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KEYWORDS Abstract Ag-modified ZnO, F-modified ZnO and (Ag, F)-modified ZnO nanoparticles were pre-
ZnO nanoparticles; pared by thermal shock method in order to study the effects of doping agents on their crystal struc-
Ag-doping; ture, morphology, optical properties, surface structure and photocatalytic activity. The catalysts
F-doping; were characterized by XRD, FE-SEM, TEM, FTIR, UV-Visible diffuse reflectance and XPS spec-
Thermal shock method; troscopy. The photocatalytic activity was evaluated via the degradation of methylene blue under
Photocatalytic activity UVA and visible light irradiation. According to the results, the thermal shock process with AgNO3

did not modify the morphology but successfully created silver species on the surface of ZnO, which
induces the visible light absorption and then increases the photocatalytic activity. The enhanced
phototcatalytic performance was also observed in F-modified ZnO sample owing to the increase
of surface hydroxyl groups and the formation of zinc vacancies. Among three modified ZnO sam-
ples, (Ag, F)-modified ZnO was found to be the best sample with the photocatalytic activity
enhanced by the factor of 3 under both UVA and visible light, which may be attributed to the syn-
ergic effects of AgNO; and KF used in thermal shock process.
© 2018 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

* Corresponding author. In recent years, a number of efforts have been carried out to
E-mail address: htkxuan@hcmus.edu.vn (T.K.X. Huynh). prepare Ag-doped ZnO materials due to promising effects of
Peer review under responsibility of King Saud University. Ag doping for their photocatalytic activity (Ligiang et al.,

2006; Namratha et al., 2011; Yildirim et al., 2013; Hosseini
et al., 2015; Hsu and Chang, 2014; Kakhki et al., 2017). Before
ZnO, it was well reported that Ag doping in TiO, (Lee et al.,
2005; Liu et al., 2012; Suwarnkar et al., 2014; Santos et al.,
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2015; Demirci et al., 2016) can induce the surface plasmon
resonance effect (Santos et al., 2015) and the decrease of
charge recombination (Hosseini et al., 2015; Lee et al., 2005),
which effectively enhance its efficiency in the photocatalytic
process. Therefore, high UV and visible-light induced photo-
catalytic performance was also expected in the case of Ag
doped ZnO nanoparticles. In fact, Namratha et al., (2011) suc-
cessfully fabricated Ag doped ZnO by hydrothermal method
whereas Hosseini et al. (2015) developed a simple method to
synthesize Ag doped ZnO based on solid state milling and cal-
cination of precursor powders. Their modified material exhib-
ited excellent UV-light driven photoactivity for the
degradation of organic dyes under UV light. Moreover, Ag
doped ZnO nanoparticles (Kakhki et al., 2017) or Ag doped
ZnO nanorods (Hsu and Chang, 2014) also showed improved
photocatalytic activity under visible light irradiation. These
results strongly suggest that modification of ZnO with Ag
agent could be the effective solution for the improvement of
ZnO photocatalysts.

On the other hand, surface fluorination was also investi-
gated as an effective method to enhance the photocatalytic
activity of TiO, (Park and Choi, 2004; Yu et al., 2009; Junqi
et al., 2011; Wen et al., 2015). Several works also combined
Ag and F agents to further improve the performance of TiO,
photocatalysts (Luo et al., 2016; Wang et al., 2016). However,
according to our best knowledge, there is still no report on the
surface fluorination of ZnO nanophotocatalysts. Recently, we
successfully developed the thermal shock method to modify
the surface of TiO, (Le et al., 2014; Le et al., 2015). This
method was not only simple, rapid but also effectively able
to create various surface defects, which can increase the photo-
catalytic activity. Motivated by the success in the enhanced
UVA and visible light response of modified TiO, by thermal
shock method, in this work, we used the thermal shock method
to modify ZnO nanoparticles with KF or AgNOj; in order to
improve their photocatalytic performance under both UVA
and visible light irradiation. We also combined KF and
AgNO; through the thermal shock method to elucidate the
synergic effects of cation and anion dopants on the crystal
structure, morphology, optical properties, surface structure
and photocatalytic activity of ZnO.

2. Experimental section

2.1. Sample preparation

The starting materials Zn(CH3;COO),-2H,0, K,C,04-H,0,
AgNOj; and KF (99%, extra pure grade) were purchased from
Sigma Aldrich. Methylene blue (MB) (analytical grade) was
purchased from Merck. These chemicals were used as received
without further purification. Distilled water was used in all the
experiments. The synthesis procedure of unmodified (denoted
as ZnO) and (Ag, F)-modified ZnO nanoparticles (denoted
as Ag-F-ZnO) consisted of two major steps: (i) preparation
of unmodified ZnO nanoparticles by a simple precipitation-
thermal treatment method, (ii) modification of prepared ZnO
with KF and AgNOj; by thermal shock method. Firstly, 0.08
mol of Zn(CH3;COO),-2H,0 was dissolved in 160 mL of dis-
tilled water to prepare zinc acetate solution. Then 160 mL of
0.5 M oxalic acid solution was added dropwise to the vigor-
ously stirred zinc acetate solution. The filtered white precipi-

tate was washed with distilled water, dried in oven at 150 °C
for 2 h and subsequently calcined at 500 °C for 1 h in an elec-
tric furnace to obtain unmodified ZnO nanoparticles.

Thereafter, the prepared ZnO nanoparticles were added in
10 mL of aqueous solution containing 6.250 mmol of KF
and 0.625 mmol AgNO; with the molar ratio of Zn:F:Ag fixed
at 1:1:0.1. The suspension was magnetically stirred for 15 min
and then put in an oven at 150 °C during 3 h to form white
powder. This powder was introduced into an electric furnace
preheated at 500 °C to undergo the thermal shock during 5
min. Afterwards, the powder was cooled down to room tem-
perature, washed in distilled water to remove the remained
KF on its surface and dried again at 150 °C for 1 h. Moreover,
the Ag-modified ZnO (denoted as Ag-ZnO) and F-modified
ZnO (denoted as F-ZnO) samples were also prepared by the
same procedure as above but without adding KF and AgNO;
in the precursor solution, respectively.

2.2. Characterization

Structural analysis was carried out using X-ray powder diffrac-
tometry (BRUKER-Binary V3, Cu Ka radiation (A = 1.5406
A), U = 40kV, I = 40 mA). The accelerating voltage and the
applied current were 40 kV and 40 mA, respectively. The Full-
prof 2009 structure refinement software was used to effectuate
the Rietveld refinement (Rodriguez-Carvajal, 2001). The
Debye—Scherrer formula was also applied to calculate the crys-
tallite diameter from the full width of half maximum of the
most intense diffraction peak of ZnO ((1 0 1) line). The particle
size and morphology of the catalysts were recorded by a
HITACHI S-4800 field emission scanning electron microscope
(FE-SEM) operating at 10 kV and a JEOL USA JEM-1400
transmission electron microscope (TEM) operated at 100 kV.
The UV-visible absorption spectra of catalysts were measured
by a Jasco V-550 spectrophotometer (JASCO Corp.) in which
BaSO, was used for background subtraction. The surface
atomic composition and chemical environment of ZnO and
ZnO-X catalysts were examined by X-ray photoelectron spec-
troscopy (XPS) using a Kratos Axis Ultra DLD spectrometer
(Kratos Analytical Ltd, UK) equipped with an Al-Ka source
(1486.6 eV). The pressure was maintained at 10~" mbar. All
the binding energies were calibrated with respect to the signal
of surface contamination carbon (binding energy of 285 eV).
The surface functional groups of catalysts were characterized
by Fourier transform infrared spectra (FTIR) which were
recorded in the 4000400 cm ' frequency region at room tem-
perature using a Bruker Vertex 70 spectrometer (USA).

2.3. Photocatalytic tests

The photocatalytic activities of unmodified, Ag-modified, F-
modified and (Ag, F)-modified ZnO catalysts were evaluated
through time-dependent photodegradation of MB solution as
a model pollutant (Sanoop et al., 2016). In a typical photocat-
alytic activity measurement, 0.125 g catalyst powder was dis-
persed in 250 mL of MB solution (10> mol L") under
magnetic stirring. The suspension temperature was kept at
30 °C during the experiments by a water circulation system.
The initial pH of suspensions was determined at 7. Prior to
the irradiation, the suspension was vigorously stirred in the
dark for 60 min to ensure the adsorption—desorption equilib-
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rium of MB aqueous solution with the photocatalysts. Then
the reaction suspension was irradiated by an Osram 9-W UV
light lamp or an Osram 9-W visible light lamp placed about
10 cm above the suspension surface. 5 mL of the aliquots were
sampled at regular intervals of 30 min and analysed by a UV—
visible Helios Omega spectrophotometer at 664 nm.

3. Results and discussion

3.1. Catalyst characterization

Fig. 1 shows the power X-ray diffraction patterns of unmodi-
fied and modified ZnO catalysts. Their phase composition is
summarized in Table 1. All the patterns exhibit the character-
istic peaks centered at 31.7°, 34.4°, 36.2°, 47.5°, 56.6° respec-
tively corresponding to (100), (002), (101), (102), (110)
lines of ZnO zincite phase (space group P63mc), which are in
good agreement with the standard JCPDS file no. 36-1451.
These intense and sharp peaks also confirm that the catalysts
are well-crystallized. It was observed that the crystallite size
calculated by the Debye—Scherrer remained unchanged when
ZnO was modified with KF or AgNOj;. Furthermore, no impu-
rity phase is detected in the pattern of F-ZnO, indicating that
the modification with KF by thermal shock method did not
affect the crystal structure of ZnO. However, for Ag-ZnO,
an additional crystallographic phase corresponding to the
peaks located at 38.1° and 44.2° was observed. These addi-
tional peaks are attributed to the (11 1) and (20 0) lines of
metallic silver phase (JCPDS file no. 004-0783, space group
Fm3m). When ZnO was co-modified with KF and AgNOs,
these peaks still remained, demonstrating the presence of
metallic silver phase in this sample. It should be noted that
no trace of Ag,O or AgNO; phases were observed in the
diffractograms of Ag-ZnO and Ag-F-ZnO samples. This indi-
cates that most of silver species exist in the metallic phase on
the surface of our catalysts.
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Ag-zn0 JUU N\ j W W
& [0 M ) Y W
2
o 11l
E A j\ W

Metallic Ag ‘ | | |
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' I ' I I ' I
20 30 40 50 60 70
20 ()
Fig. 1 XRD patterns of unmodified and modified ZnO samples

(Ag-ZnO, F-ZnO and Ag-F-ZnO).

Table 1 Phase composition of unmodified and modified ZnO
samples.
Sample Fraction (%)

Zincite Metallic silver Ag,0O
ZnO 100 0 0
Ag-ZnO 95.31 4.69 0
F-ZnO 100 0 0
Ag-F-ZnO 95.89 4.11 0

The morphology of unmodified and modified catalysts was
investigated using FE-SEM. From their micrographs (Fig. 2a—
d), one can notice that the particle size and shape of ZnO
nanoparticles were not significantly affected by the thermal
shock modification. All the samples consist of hexagonal and
aggregated particles. Their average particle size is found to
be in the range of 50-100 nm. Furthermore, TEM characteri-
zation was also carried out to elucidate the microstructure of
our catalysts. From their TEM images (Fig. 3), four catalysts
show the multi-dispersed particles with no difference in parti-
cle size and shape, which is in good agreement with FE-SEM
micrographs.

X-ray photoelectron spectroscopy (XPS) was employed to
better understand how the thermal shock with different doping
agents affected the surface of ZnO. Table 2 reports the surface
composition and the chemical environment of all elements on
the surface of our catalysts. Due to adventitious carbon con-
tamination, all samples present C 1s core peaks where the
major peak at 285 eV corresponding to C—C and C—H bonds,
two other peaks at 286.6 and 289.2 eV assigned to Zn—O—C
and O—C—O bonds, respectively (Mishra et al., 2013;
Gopinath et al., 2002; Papirer et al., 1995). As shown in
Fig. 4, due to spin—orbit coupling, the Zn 2p core peaks of
unmodified and modified ZnO samples always exhibit two
main Zn 2p components at 1021.5 (Zn 2ps,) and 1044.6 eV
(Zn 2p; ). The positions of these peaks are characteristic for
Zn*" ions in the oxygen environment (Anandan et al., 2010;
Navarro et al., 2008), which demonstrates that the oxidation
state and the chemical environment of zinc atoms on ZnO sur-
face were not modified by thermal shock process with different
doping agents. All the samples also indicated the absence of F
Is peaks, even for F-ZnO and Ag-F-ZnO samples (Figure not
shown in this paper for a nonexhaustive presentation), suggest-
ing that fluoride ions are hardly adsorbed on the surface of
ZnO. This is surprising since chemisorbed fluoride ions were
observed on the surface of TiO, when this oxide was fluori-
nated by thermal shock method in our previous studies (Le
et al., 2014; Le et al., 2012).

Fig. 5 shows the high resolution Ag 3ds,, core peaks of Ag-
ZnO and Ag-F-ZnO samples (their spin—orbit coupling peaks
are presented in the inset). The Ag3ds, core peaks evidence
the presence of Ag dopant in, at least, three different chemical
states. The most intense peak (Agq) is located at 367.5eV
whereas the two minor peaks are situated at 366.7 eV (Agqr)
and 368.3 eV (Agqy. It is worth mentioning that the binding
energy of various oxidation states of silver is still under debate.
Many work assigned the peaks located at around 368.2 eV and
367.7eV to silver atoms in metallic silver state (Johansson
et al., 1973; Xin et al., 2005; Xu and You, 2014; Feng et al.,
2013) and Agy,O state (Kaushik, 1991; Arabatzis et al.,
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Fig. 2

2003), respectively. However, when all the binding were refer-
enced to the C 1Is peak located at 285 eV, metallic silver can be
characterized by Ag 3ds), peaks at binding energy lower than
368 eV (Zhang et al., 2011; Abdel-Fattah et al., 2015). For
our samples, when ZnO was Ag-modified by thermal shock
method, the XRD results indicate the formation of metallic sil-
ver in ZnO lattice. Therefore, the majority of silver species on
the surface of this catalyst should be in zero valence state.
Moreover, it was well reported that the binding energy differ-
ence of (Zn 2p3,,-Ag 3ds),) core peaks for Ag’-doped ZnO was
mostly found to be 653.9 eV (Ligiang et al., 2006; Carvalho
et al., 2014), which was consistent with the binding energy dif-
ference between Zn 2p;, and Agqy 3ds, peaks in our Ag-
modified sample. In the other hand, the binding energy differ-
ence between Zn 2p3), and Agp3ds), peaks of this samples are
close to that of (Zn 2p;,,-Ag 3ds,) core peaks for Ag "t -doped
ZnO in the literature (Ligiang et al., 2006). These results allow
us to assign the main Agd) 3ds), peak (367.5 ¢V) and the minor
Agp3ds, peak (366.7 €V) to metallic Ag and Ag,O on the
surface of our Ag-modified catalyst, respectively. As a conse-
quence, the remained Agqmy 3ds, component (368.3eV)
should be attributed to Ag-Zn-O ternary compounds (Lupan
et al., 2010). The presence of three types of silver species
may be attributed to the effect of thermal shock at 500 °C
which could lead to the decomposition of AgNO; adsorbed
on the surface of ZnO nanoparticles since AgNO; could be
thermally decomposed into Ag,O and metallic silver at around
400 °C (Lide, 2009). These similar components of Ag 3ds;
core peaks were also observed in Ag-F-ZnO sample. It should
be reminded that XRD results only showed the diffraction
peaks for metallic silver phase. The absence of two other silver

™

Va
&7
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500nm

o

$-4800 10.0kV 7.6mm x100k SE(M) 500nm

SEM micrographs of (a) unmodified ZnO, (b) F-ZnO, (c) Ag-ZnO and (d) Ag-F-ZnO.

species in XRD patterns may be explained by their low quan-
tity, which may be lower than the detection limit of XRD
technique.

The high resolution O 1s spectra (Fig. 6) of unmodified and
modified samples show an asymmetric peak which can be
deconvoluted into two peaks: the main peak (O) situated
at 530.4eV assigned to O®  ions of ZnO lattice (Zheng
et al., 2011) and a minor peak (O(II)) at 531.9 eV attributed
to surface hydroxyl groups of our samples (Dupin et al.,
2000). Table 2 also shows the Oy;/Zn and Zn/Oy atomic ratios
calculated from corresponding peak area. It was observed that
the Oy/Zn and Zn/O; atomic ratios of Ag-ZnO were almost
identical to unmodified ZnO sample. When ZnO was modified
with KF or with both KF and AgNO; by thermal shock
method, the Oy /Zn atomic ratio clearly increased whereas
the Zn/Oy atomic ratio dramatically decreased (lower than
the stoichiometric Zn/O; atomic ratio of unmodified ZnO),
which suggests the increase of surface hydroxyl groups and
the formation of zinc vacancies on the surface of ZnO.

The effects of modification agents on the surface of ZnO
catalysts were also characterized by FTIR spectra (Fig. 7).
The unmodified ZnO sample presents several broad absorption
peaks at 3455, 2830, 1628 cm™', corresponding to O—H
stretching vibration, C—H stretching vibration and O—H
bending vibration (Muthukumaran and Gopalakrishnan,
2012), respectively, and a set of prominent peaks at 535.5,
482.2 and 432.8 cm™!, which are attributed to the stretching
vibrations of Zn—O bonds. It was observed that the thermal
shock with KF and/or AgNOs; did not affect the FTIR spectra
in the range of 700-4000 cm™! but strongly modified the
absorption bands in the fingerprint region of catalysts. In fact,
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Fig. 3 TEM images of (a) unmodified ZnO, (b) F-ZnO, (c) Ag-ZnO and (d) Ag-F-ZnO.
Table 2 High resolution XPS data of unmodified and modified ZnO samples.
Cls Zn 2p3/2_1/2 OlsI OlslII Ag 3d3/2 I Ag 3(13/2 I Ag 3d3/2 11T ZH/OI OH/ZH
ZnO B.E. eV 2850 286.6 289.0 2021.4-1044.5 530.2 531.8 530.2 531.8 1.00 0.41
% 13.00 1.94 2.38 34.32 34.33 14.03 34.33 14.03
F-ZnO B.E. eV 285.0 286.7 289.2 1021.6-1044.7 5304 531.8 530.4 531.8 0.93 0.44
Y% 1742 2.66 248  30.80 33.04 13.62 33.04 13.62
Ag-ZnO B.E.eV 2850 286.6 289.2 1021.5-1044.6 530.3 531.9 367.5 366.8 368.3 0.99 0.40
% 11.68 1.64 1.92 34.82 35.16 13.76 0.76 0.11 0.13
Ag-F-ZnO B.E.eV 285.0 286.6 289.3 1021.5-1044.6 5304 531.9 367.6 366.3 368.7 0.96 0.43
Y% 13.25 1.82 1.80  33.40 3475 1426 0.59 0.07 0.06

when ZnO was modified with Ag, the two former Zn-O vibra-
tion peaks shift to higher wave numbers (552.4 and 488.9
cm ') whereas the latter shifts to lower wave number (428.9
em™"), proving that the presence of silver species clearly
affected the bonding energy of Zn—O bonds since the wave
number of bond stretching vibrations is generally proportional
to the vibration force constants (Solek, 2009). Moreover, when
adding KF into the precursor solution, the shape and the posi-

tion of Zn—O vibration bands were dramatically changed.
This evolution may be attributed not only to the interaction
of silver species but also to the formation of defects on ZnO
surface such as zinc vacancies, which is consistent with XPS
results.

The optical properties of our samples were examined via
their UV-visible absorption spectra (Fig. 8). The unmodified
ZnO nanoparticles effectively absorb UV light (wavelength
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Fig. 4 High resolution XPS Zn 2p spectra of unmodified and
modified ZnO samples.

shorter than 450 nm) but very weakly absorb visible light (450—
800 nm). Likewise, the F-ZnO sample also shows very low
absorption in the zone of 450-800 nm but an intense absorp-
tion band from 200 to 450 nm. Interestingly, when ZnO was
modified with AgNO; or both (AgNO; + KF), a broad and
emerging absorption band was observed from 420 to 850 nm,
corresponding to the dark color of these samples Fig. 8. This
indicates that the presence of metallic Ag and Ag,O can
improve the visible light harvesting of ZnO nanoparticles.
Moreover, Ag-ZnO exhibited the darker color and the stronger
photoabsorption performance in the visible light region than
Ag-F-ZnO. The enhanced visible light absorption of Ag-ZnO
sample could be explained by the higher amount of surface sil-
ver species on Ag-ZnO than Ag-F-ZnO, which was proved by
XPS study.

3.2. Photocatalytic activity

Figs. 9 and 10 compare the photocatalytic activity of unmod-
ified and modified catalysts via the MB degradation under
UVA light and visible light, respectively. According to these
figures, the MB degradation in the presence of our catalysts
follows the pseudo-first-order Langmuir-Hinshelwood kinetic
model (Rajamanickam and Shanthi, 2016). The apparent rate
constants of MB degradation are summarized in Table 3. All
ZnO catalysts modified by thermal shock method exhibited
higher activity than unmodified ZnO sample. A blank test
for MB degradation without catalysts was also performed to
evaluate the self-degradation of MB. It was found that in the
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° S
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2| Ag-F-ZnO
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£
2
kS f
[5] s
@ | Ag-ZnO
T T T
376 372 368 364
Binding energy (eV)
Agll

Relative intensity (counts/s)

Ag-ZnO

I I
372 368 364
Binding energy (eV)

Fig. 5 High resolution XPS Ag3ds), (inset: XPS Ag 3d spectra)
spectra of unmodified and modified ZnO samples.

absence of unmodified and modified ZnO catalysts, MB was
not degraded under UVA and visible light illumination Table 3.
More especially, the unmodified ZnO sample almost showed
very low visible light induced activity whereas the modified
7ZnO catalysts by thermal shock method effectively degraded
MB under visible light. It can be also seen that the modifica-
tion with KF is more fruitful than AgNOs; to increase the pho-
tocatalytic activity of ZnO. Among our catalysts, the Ag-F-
ZnO showed the best performance with the MB degradation
rate constant enhanced by the factor of 3 under both UVA
and visible light irradiation, confirming the synergistic effect
between AgNO; and KF in the improvement of ZnO photo-
catalysts. Moreover, a ZnO catalyst modified with KF and
AgNOj; by a gradual heating up to 500 °C followed by a grad-
ual cooling was also prepared in order to compare with our
thermal shock method Table 3. This sample exhibited lower
performance than thermal-shock Ag-F-ZnO under both
UVA and visible light illumination.

3.3. Discussion

In our work, AgNO; and KF were used to modify the proper-
ties of ZnO nanoparticles via the thermal shock method. The
results of characterization study and photocatalytic tests
demonstrated that the properties of our catalysts strongly
depend on the dopant agents used in thermal shock process.
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Fig. 6 High resolution XPS O 1s spectra of unmodified and
modified ZnO samples.

For F-modified ZnO catalyst, although characterization tech-
niques did not demonstrate the modification of crystal struc-
ture, morphology of ZnO, even the presence of fluorine
species on the oxide surface, the photocatalytic activity was
two times higher than the unmodified ZnO catalyst under both
UVA (Ak,,, = 1.88 h™") and visible light illumination (Akqpp
= 0.118 h™"). The enhanced photocatalytic performance of
this catalyst should be explained by the XPS study which
declared the formation of zinc vacancies and the slight increase
of surface hydroxyl groups, due to the effects of KF during the
thermal shock process. The fluoride ions are suggested to be
able to break the surface Zn—O-Zn joints to form surface
Zn-F~ and Zn-O>" groups. Subsequently, when modified
ZnO nanoparticles were washed with distilled water, the Zn—
F~ groups were removed from the surface, leaving zinc vacan-
cies whereas the Zn—O>~ groups are hydrolysed to create sur-
face hydroxyl groups (Le et al., 2020). Our previous works
proved that the modification of TiO, with KF by thermal
shock method effectively increased its photocatalytic activity
via the enhancement of surface hydroxyl groups (Le et al.,
2014; Le et al., 2012) since almost high reactive hydroxyl rad-
icals are produced by the reaction between photogenerated
holes and surface hydroxyl groups (Minero et al., 2000). Fur-
thermore, according to the DFT calculation of (Pan et al.,
2014), surface zinc vacancies can create new transition band
above the top of valence band, which induces the visible light
absorption of ZnO and then increases the photocatalytic per-
formance. Therefore, F-ZnO exhibited higher activity than
unmodified ZnO under both UVA and visible light irradiation.

When ZnO was modified by AgNOs;, the rate constant of
MB degradation was successfully enhanced from 1.56 to
2.46 h™" under UVA light (Ak,,, = 0.90 h™") and from 0.095
to 0.118 h~! under visible light (Akypp = 0.023 h™!), which
should be attributed to the evolution of ZnO bulk structure
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Fig. 7 FTIR spectra of unmodified and modified ZnO samples (Ag-ZnO, F-ZnO and Ag-F-ZnO).
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Fig. 8 UV-visible absorption spectra and numerical photos of
unmodified and modified ZnO samples (Ag-ZnO, F-ZnO and Ag-
F-ZnO).

and surface composition. It should be reminded that Ag
dopant did not increase surface hydroxyl groups and create
zinc vacancies. However, the XRD and XPS analysis revealed
the formation of metallic silver clusters in the lattice and on the
surface of ZnO powder. Owing to the surface plasmon reso-
nance effect, the presence of silver metal may induce the
absorption in the visible light region (Pan et al., 2014), which
was proved by UV-visible absorption spectrum of Ag-
modified ZnO. As a consequence, the absorption in the visible
light region should increase the visible light response of Ag-
modified ZnO. Moreover, silver metal deposited on the surface
of ZnO can induce the Schottky barrier at the interface
between silver and ZnO nanoparticles, which prevents photo-
generated electrons to migrate to the surface thereby promot-
ing the charge separation and then the photocatalysis of
semiconductors (Ligiang et al., 2006; Hosseini et al., 2015;
Lee et al., 2005). In the other hand, XPS results also indicated
the existence of Ag™ ions on the surface of this sample. The
presence of both Ag’ and Ag™ was reported to be able to
enhance the photocatalytic activity since 0> —Ag " —0>~ joints
can trap the photoelectrons to form 0> —Ag*—0*" joints and
then react with surface adsorbed oxygen molecules, which
facilitates the charge separation (Sakatani et al., 2004; Xu
et al., 2014).

Interestingly, when ZnO was co-modified by AgNO; and
KF, the UVA and visible light responsive photocatalytic activ-
ity was remarkably enhanced to about three times that of
unmodified ZnO. It should be noted that the increase of MB
degradation rate constant on Ag-F-ZnO compared to ZnO
(Akypp = 3.22 and 0.206 h~' under UVA and visible light,
respectively) is superior to the total increase of MB degrada-
tion rate constant on Ag-ZnO and F-ZnO compared to ZnO
nanoparticles. Moreover, Ag-F-ZnO also showed higher pho-
tocatalytic performance than the ZnO modified with AgNO;
and KF by a gradual heating and cooling. Therefore, the best
photocatalytic performance of Ag-F-ZnO catalyst should not
be explained by the simple summation of Ag dopant and F
dopant but by the synergic effects of KF and AgNO; in ther-

UV light irradiation Time (h)

Fig. 9 Ln(Cy/C) versus time plot of MB degradation under UV
irradiation on unmodified and modified ZnO samples. C is the MB
concentration (mol L™') at time t and C, is the initial MB
concentration (mol L™1).

Ln(C,/C)

T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Visible light irradiation Time (h)

Fig. 10 Ln(Cy/C) versus time plot of MB degradation under
visible irradiation on unmodified and modified ZnO samples. C is
the MB concentration (mol L™") at time t and Cy is the initial MB
concentration (mol L™1).

mal shock process. This sample does not only contain metallic
silver in its lattice and on its surface, which results in the visible
light absorption and the photocatalytic activity under visible
light via the surface plasmon resonance effect, but also pre-
sents the enhanced hydroxyl groups and zinc vacancies on its
surface, which may lead to the enhanced generation of hydro-
xyl radicals and the suppression of charge recombination. The
rapid heating and cooling in our thermal shock method was
proved to be able to modify specifically the surface of transi-
tion metal oxides without affecting their bulk structure. In
fact, we successfully created the oxygen vacancies on the sur-
face of thermal-shock-fluorinated TiO, nanoparticles in our
previous studies (Le et al., 2015). But this is almost the first
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Table 3 Comparison of MB degradation rate constant on bare ZnO and modified ZnO catalysts under UVA and visible light

irradiation.
Under UVA light illumination Under visible light illumination

Sample Apparent rate Difference of apparent rate Apparent rate constant (k,,,) Difference of apparent rate
constant (kypp) of constant (Ak,p,) between of MB degradation under UV  constant (Ak,,) between
MB degradation modified samples and ZnO (h~") illumination (h~") modified samples and ZnO (h~")
(h")

ZnO 1.56 0.095

Ag-ZnO 2.46 0.90 0.118 0.023

F-ZnO 3.44 1.88 0.213 0.118

Ag-F-ZnO 4.78 3.22 0.301 0.206

Ag-F-ZnO 3.16 0.136

(gradual

heating and

cooling)

Blank test 2.07 x 107° 1.20 x 1073

(without

catalysts)

time surface zinc vacancies is reported for ZnO co-modified
with KF and AgNO;, which demonstrated the novelty of
our catalytic systems prepared by thermal shock method.
Moreover, the apparition of Ag,O phase detected by XRD
may also contribute to the enhanced photocatalytic activity
since Ag,O was reported as a visible light sensitizer (Wang
et al.,, 2011; Ma et al., 2014). When ZnO and Ag,O nanopar-
ticles are exposed to the visible light, due to the band gap of
1.2 eV with an energy level of the conduction band edge of
+0.2 eV (vs SHE) (Xu and Schoonen, 2010), Ag,O can absorb
light to produce electrons in the conduction band which leave
holes in the valence band. In the heterostructure of ZnO,
metallic Ag and Ag,O, these photoelectrons can migrate to
the conduction band of ZnO (Ma et al., 2014) or metallic Ag
(Wang et al., 2011), hindering the charge recombination and
promoting the longer lifetime of photogenerated electrons
and holes. As a consequence, the combination of AgNO;
and KF in the thermal shock method can effectively improve
the photocatalytic performance of ZnO nanoparticles.

4. Conclusion

In this study, ZnO nanoparticles was modified with AgNO3,
KF and both (AgNO;, KF) by thermal shock method in order
to create new photocatalysts which can effectively operate
under both UVA and visible light. The experimental results
show that all modified ZnO catalysts exhibited higher photo-
catalytic activity than unmodified ZnO sample. The enhanced
activity of Ag-ZnO is attributed to silver species (Ag’ and
Ag™) on its surface, which is able to create the absorption in
the visible region and suppress the charge recombination
whereas the improved activity of F-ZnO is assigned to the
increase of surface hydroxyl groups and the formation of zinc
vacancies, which can promote the generation of hydroxyl rad-
icals and enhance the mobility of photogenerated holes. There-
fore, when AgINO; and KF were combined to modify ZnO by
thermal shock method, the synergic effects of AgNO; and KF
did not only created silver species, but also successfully gener-
ated zinc vacancies and increased hydroxyl groups on the sur-
face of ZnO nanoparticles, thereby strongly enhancing their

photocatalytic performance under both UVA and visible light
irradiation.
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