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ZIF-8 derived Ag-doped ZnO photocatalyst with
enhanced photocatalytic activity

Xiaobing Yang,?® Liging Qiu®® and Xuetao Luo & *<

Recently, zeolitic imidazolate framework-8 (ZIF-8) has been widely studied and used as a catalyst in
various fields, due to its high specific surface area, tunable channels and thermal and chemical
stability. In this paper, ZIF-8 was used as a precursor to fabricate a Ag/ZnO photocatalyst, and the
influence of Ag on the photocatalytic activity of ZnO has been explored. All samples were
characterised using XRD, SEM, TEM, and UV-vis diffuse reflectance spectra. The photocatalytic activity
of all samples was evaluated by the degradation of a rhodamine B solution under UV light. The results
show that ZIF-8 was completely transformed into ZnO when it was calcined at 550 °C for 6 h, and Ag
was well loaded onto ZnO. The photocatalytic efficiency of ZnO is 92.32%. When ZnO was doped with
Ag, its photocatalytic efficiency was highly improved (99.64%). Furthermore, Ag/ZnO exhibited high
photocatalytic stability. After five repeated cycles, the photocatalytic activity of Ag/ZnO was highly

rsc.li/rsc-advances retained at 97.48%.

1. Introduction

To date, photocatalytic degradation has been one effective way
of treating various water pollutants, and semiconductor pho-
tocatalysts have been widely investigated. Over several decades
of studies, many semiconductor photocatalysts have been
found, such as TiO,,"> Sn0O,,* ZrO,,* and ZnO.* They possess
a high degradation capacity toward toxic and recalcitrant
chemical species through relatively simple and low-cost
procedures. Among these semiconductor photocatalysts,
ZnO, with a band gap of 3.2 eV, has been widely investigated,
due to its powerful oxidation capability, non-toxicity and
chemical stability.® It can degrade organic dyes into non-toxic
substances.

In order to expand the usage of ZnO, researchers have made
efforts to improve its catalytic efficiency. One of the main
problems affecting the deactivation of ZnO is the high tendency
of the hole-electron pair to recombine, so it is a challenge to
ensure the effective separation of the electron-hole pairs of
ZnO. After a few decades of research, researchers have found
that doping with some metals, such as manganese, cobalt,
silver, and so on, is a good strategy to overcome this problem.
For instance, Ullah et al. used wet-chemical techniques to
prepare the Mn-doped ZnO, and found that the photo-
degradation efficiency of Mn-doped ZnO was significantly
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higher than that of the undoped ZnO.” Xu et al. adopted
a hydrothermal method to prepare ZnO powders with different
Co*" doping concentrations (0, 0.5, 1, 3, and 5 mol%).* When
the doping concentration was 3 mol%, the degradation ratio of
MO reached 78% after reaction for 240 min. Divband et al.
employed photo reduction, chemical reduction and
polyacrylamide-gel methods to obtain Ag/ZnO photocatalysts
with different Ag loadings.® They found that the metallic Ag in
the Ag/ZnO photocatalysts facilitated the trapping of photo-
generated electrons and improved the photocatalytic activity of
the Ag/ZnO photocatalysts. Ag/ZnO prepared by the poly-
acrylamide gel method exhibited the best photocatalytic
performance, in comparison with that prepared by the chemical
reduction and photo reduction methods.

As a kind of MOF, ZIF-8 has a high specific surface area and
tunable channels, as well as thermal and chemical stability.****
Due to its excellent properties, it has been widely used in
various catalytic fields such as CO oxidation,* Friedel-Crafts
acylation,” and cyclohexene hydrogenation."® ZIF-8 is con-
structed from Zn(u) and 2-methylimidazole ligands. So, ZIF-8 is
expected to be used as a Zn source to prepare ZnO. In this paper,
we adopted a facile method that combines an adsorption
method with heat treatment to prepare Ag doped ZnO by using
ZIF-8 as a precursor. We explored the influence of Ag on the
properties of the ZnO derived from ZIF-8. The photocatalytic
activity of all samples was evaluated by the degradation of
rhodamine B in aqueous solution under UV light. After careful
studying, Ag/ZnO shows higher photocatalytic activity than the
pure ZnO derived from ZIF-8. We expect that Ag/ZnO can be
used as a photocatalyst for the degradation of some organic
dyes coming from contaminants.

This journal is © The Royal Society of Chemistry 2018
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2. Experimental
2.1 Chemicals

Zinc nitrate hexahydrate [Zn(NOj),-6H,0, =98%], methanol
(=99%), ethyl alcohol (=99%), rhodamine B (RhB) and silver
nitrate (AgNOjz;, =99.8%) were purchased from Sinopharm
Chemical Reagent Co. Ltd. 2-Methylimidazole (Hmim, =99%)
was obtained from Chengdu Kelong Chemical Reagent
Company. All chemicals were used directly without any further
purification. Distilled water was used throughout the
experiments.

2.2 Fabrication of the Ag doped ZnO photocatalyst

The Ag doped ZnO photocatalyst was derived from ZIF-8. The
procedures include the preparation of ZIF-8 and the fabrication
of the Ag doped ZnO photocatalyst.

ZIF-8 was prepared using our previous research method.
Firstly, 10 mmol of Zn(NO3),-6H,0 was dissolved in 100 mL of
methanol to form the A solution, and 40 mmol of 2-methyl-
imidazole was added into 100 mL of methanol to form the B
solution. Then, the A solution was slowly poured into the B
solution with continuous stirring. After five minutes of stirring,
the mixture was kept standing at room temperature for 24 h.
The mixture was centrifuged and dried at 70 °C to obtain ZIF-8.

Ag doped ZnO (Ag/ZnO) was prepared from ZIF-8 by the
following method: firstly, 0.5 mM AgNO; was dissolved in 20 mL
of ethanol containing 2 mL of distilled water to form the AgNO;
solution. Then, 0.5 g of ZIF-8 was dispersed in the AgNO;
solution with vigorous stirring for 60 min. After that, the AgNO;
treated ZIF-8 was washed with absolute ethanol to remove the
residual Ag* adsorbed on the surface of the ZIF-8 nanoparticles,
and dried at 50 °C. Finally, the Ag doped ZIF-8 was calcined at
550 °C for 6 h, to remove the organic agents and obtain the Ag/
ZnO. The synthetic procedure for the Ag/ZnO photocatalyst is
shown in Fig. 1.

2.3 Characterization of the products

X-ray powder diffraction (XRD) data were recorded on a Bruker-
AxsD8 diffractometer using Cu-Ko radiation in the angular
range (26) from 5 to 60°, operated at 40 kV and 40 mA. Scanning
electron microscope (SEM) images were directly observed using
a Hitachi SU70 scanning microscope at an accelerating voltage

Z1F-8

Fig. 1 The synthetic procedure for the Ag/ZnO photocatalyst.
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of 5 kV. Electron transmission microscopy (TEM) images were
obtained using an F30 under an accelerating voltage of 100 kV.
UV-vis absorption spectra were measured on a UV-101 PC
scanning spectrophotometer.

2.4 Catalytic activity testing

Rhodamine B (RhB) was used as a representative dye to test the
photocatalytic activity of all the samples under UV light. Firstly,
0.5 g of the photocatalyst was dispersed in 100 mL of a nicotine
solution (2 x 107% g L™ "), and kept stirring for 30 min in the
dark to reach an adsorption-desorption equilibrium between
RhB and the photocatalyst. Then, a 300 W lamp immobilized on
top of the reactor was turned on (the distance between the lamp
and reactor was 10 cm). At regular intervals during this photo-
catalytic process, several milliliters of the suspension solution
were withdrawn from the reactor, centrifuged to remove the
catalyst, and the RhB concentration in solution was measured
using a UV-vis spectrophotometer.

3. Results and discussion

The X-ray diffraction (XRD) patterns of ZIF-8, ZnO and Ag/ZnO
are shown in Fig. 2. Fig. 2a shows distinct peaks at 7.38°,
10.42°, 12.77°, 14.75°, 16.50°, 18.08° and 19.53°, which are
ascribable to the (011), (002), (112), (022), (013), (222) and (123)
reflections of ZIF-8, respectively.® When ZIF-8 is calcined at
550 °C for 6 h, the original peaks corresponding to ZIF-8 are no
longer present. However, it exhibits new peaks at 31.76°, 34.44°,
36.25°,47.54°, 56.58°, 62.85°, 66.35°, 67.93° and 69.08° (Fig. 2b),
which are ascribable to the (100), (022), (101), (102), (110), (103),
(200), (112) and (201) reflections of ZnO, respectively.'” Fig. 2¢
shows the XRD pattern of Ag/ZnO. In addition to the diffraction
peaks of ZnO, it shows new peaks at 38.10°, 44.29° and 64.41°,
which are ascribable to the (111), (200) and (220) reflections of
Ag, respectively.’® These results indicate that ZIF-8 is absolutely
transformed into ZnO, and that Ag is well loaded onto the ZnO.

The morphology of all the samples was obtained using
a scanning electron microscope, and the results are shown in
Fig. 3. Fig. 3a shows the SEM image of ZIF-8, which exhibits
a dodecahedral morphology. When ZIF-8 is calcined at 550 °C
for 6 h, the structure is collapsed (Fig. 3b), and the particle size
decreases from 300 nm to 100 nm. When ZIF-8 is treated with

Calcination

Ag/ZnO
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Fig. 2 XRD patterns of (a) ZIF-8, (b) ZnO, and (c) Ag/ZnO.
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Fig. 3 SEM images of (a) ZIF-8, (b) ZnO, (c) ZIF-8 treated with AgNOs,
and (d) Ag/ZnO.

AgNO3;, its edges become rounded (Fig. 3c), which is consistent
with Wee’s report.’® Fig. 3d shows the SEM image of Ag/ZnO.
The particles of ZIF-8, treated with AgNO3, are also collapsed.

Fig. 4 shows the EDS maps of Ag/ZnO; the EDS images
confirm the presence of the elements Zn, O and Ag. Ag is well
loaded and dispersed in ZnO nanoparticles. This indicates that
the organic ligands of ZIF-8 are absolutely removed when it is
calcined at 550 °C for 6 h.

Fig. 5 shows the UV-vis absorption spectra of ZIF-8, ZnO and
Ag/ZnO. The spectrum of ZIF-8 shows a sharp peak at 252 nm,
which is attributed to the excitonic absorption of ZIF-8. When
ZIF-8 is calcined at 550 °C for 6 h, it exhibits a strong absorption
peak at 388 nm. This indicates that ZIF-8 is completely trans-
formed into ZnO, which is consistent with the XRD patterns
(Fig. 2b). When ZIF-8 is treated with AgNO; and calcined at
550 °C for 6 h, its characteristic absorption, corresponding to
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Fig. 4 The EDS maps of Ag/ZnO.

Absorbance (a.u)
S

=
th
A

0.0-

L] L]
400 500 600 700
Wavelength (nm)

300 800

Fig. 5 UV-vis spectra of ZIF-8, ZnO, and Ag/ZnO.

ZnO, exhibits a red shift to 420 nm. Compared to ZnO, the Ag
doped ZnO (Ag/ZnO) has a broad absorption in the range of
400-600 nm, which is probably caused by the strong interfacial
coupling between the neighbouring ZnO and Ag NPs."” The
band gap of the sample can be obtained by the following
formula:*®

A = [k(hv — EQ12)/hw (1)

where A is the absorbance, k is a constant, # is the Planck’s
constant, v is the frequency of light, and E, is the band gap of
the sample. According to the results shown in Fig. 5, the band
gaps of ZIF-8 and ZnO are 4.92 eV and 3.20 eV, respectively. Ag/
ZnO has a band gap of 2.95 eV, and has a broad band gap in the
range of 3.10-2.07 eV.

The surface morphologies of ZIF-8 and Ag/ZnO were
analyzed using low magnification TEM images and HRTEM
images. Fig. 6a shows the low magnification TEM image of ZIF-
8. ZIF-8 displays a dodecahedral morphology. Fig. 6b shows the

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Low magnification TEM images and HRTEM images of (a and b)
ZIF-8 and (c and d) Ag/ZnO.

HRTEM image of ZIF-8. ZIF-8 displays a mesoporous structure,
which is in accordance with Pan’s report.* Fig. 6¢ shows the low
magnification TEM image of Ag/ZnO; the particle size of Ag/ZnO
is about 100 nm. The high-resolution TEM (HRTEM) (Fig. 6d) of
the region shows the characteristic lattice fringes of 0.235 nm
and 0.256 nm, which are assigned to the (111) plane of Ag and
(002) plane of ZnO, respectively. The Ag nanoparticles are well
dispersed in ZnO.

The photocatalytic activity of all the photocatalysts was
evaluated by the degradation of a RhB solution, and the results
are shown in Fig. 7. Fig. 7a shows the photocatalytic degrada-
tion of RhB by all the photocatalysts under UV light. In order to
eliminate the influence of the adsorption of the photocatalyst,
every experiment was carried out in the dark for 30 min. After
30 min of dark reaction, 55.67% of RhB was adsorbed by ZIF-8,
and 17.12% and 16.43% of RhB were adsorbed by ZnO and Ag/
ZnO, respectively. Then, they were exposed to UV light. After
16 min of irradiation, 12.57% of RhB was self-degraded. ZIF-8
showed almost no degradation properties, ZnO could degrade

View Article Online
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92.32% of RhB, and the photocatalytic efficiency of Ag/ZnO was
99.64%. Doping with Ag could highly increase the photo-
catalytic activity of ZnO. Fig. 7b shows the kinetics of all the
photocatalysts for the degradation of RhB. The photocatalytic
degradation kinetic reaction can be described by In(Cy/C) = kt
(where k is a pseudo-first-rate kinetic constant and ¢ is the
irradiation time). The calculated k value of ZnO is 0.154 min ™,
but the k value of Ag/ZnO is 0.241 min~ ', which is 1.56 times
higher than that of ZnO; Ag/ZnO shows the highest kinetic
constant.

In order to evaluate the photocatalytic stability of the pho-
tocatalyst, Ag/ZnO was chosen to degrade RhB for four photo-
catalytic degradation cycles under UV light. The results are
shown in Fig. 8. After four photocatalytic degradation cycles, the
photocatalytic efficiency of Ag/ZnO reduces by just 2.16%; Ag/
ZnO exhibits high photocatalytic stability. The slight reduc-
tion of the photocatalytic efficiency is probably caused by the
inevitable loss of the catalyst during the washing process.

Fig. 9 shows the schematic diagram for the photocatalytic
degradation of RhB on Ag/ZnO. The band gap of ZnO is 3.20 eV.
When ZnO is doped with Ag, it has more defects on its grain
boundary. Ag/ZnO can be excited by light with a wavelength of
less than 400 nm, promoting the valence band electrons up to
the conduction band and leaving holes in the valence band as
shown in eqn (2).>*** The holes, produced in the valence band,
can adsorb the electrons from OH™ or water molecules to form
oxidants such as hydroxyl radicals ("OH), as shown in eqn (3).
The electrons, left in the conduction band, can combine with
the dissolved oxygen to form O, ", as shown in eqn (4). ‘OH and
O, have strong oxidability and can mineralize RhB molecules,
as shown in eqn (5).

Ag/ZnO + hv — Ag/ZnO(e” + h™) (2)
h*+ OH  — "OH (3)

e +0, > 0, (4)

'OH + O, + RhB — degraded products (5)

(@) |

100

e Blank b= ZIF-8 wpe=7N0 e Ag/Z0O

S48 12
Irradiation time (min)

[
|
[
i
0

(b)

Ln(Co/C)

16

4 .. 8 12
Irradiation time (min)

Fig. 7 The photocatalytic degradation (a) and the kinetics (b) of blank, ZIF-8, ZnO, and Ag/ZnO, for the absorption of RhB in the dark and

degradation of RhB under UV light irradiation.
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Fig. 8 Four photocatalytic degradation cycles of RhB using Ag/ZnO
under UV light.
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Fig.9 The schematic illustration of RhB degradation by Ag/ZnQO under
UV light.

4. Conclusions

In summary, Ag doped ZnO, with enhanced photocatalytic
activity, was fabricated from a ZIF-8 precursor through an
adsorption method and sintering method. Ag was well loaded
onto ZnO, which was prepared from ZIF-8. The activity has
been successfully improved compared to that of ZIF-8, as the
absorption peak of ZnO was expanded into the red wavelength
region, and the photocatalytic efficiency of ZnO was increased
from 92.32% to 99.64%. Furthermore, Ag/ZnO exhibited high
photocatalytic stability. After four photocatalytic degradation
cycles, the photocatalytic efficiency of Ag/ZnO was highly
retained at 97.48%. The excellent properties of Ag/ZnO make
it possible for it to be used for the degradation of organic
dyes.
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