nano structural surface was studied using Tensor 27 Fourier's
Transfer Infrared Spectrometer.
Active species trapping, superoxide and hydroxy radicals
quantication

For detecting the active species during the photocatalytic reac-
tion, hydroxyl radicals (cOH), superoxide radicals (O2c) and
holes (h+) were investigated by adding 1.0 mM IPA (isopropyl
alcohol, a quencher of cOH), BQ (benzoquinone, a quencher of
O2c) and TEOA (triethanolamine, a quencher of h+), respec-
tively.29 Nitroblue tetrazolium (NBT) (100 mM, exhibiting an
absorption maximum at 259 nm), p-chlorobenzoic acid (CBA)
(100 mM, exhibiting an absorption maximum at 312 nm) were
used as the indicators to determine the amount of super oxide
(O2c

�) and hydroxyl radicals (OHc) generated from the nano-
catalyst. NBT was stored for no longer than one day at 4 �C. Aer
UV illumination for different periods of time, 1 mL of the
This journal is © The Royal Society of Chemistry 2017
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suspension was sampled and injected into a quartz vial. The
concentration of NBT and p-CBA (the product resulting from the
reduction of NBT and p-CBA by O2c

�, OHc respectively) were
measured using a UV-Vis spectrophotometer (JASCO 620) at
257 nm, 312 nm respectively. Exposure tests were run for
different time periods, for up to 180 min as the photocatalytic
degradation test, with NBT and p-CBA replacing the dye.30–32
Reusable photocatalytic properties

Reusability tests were conducted for the hierarchical ZnO
owers. Briey, the selected photocatalyst (aer being used in
degradation test of MB) was allowed to settle down naturally in
the reactor (�30 min). Because of it micro sized morphology it
settles down fast and was rinsed thrice with distilled water. The
washed material was then dried at 60 �C for 5 hours before
using in a new MB degradation experiment. Fiy consecutive
additional tests were conducted.
Results and discussion

ZnO structures of various morphologies such as rods, brooms,
buds, spindles, stars, hierarchical owers and multipods
(Fig. S1, ESI†) by simply controlling the Zn supersaturation in
the growth solution.15 Reusable properties of ZnO structures
revealed decrease in PC activity aer 10 cycles. Among the
various ZnO morphologies, hierarchical ZnO owers15 showed
best photocatalytic activity (Fig. S2 and S3, ESI†) and therefore
chosen for elaborate reusable studies presented in this work.
Crystal phase and morphology analysis

The phase and crystallinity of the as-synthesized product was
studied by XRD and the resultant XRD pattern is shown in
Fig. 1. The intense and sharp diffraction peaks suggest that the
product was highly crystalline and well matched with a stan-
dard data card (JCPDS-80-0075; a ¼ 3.259 Å and c ¼ 5.209 Å)
indexed as hexagonal phase ZnO. The calculated lattice
parameters are; a¼ 3.282 Å and c¼ 5.249 Å. No other impurities
Fig. 1 XRD pattern of hierarchical ZnO flower catalyst.

This journal is © The Royal Society of Chemistry 2017
were detected, demonstrating that the products are of high
purity with single crystalline phase. In addition, the width of the
diffraction peaks indicate that the sample product comprises of
smaller crystallites. Fig. 2a and inset shows the SEM images of
hierarchical ZnO owers with varying magnications. Fig. 2a
indicate that the product is composed of ower-like structure
and has the dimension of 400–800 nm with multiple facets of
size 80–100 nm. As hierarchical structure of the as-synthesized
ZnO is further elucidated by TEM studies (Fig. 2b–d), it is
observed that the ZnO owers comprise of needle like struc-
tures and nanoparticles of size about 200 and 15 nm respec-
tively. Fig. 2c and d shows the HRTEM images of the as-
synthesized ZnO in which the cluster of nanograins are
oriented and assembled to form a ower-like hierarchical
architecture. The growth mechanism of the ZnO hierarchical
owers is beyond the scope of this paper, detailed growth
mechanisms are reported in our previous publication.15
Elemental analysis

In order to determine the elements and their oxidation states in
ZnO owers, XPS study was carried out. The binding energy
peaks of Zn and O are shown in XPS spectrum (Fig. 3a). No
peaks of other elements can be observed. In Fig. 3b, the O1s

prole found to be asymmetric in nature and can be deconvo-
luted into to three peaks locating at 529.9, 531.4 and 532.3 eV,
respectively, indicating three different kinds of O species in the
sample. The peak centered at 529.9 eV is closely associated with
the lattice oxygen (OL) of ZnO, the peak at 531.4 eV is attributed
to the oxygen of surface hydroxyl (OH), while the peak at
532.3 eV is due to the chemisorbed oxygen (Oa). It has been
shown that surface hydroxyls (OH) of the photocatalyst play
a signicant role for a photocatalytic oxidation process.33 Fig. 3c
presents the XPS spectra of Zn 2p, and the peak positions of Zn
Fig. 2 (a) SEM (b, c) TEM micrographs (d) HRTEM micrograph of
hierarchical ZnO flowers.

RSC Adv., 2017, 7, 4983–4992 | 4985
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Fig. 3 XPS spectra of as synthesised flower like ZnO (a) survey spec-
trum, (b) O 1s peak, (c) Zn 2p peak and (d) absorbance and lumines-
cence spectra of hierarchical ZnO flower structures.
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2p1/2 and Zn 2p3/2 are at 1044.4 eV and 1021.5 eV respectively
and the different between the two peaks are 23.1 indicating that
Zn is in the Zn2+ valence state.34
Fig. 4 Photocatalytic performance of as synthesised and commercial
ZnO: (a) degradation efficiency and (b) degradation kinetics of MB dye
solution under various photo illumination.
Optical properties

Fig. 3d shows the optical absorption and photoluminescence
spectra of hierarchical ZnO owers. ZnO shows a strong
absorption of UV and has slight absorption in the visible region
of light. This reveals that ZnO can be used as a UV and visible
light active semiconductor photocatalytic material (Fig. S4†).
Room temperature PL spectra mainly consist of two emission
bands: a band at 416 nm (2.98 eV) and a strong greenish band at
530 nm (2.34 eV). The strong UV emission at 416 nm corre-
sponds to the electron–hole recombination from the CB to VB.35

The green emission is due to surface oxygen defects in ZnO
ower like hierarchical structures.15 As the ZnO owers have
higher rate of oxygen vacancy states, it may have the photo-
catalytic degradation efficiency in the visible and UV region.15
Photodegradation study

Fig. 4 shows the photocatalytic degradation properties of as-
prepared hierarchical ZnO owers structures against hetero-
aromatic MB. Hierarchical ZnO owers show promising pho-
tocatalytic activity under UV and visible photo irradiation.
Moreover, the variation in MB degradation efficiency is
consistent with the different light irradiation used (Fig. 4a). As
shown in Fig. 4a, the degradation efficiency is about 2.8%,
98.8%, 99.3 and 98.9%, under dark, UV light, visible light and
sunlight irradiation for 180 min respectively. In the case of
visible light irradiation, ZnO exhibits better photocatalytic
behaviour than other conditions and showed complete degra-
dation (98.4%) of MB in 120 min.
4986 | RSC Adv., 2017, 7, 4983–4992
It is clear from the gure that the PC degradation perfor-
mance of commercial ZnO varies with different irradiation.
Commercial ZnO show maximum PC degradation efficiency
about 58% for 90 min against MB dye under UV illumination.
Whereas, hierarchical ZnO owers show relatively higher PC
activity about 80 to 90% for 90 min against MB dye under UV,
visible light and sun light irradiation. This clearly shows that
hierarchical ZnO owers exhibit higher degradation efficiency
compared to that of commercial ZnO. The photocatalytic effi-
ciency of the hierarchical ZnO owers were compared with the
commercially available ZnO hierarchical structures under
different photo illumination sources and the degradation rate
were calculated from the Fig. 4b. From the above experimental
results, it is clear that the ZnO hierarchical ower has higher
photocatalytic activity and more interestingly, it is found to be
a suitable candidate for natural sunlight driven photocatalytic
application. The photo degradation results show that (i) no
notable degradation takes place without catalyst (ii) under dark
conditions, mild adsorption of MB with ZnO is observed (iii)
ZnO exposed to UV and visible light sources has excellent pho-
tocatalytic degradation activity, which degrade MB completely
(98.2%) in 120min. (iv) Optically active defect states play vital role
in improving the visible photocatalytic properties and this has
already conformed from our previous publication.15
This journal is © The Royal Society of Chemistry 2017
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Effect of pH role on dye solution was investigated since
catalytic degradation efficiency varied with respect to pH. Fig. 5
shows the effect of dye degradation efficiency at different pH
from 3 to 11 for ZnO hierarchical structures under UV and
visible irradiation. It is observed that the degradation rate
increases with increase in pH up to 9 and then it decreases.
Under pH 9 the degradation rate is higher due to the catalyst
zero point charge which increases the surface charge density of
the catalyst thus making it negatively charged.34 It effectively
increases the adsorption of dye molecules to the catalyst surface
and promotes the interaction between the negatively charged
catalysts with dye molecules and increases the electrostatic
attraction between dye anions. A similar trend is observed with
the commercial ZnO (Fig. 5c). To further conrm this, an
experiment to nd out the adsorption of dye in dark at different
pH was carried out (gure not shown). The rate of adsorption of
MB on the ZnO catalytic surface, aer the attainment of
adsorption equilibrium, are 0.04, 0.74, 1.46, 5.74 and 3.74% at
pH 3, 5, 7, 9 and 11 respectively. ZnO hierarchical structures has
high adsorbance of dye molecules at pH 9. At higher (above 11)
and lower (below 7) pH, the electrostatic attraction between dye
anions and negatively charged catalyst becomes weak resulting
in reduced adsorption. Photo irradiation of hierarchical ZnO
ower exhibits higher photocatalytic efficiency owing to its
Fig. 5 Effect of pH on the photocatalytic performance of hierarchical Zn
and comparison with commercial ZnO catalyst under (c) UV and (d) sun

This journal is © The Royal Society of Chemistry 2017
relatively higher surface area (Fig. S6†) and effective production
of charge carriers on the catalyst surface.15
Photocatalytic degradation mechanism

Under UV and visible light irradiation ZnO hierarchical owers
completely degraded the MB with the irradiation time of
180 min. This can be due to the fact that the additional charge
carriers (e�/h+) and more reactive species (OH�) are generated
in the system as a result of the successive absorption of visible
light photons by ZnO. As the band gap of ZnO does not lie in the
visible region (>3.2 eV), it is evident that oxygen related defect
states effectively play a vital role in superior visible light photo
absorption behaviour thus showing efficient photocatalytic
ability in the visible region (Fig. S7†).10,15 The possible photo
degradation mechanism of the organic pollutant was explained
in our previous manuscript.15 Upon visible light irradiation,
electron–hole pairs are generated and the photo generated
electrons (e�) occupy the lower edge of the conduction band
(CB) and the positive holes (h+) at the upper edge of the valance
band (VB).36,37 Thus, the generated charge carriers can either
recombine (not favourable to photocatalysis) or rapidly diffuse
to the surface of ZnO serving as redox sources. The holes in the
VB are readily scavenged by hydroxyl (OH�) ions (hole acceptor)
leading to hydroxyl radicals (OHc) and the photo excited
O flowers respective with time under (a) UV and (b) sunlight irradiation
light irradiation in 90 min.

RSC Adv., 2017, 7, 4983–4992 | 4987
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Fig. 7 Trapping of active species on commercial and hierarchical ZnO
during the photocatalytic degradation of MB dye under UV irradiation
for 90 min.
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electrons in the CB are scavenged by lattice oxygen (Oc2 electron
acceptor) through H2O/OH

� to form superoxide radicals (Oc2)
(eqn (2) and (3)).38

ZnO (h+) + OH� / ZnOOH (abs) (2)

ZnO (e+) + O2 / ZnOO2 (abs) (3)

O2c + H+ 4 HO2� (4)

O2c + H2O / HO2c + OH� (5)

HO2c + H2O / H2O2 + OHc (6)

Fig. 6 shows the reactive oxygen species production under
UV and visible irradiation for hierarchical ZnO owers. Super
oxides are the major productive reactive oxygen species on ZnO
system under photo irradiation.39 Super oxides were highly
evolved under solar irradiation as compared to UV illumination
and the results were in corroboration with its photocatalytic
properties. The newly formed superoxide radicals (O2c) further
react with h+, and H2O and produce increased number of OH�

in solution which leads to rapid oxidation of MB (Fig. S8†).
Fig. 7 display the trapping experiment of the active species
during the photocatalytic reaction of commercial ZnO and
hierarchical ZnO ower respectively. Fig. 7 shows that the PC
degradation efficiency of commercial ZnO and hierarchical ZnO
owers against MB dye for 90 min under UV irradiation.
Commercial ZnO show PC degradation efficiency about 58%
and hierarchical ZnO owers show relatively faster degradation
about 89% for 90 min (black bars, Fig. 7). It is interesting to see
that the degradation efficiency of commercial ZnO (58%)
decreased to 11%, 51% and 55% in the presence of super oxide
(red bars), hydroxyl radical (blue bars) and hole (pink bars)
quenchers respectively. The drastic decrease of PC efficiency
Fig. 6 Deformation of NBT and CPA with the presence of hierarchical
ZnO flowers under different photo illumination (a, c) in UV light and (b,
d) in natural sunlight.

4988 | RSC Adv., 2017, 7, 4983–4992
(down to 11%) in the presence of super oxide quencher (BQ) and
a decrease in smaller extent in the presence of hydroxyl radical
(51%) and hole (55%) quenchers indicate that photogenerated
electrons are the dominant factor inuencing the degradation
process. Since quenching of superoxide species drastically
reduces the PC degradation efficiency whereas quenching of
hydroxide radical and hole producing does not inuence the PC
degradation efficiency. On the other hand, PC degradation
efficiency of hierarchical ZnO owers (89%) substantially
decreased to 31%, 49% and 52% in the presence of super oxide
(red bars), hydroxyl radical (blue bars) and hole (pink bars)
quenchers respectively. This indicate that both photogenerated
electrons and holes are responsible for enhanced degradation
efficiency of hierarchical ZnO owers. This clearly shows that
relatively more number of photogenerated holes are reaching to
the surface in the case of hierarchical ZnO owers compared to
that of the commercial ZnO and thus show relatively higher PC
efficiency.
Reusability of the catalyst

The reusability of hierarchical ZnO owers was tested for the
degradation of MB under identical reaction conditions. Aer
complete degradation, the catalysts were separated and washed
with deionized water. The recovered catalysts were dried and
used for the next run. Fig. 8a shows the results of MB degra-
dation for ten runs of the hierarchical ZnO structures. Hierar-
chical ZnO owers exhibit MB degradation efficiency are 98.2–
85.4% from 1st to 10th runs respectively for 180 min. There is
a signicant change in the degradation efficiency of ZnO for MB
dye aer multiple cycles. In order to gain better understanding
of the repeatable catalytic degradation, reusable catalytic
performances were studied for 50 cycles. A drastic decrease in
photocatalytic efficiency was found on increasing the reusable
cycles above 10.

Fig. 8b shows the reusable catalytic properties upto 50 cycles.
Catalyst loss during multiple uses was avoided by quick
precipitation in a specically designed reactor. On increasing
the number of cycles, the photocatalytic activity was found to
This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Reusable degradation activity for ZnO flower (a) upto 10 cycles
and (b) for upto 50 cycles (MB: 15mg L�1, ZnO suspension 100mg/100
mL, time 3 h).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 1
0/

30
/2

02
5 

8:
07

:1
1 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
reduce due to the absorbance of degraded dye molecules onto
the surface of ZnO.
Fig. 9 FTIR spectra of ZnO flowers, before and after the degradation
process under UV irradiation (a) ranges from 4000–1600 cm�1 and (b)
ranges from 1800–900 cm�1. The pure MB were used as a reference
sample.
Poisoning effect on catalytic surface

Catalyst poisoning effect involves the compounds which
bonds chemically to the active surface sites of a catalyst.21

Photogenerated charge carriers generates H2O2 and OHc

which interact with cationic sulfur group and hetero aromatic
rings in MB and produce sulfoxide and intermediate products.
These sulfoxide groups further oxidize to sulfone, causing the
denitive dissociation of MB resulting in the formation of
volatile low molecular weight compounds such as CO2, H2O,
NH4

+, NO3
� and SO4

2� ions.40,41 For further understanding the
catalyst poisoning effect, functional properties on hierarchical
catalyst surface before and aer degradation cycles, were
investigated.

Fig. 9 shows the FTIR spectrum of a (i) pure MB dye solution
(ii) ZnO hierarchical owers before its use for photo degrada-
tion (iii) ZnO hierarchical ower catalyst aer 10 cycles of photo
degradation. The different functional groups associated with
the MB absorption peaks are H–OH stretching (3428 cm�1),
This journal is © The Royal Society of Chemistry 2017
CH]N (1600 cm�1), C]C (1500–1400 cm�1), –CH2 or –CH3

(1400–1300 cm�1), –C–N (1254 cm�1), N–N (1222 cm�1), –C–O
(1200–1000 cm�1) and –N–O (947 cm�1) the main chromo-
phores.42 The magnied view of the spectra reveal the emer-
gence of C]C, C]O peaks43 around 1400 cm�1 and 1000 cm�1

for the reused ZnO owers compared to the unused ZnO hier-
archical owers indicating the adsorption of degraded mole-
cules on the ZnO hierarchical owers. The chemisorbed
carboxylate groups on ZnO surface (Fig. 9b) decreases the
degradation efficiency on increasing the number of cycles of
photocatalysis for more than 10 times.
Regeneration of hierarchical ZnO ower catalysts

The photocatalytic performance of hierarchical ZnO catalysts
could be regenerated by removing the adsorbed molecules
from the surface of the catalyst. In our investigation, on
increasing the pH of the dye solution, dye–catalyst interaction
increased resulting in increase of both degradation efficiency
and dye adsorption (Fig. 5). From the observations, at lower
pH, the dissolution rate of the catalyst was high as compared
RSC Adv., 2017, 7, 4983–4992 | 4989
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Fig. 11 FTIR spectra of ZnO flowers, before and after acid treatment
for the removal of poisoning effect on the catalytic surface (a) ranges
from 4000–1600 cm�1 and (b) ranges from 1800–900 cm�1.
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to the higher pH. Therefore, it is proposed to disperse the used
catalyst in the lower pH solution to strip the adsorbed func-
tional group from the active sites of the catalyst. Mild HCl acid
treatment is proposed to remove the adsorbed dye molecules
on the hierarchical catalyst surface. Parameters such as
concentration of the acid and the treating time were optimized
to remove the adsorbed dye molecules without damaging the
ZnO hierarchical catalyst morphology. The hierarchical ZnO
catalyst used consecutively for 50 degradation cycles were
treated with 0.0001 M HCl acid for different time durations
and their degradation performances are shown in Fig. 10. It is
clear from the Fig. 10 that the photocatalytic performance of
the ZnO hierarchical catalyst treated with 0.0001 M of HCl for
20 min reverted to its maximum performance. The hierar-
chical catalyst treated for 5 min showed slower catalytic
performance revealing that still the surface has some
poisoning effect. Whereas increasing the treatment time to
40 min resulted in poor performance probably due to the
adsorption of other functional groups and the higher erosion
of catalyst surface. More detailed investigation is required for
better understanding. Thus, ZnO hierarchical catalyst treated
for 20 min is found to be optimum to nearly remove the
adsorbed dye molecules to regain its maximum photocatalytic
performance.

Fig. 11a and b shows the poisoned hierarchical ZnO owers
aer mild HCl acidic treatment for 5 min and 20 min respec-
tively compared with the poisoned ZnO catalyst. The intensity of
the peaks in the range of 1400–1500 cm�1 that corresponds to
the C]O bonds decreased on increasing the duration of acid
treatment. The peak at 1319 cm�1 and 1530 cm�1 that corre-
sponds to C]O and O–H bending vibrations43 respectively
diminishes gradually for acid treated catalysts. FTIR spectra
signicantly demonstrate that due to poisoning effect, more
number of C]C stretching bonds were adsorbed on ZnO cata-
lyst which inactivates the catalytic surface. On treating the
poisoned catalyst with mild acid, successful removal of the
C]C on the catalytic surface takes place and its catalytic activity
is regained. With optimized concentration of acid cleaning,
removal of the adsorbed toxic dye molecules from the catalyst
Fig. 10 Degradation of MB under UV irradiation in the presence of
ZnO flowers (a) 1st cycle, (b) 50th cycle, (c) acid treatment of 5 min on
50 times reused catalyst, (d) acid treatment of 10 min on 50 times
reused catalyst, and (e) acid treatment of 20 min on 50 time reused
catalyst (0.001 N of mild HCl were used for the acid treating).

4990 | RSC Adv., 2017, 7, 4983–4992
surface is made possible and the catalyst regain its catalytic
activity. In order to study the stability of ZnO, XRD and SEM
analysis were performed for samples of pure hierarchical ZnO
owers before degradation and aer degradation for many
cycles (Fig. 12). It could be observed that the characteristic
peaks for ZnO are identical for all the treated samples compared
with the pure ZnO conrming its catalytic ability and phase
stability.

Fig. 12a shows the XRD spectra of fresh and used ZnO PC
(50 cycles). It was found that the crystal structure of ZnO PC
did not change aer 50 cycles and further acid/chemical
treatment, indicating the stability of the PC. Hence the cata-
lyst can be reused for continuous treatment of waste dye
water. Further morphological investigation also revealed that
there is no signicant morphological change aer photo-
catalytic and chemical treatment process. TEM images of the
mild acid treated ZnO owers does not shows any inuence
over the morphology of the hierarchical owers aer mild
acid treatment (Fig. S9†). Further degradation studies on
the regenerated hierarchical ZnO owers showed in
Fig. S10, ESI.†
This journal is © The Royal Society of Chemistry 2017
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Fig. 12 Structural and morphological properties of ZnO flowers
before, after photocatalytic reaction and after acid treatment (a) XRD
pattern, (b–g) optical and FESEM images of ZnO hierarchical flower. (b,
c) as-prepared, (d, e) after 50 catalytic cycles and (f, g) after mild acid
treatment.
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Conclusions

In summary, solar and visible active hierarchical ower-like
ZnO catalysts were synthesized by a solution-based process
and reusable catalytic properties were studied upto 50 consec-
utive cycles. The optically active defects play a vital role in
improving the photocatalytic properties during both UV and
This journal is © The Royal Society of Chemistry 2017
visible irradiation. Aer 8 reusable cycles the ZnO ower shows
detraction on its catalytic efficiency and nearly lose its catalytic
ability by 50 cycles due to the adsorption of hydrocarbon groups
over the active sites. Controlled chemical treatment revert the
maximum catalytic performance by stripping the adsorbed
functional groups from the surface active sites for repeatable
usage.
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