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Today, metal doped ZnO exhibits good performances and attracts worldwide attention. In this paper,
a ZIF-8@Zn; 4Ni,O photocatalyst was successfully prepared using MOF as precursor and AgNOs as
catalyst. We explored the influence of Ni content on the photocatalytic activity of ZIF-8@Zn; ,Ni,O. The
structure and properties of ZIF-8@Zn;_,Ni,O were characterized by XRD, SEM, FT-IR, BET, UV-vis diffuse
reflectance spectroscopy and so on. The results show that Ni is well loaded in ZIF-8 and part of ZIF-8 is

oxidized to form Zn; ,Ni,O composites. The photocatalytic performance of ZIF-8@Zn; ,Ni,O was
Received 8th August 2017 luated by degradation of rhodamine B (RhB) soluti der UV light. It found that ZIF
Accepted 23rd August 2017 evaluated by degradation of rhodamine solution under ight. was foun a -
8@Znp.95Nip. 050 exhibited the highest photocatalytic degradation efficiency and can degrade 99.19%

DOI: 10.1039/c7ra08763b rhodamine B solution after 20 min under UV light. Furthermore, ZIF-8@ZNg osNio.0sO exhibits high
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1. Instruction

Today, organic dyes, such as methylene blue, methyl orange,
methyl red, rhodamine B, etc., are widely used in the textile,
cosmetic and pharmaceutical industries.'” They play a vital role
in our daily life, but they constitute some of the important types
of pollutants and can cause permanent injury to humans and
animals upon inhalation and ingestion.*® Until now, there have
been many ways to solve this problem, such as micro-biological
degradation methods, adsorption methods, photocatalytic
degradation and so on.*® Among these, the photocatalytic
degradation method effective in the remediation of toxic
organic pollutants owing to the high mineralization efficiency
of semiconductor photocatalysts.®™® Until now, lots of semi-
conductor photocatalysts have been found, such a TiO,, WO,
Sn0O,, ZnO.***”
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stability. After five repeated cycles, its photocatalytic activity remains at 97.43%.

ZnO has excellent physicochemical properties, such as for its
high chemical stability, non-toxic properties, and excellent
photocatalytic activity. It has been widely studied as heteroge-
neous photocatalyst to degrade organic dyes. With the devel-
opment of science and technology, it is important to improve its
photocatalytic activity. As we know, the photocatalytic activity of
ZnO is widely influenced by its band gap and electron-hole pair
recombination. So many effects have been made to narrow its
band gap and slow its electron-hole pair recombination, such
as doping with metals ions,'® non-metal ions,* anchoring with
porphyrins and coupling with other semiconductors.”***
Furthermore, many researchers have made effects to prepare
ZnO composite materials, which possess high specific surface
area and have excellent photocatalytic activity.*

Zeolitic imidazolate framework-8 (ZIF-8), as a kind of MOFs,
has high specific surface area, excellent thermal and chemical
stability.”® It is constructed by Zn(u) and 2-methylimidazole
ligands and widely used in adsorption, catalytic process and gas
separation, etc.>* Bux et al. used ZIF-8 membrane to separate
ethane from ethane. ZIF-8 membrane exhibits excellent sepa-
rating property.> Zhu et al. used ZIF-8 as catalyst to synthesize
styrene carbonate from carbon dioxide and styrene oxide. ZIF-8
crystals displayed catalytic activity even at temperatures as low
as 50 °C, with styrene carbonate yields as high as ~54% at
100 °C.”*® Nevertheless, the photocatalytic performance of ZIF-8
is not well applicated.

Ni**, as a kind of transition metal ions, has been widely used
as doping element to prepare Ni doped ZnO, which effectively
eliminate the electron hole recombination during photo-
catalysis.””*® In this paper, we firstly used ZIF-8 as precursor and
AgNO; as catalyst to prepare ZIF-8@Zn,;_,Ni,O photocatalyst

This journal is © The Royal Society of Chemistry 2017
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and explored the influence of Ni content for its photocatalytic
efficiency when it used as photocatalyst for degradation of
rhodamine B solution. Finally, we systematically analyzed the
synergistic effect between ZIF-8 and Zn; ,Ni,O.

2. Experimental
2.1 Chemicals

Zinc nitrate hexahydrate (Zn(NO3),-6H,0), nickel nitrate hexa-
hydrate (Ni(NO;),-6H,0), 2-methylimidazole (2MI), rhodamine
B (RhB), silver nitrate (AgNO3), methanol and ethanol were all
analytical reagents and obtained from Sinopharm Chemical
Reagent Co. Ltd. All chemicals were directly used without any
further purification. Distilled water was used throughout the
experiments.

2.2 Preparation of ZIF-8@Zn, _,Ni,O photocatalyst

The preparation of ZIF-8@Zn; _,Ni,O includes two procedures.
First, we adopted the modified method to synthesize ZIF-8.*°
40 mmol 2-methylimidazole (2MI) was absolutely dissolved in
100 ml methanol and then slowly poured into another 100 ml
methanol containing 10 mmol Zn(NOj;),-6H,0. The solution
was stirred for 5 min and then kept standing at room temper-
ature. After 24 h crystallizing, it was centrifuged and dried at
70 °C to obtain ZIF-8. Second, the synthesized ZIF-8 was used to
prepare a series of ZIF-8@Zn,_,Ni, O photocatalysts containing
different of Ni content (x = 0, 0.03, 0.05, 0.1). Taking ZIF-
8@Zn, o5Niy 050 for example, 0.95 g ZIF-8 was immersed in the
20 ml ethanol containing 0.05 g Ni(NO3),-6H,0 and kept stir-
ring for 60 min. Then, it was directly dried at 70 °C to get the Ni
doped ZIF-8 (labelled as ZIF-8@Ni, o5). Finally, 1 g ZIF-8@Ni, o5
was immersed in 40 ml ethanol solution (38 ml ethanol and
2 ml H,0) containing 38 mM silver nitrate. After 60 min stirring,
it was centrifuged and washed by ethanol for three times to
remove the redundant Ag’ absorbing on the surface and
pores of ZIF-8. Subsequently, the sample was dried at 50 °C to
obtain the ZIF-8@Zn, 5Nig 5O photocatalyst. Meanwhile, we
used the same procedures to obtain the ZIF-8@ZnO, ZIF-
8@Zng o7Nig 030, ZIF-8@Zn,oNip, ;O photocatalysts. The
synthetic procedure of ZIF-8@Zn;_,Ni,O was shown in Fig. 1.

2.3 Characterization of the products

X-ray powder diffraction (XRD) was carried out to detect the
phase of the samples using Bruker-AxsD8 diffractometer with
Cu-K,, radiation (operated at 40 kV and 40 mA) in the angular
range (26) from 5 to 80°. Scanning electron microscopy (SEM)
was operated on a Hitachi SU70 microscope to observe the

Ln(NO )r6H:0

‘) ‘J ‘J ans —. Niz* dopcd —. AgVO [
Form-lmn Ondmon
u
oW

M1 ZIF-8 ZIF-8@Ni ZIF-8@Zn1-Ni-O

Fig. 1 The synthetic procedure of ZIF-8@Zn;_,Ni,O photocatalyst.
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morphology of the samples. The N, adsorption-desorption data
were obtained from Micromeritics ASAP2020 at —196 °C after
degassing the samples at 100 °C for 3 h. The specific surface
area of all samples was calculated form the N, adsorption-
desorption data using Brunauer-Emmett-Teller (BET) equa-
tion. UV-vis absorption spectra were determined using
a UV-1901 UV-visible spectrophotometer.

2.4 Catalytic activity testing

The photocatalytic activity of all photocatalysts was evaluated by
degradation of rhodamine B (RhB) solution under ultraviolet
irradiation. The reaction was carried out in a closed box, which
contained a 200 ml beaker and a Philips lamp irradiating UV
light with the power of 300 W. The distance between the beaker
and Philips lamp is 10 cm. In each experiment, 100 ml rhoda-
mine B solution (20 mg L"), containing 0.1 g ZIF-8@Zn; ,-
Ni,O, was put into the breaker and stirred continuously in the
dark to ensure the adsorption—-desorption equilibrium between
rhodamine B and ZIF-8@Zn,_,Ni,O. Then, the solution was
irradiated under UV light for 20 min. Meanwhile, seven milli-
liters of the solution was withdrawn from the beaker every five
minutes to monitor the residual dye concentration in solution
by recording the corresponding changes in the intensity of the
absorbance peak at 550 nm as a function of reaction time.

3. Result and discussion

The XRD patterns of all samples are shown in Fig. 2. From
Fig. 2, it can be seen that all of the samples exhibit characteristic
peaks at 7.38°, 10.42°, 12.77°, 14.75°, 16.50° and 18.08°, which
are ascribable to (101), (002), (112), (200), (013) and (222)
reflections of ZIF-8.°*** When ZIF-8 is treated by AgNOj3, it shows
new peaks at about 31.77°, 34.42° and 36.25°, which are
ascribable to (100), (002) and (101) reflections of ZnO.** The
doping of Ni do not change the diffraction peaks of ZIF-8@ZnO.
It may be the reason that the content of Ni, doped in ZnO, is low.

g
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Fig.2 XRD patterns of (a) ZIF-8, (b) ZIF-8@ZnO, (c) ZIF-8@ZNng 97Nig 030,
(d) ZlF-S@.Zno_gSNio_Qso, (e) ZlF—s@Zno_gNio_lo.
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From the previous research, we can know that Ag" can break
coordinative bonds and combine with IM~ to form HAg(IM),
(HAg(IM), represents any silver species coordinated in a linear
fashion by IM which also includes polymeric complexes). And
Ag" can also create a hydroxyl rich environment to transform
Zn>" into ZnO. The chemical reactions are proposed to occur as
follow:*

Zn(IM), + 2Ag" + 2NO;™ + H,0 <
Zn** + HAg(IM), + 20H~ (1)

Zn** + 20H™ < Zn(OH), < ZnO + H,0 (2)

Fig. 3 shows the SME images of ZIF-8, ZIF-8@ZnO, ZIF-
8@Zny.97Nig 030, ZIF-8@Zng.o5Nip0sO and ZIF-8@Zn, oNig 40.
Fig. 3a is the SEM image of ZIF-8. It can be seen that the
synthesized ZIF-8 shows the uniform particle size. Fig. 3b is the
high magnification image of ZIF-8. ZIF-8 has cubic morphology.
And the particle size of ZIF-8 is about 300 nm. When ZIF-8 is
treated by AgNOj;, its edges are rounded (Fig. 3c). The
morphology of ZIF-8@Zn, _,Ni,O, doped with different amount
of Ni, shows almost the same.

Fig. 4 is the EDS maps of ZIF-8@Zn, 95Nij ¢5O. It can be seen
that ZIF-8@Zn, o5Nig.050 exist Zn, O, C, N, Ni elements. The Ni
element is well dispersed in ZIF-8@Zn, o5Ni 50 nanoparticles.
Fig. 4f is the EDS map of Ag in ZIF-8@Zn, ¢5Nig 050. Ag element
is not very clear. It indicates that the content of Ag in ZIF-
8@Zny 95Nig 050 is low, which is in agreement with the XRD
patterns (Fig. 2) and Wee et al.'s research.*

The nitrogen sorption isotherms of ZIF-8@Zn,;_,Ni,O
are shown in Fig. 5. From Fig. 5, it can be seen that ZIF-8@ZnO,
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Fig. 3 SEM images of (a and b) ZIF-8, (c) ZIF-8@ZnO, (d) ZIF-
8@Zng.97Ni.030, (€) ZIF-8@ZNng 95Nip 050, (f) ZIF-8@ZNg 9Nig 1O.
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Fig. 4 The EDS maps of ZIF-8@Zng.95Nip. 050.

ZIF-8@Zn, o,Nig 030, ZIF-8@Z1 95Nig 05O and ZIF-8@Zn, oNig ;0
exhibit a type I isotherm pattern and show a significant high
uptake in P/P, < 0.1 region, which is characteristic of microporous
materials.>® When ZIF-8 is oxidized into ZIF-8@ZnO by AgNOj, its
microporous volume and BET are 0.32 ecm® g~ " and 803 cm” g7,
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Fig. 5 Nitrogen sorption isotherms of (a) ZIF-8@ZnO, (b) ZIF-

8@Zng 97Nip 030, () ZIF-8@ZNg 95Nig 05O, (d) ZIF-8@Zng oNip 1O.
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respectively. When ZIF-8@ZnO is doped with Ni from 3% to
10%, its microporous volume decreases from 0.29 cm® g~ to
0.17 cm® g~ '. And its BET date decreases from 682 cm® g~ ' to
398 cm® g .

UV-visible absorption spectra of ZIF-8, ZIF-8@Zn, 97Nig 030,
ZIF-8@Zny.95Nig 050 andZIF-8@Zn, oNi, ;O are shown in Fig. 6.
ZIF-8 shows a strong absorption at about 260 nm. When ZIF-8 is
treated by AgNOs;, it shows two strong absorptions at 260 nm
and 390 nm, which are ascribable to the absorption spectra of
ZIF-8 and ZnO, respectively. It indicates that part of ZIF-8 is
transformed into ZnO. When ZIF-8@ZnO is doped with 3% Ni,
it shows two strong absorptions at 260 nm and 397 nm. The
strong absorption of ZnO is shifted to 397 nm. With the increase
of Ni content (from 3% to 10%), the absorption spectra of ZIF-
8@ZnO increases too (from 390 nm to 425 nm). It indicates that
the doping of Ni can decrease the band gap of ZnO.*

Rhodamine B was chosen as a model organic dye to evaluate
the photocatalytic activity of all photocatalysts. Firstly, every
experiment was operated in the dark for 30 min to eliminate the
influence of the adsorption of the photocatalyst. The results of
RhB adsorption by photocatalysts are shown in Fig. 7a. From
Fig. 7a, it can be seen that the after stirring 30 min in the dark,
37.82% RhB is absorbed by ZIF-8. And ZIF-8@ZnO can absorb
32.95% RhB. When ZIF-8 is doped with Ni and oxidized to form
ZIF-8@ZNg.07Nig 030, ZIF-8@Z.05Ni.05s0, ZIF-8@Zn, oNiy 40,
its adsorptive property is 30.24%, 28.33%, 24.65%, respectively.
The decrease of the adsorptive property of the photocatalysts is
attributed to the decrease of its specific surface area. Then, they
were exposed under the UV light. The results of RhB degrada-
tion by photocatalysts are shown in Fig. 7a. From Fig. 7a, it can
be seen that RhB exists self-degradation and can be self-
degraded 21.32% after 20 min of UV light irradiation. Mean-
while, the solution, mixture with ZIF-8, just degraded 15.44% of
RhB, which is attributed the self-degradation of RhB under UV
light. ZIF-8 cannot degrade RhB under UV light. When ZIF-8 is
oxidized to form ZIF-8@ZnO, it can degrade 91.25% RhB. When
ZIF-8@ZnO is doped with 3%, 5%, 10% Ni, its photocatalytic
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o —— ZIF-8@ZnosNioO
1.5 3.01eV = ZIF-8@ZnossNioosO
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Fig.6 UV-vis spectra of ZIF-8, ZIF-8@Zn0O, ZIF-8@Zng 97Nig 030, ZIF-
8@Zn0_95Ni0_050, ZlF-s@ZnQ_gNio_lo.
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Fig.7 Photocatalytic degradation (a) and kinetics (b) of photocatalysts
for absorption of RhB in the dark and degradation under UV light
irradiation.

efficiency is 95.36%, 99.19%, 89.08%, respectively. ZIF-
8@7Zny.95Nip 050 shows the highest photocatalytic activity.
Fig. 7b is the kinetics of photocatalysts for absorption of RhB.
The photocatalysis degradation kinetic reaction can be
described by In(Co/C) = kt (k is a pseudo-first-rate kinetic
constant and ¢ is the irradiation time). The calculated k values of
ZIF-8, ZIF-8@Zn0, ZIF-8@Zng.,Nig 030, ZIF-8@Zn o5Nig 050
and ZIF-8@Zn,oNio,O are 0.0145, 0.1085, 0.1375, 0.175 and
0.095 min~', respectively. ZIF-8@ZngosNig0s0 shows the
highest kinetic constant.

In order to evaluate the separation and reusability of ZIF-
8@Zn; _,Ni,O, ZIF-8@Zn, 95Nip 0sO was chosen to degrade RhB
solution in five repeated photocatalytic degradation cycles. The
results are shown in Fig. 8. From Fig. 8, it can be seen that
after five repeated cycles, the photocatalytic activity of
ZIF-8@ZN.05Nig 050 is 97.43%. ZIF-8@Zn.5Nigs0 has high
separation and reusability. A small decrease in the photo-
catalytic activity of ZIF-8@Zn, ¢s5Nip 050 in the five cycles is
possibly due to the inevitable loss of the catalyst during the
washing process.*®

A possible mechanism has been proposed and shown in
Fig. 9 to explain the synergistic effects of Ni and ZIF-8 on the
photocatalytic activity of ZnO. ZIF-8 has high specific surface
area, which can absorb RhB molecules on its surface and pores

—a—Cycle 1
1004 —o—Cycle 2
1 —a—Cycle 3
A —v—Cycle 4
80 —&—Cycle 5
§ 604
-’
@)
D 404
20+
0 T LJ L U
0 5 10 15 20

Irradiation time (min)

Fig. 8 Five photocatalytic degradation cycles of RhB using ZIF-
8@Zn0_95Ni0_050 under UV llght
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Fig. 9 The schematic illustration of ZIF-8@Zng gs5Nig.0sO for degra-
dation of RhB under UV light.

to form a layer of RhB with high concentration. And the doping
of Ni can generate more defects in ZnO. These defects can make
the effective separation of electrons and holes, which is irradi-
ated by UV light.*” The doping of Ni and the incorporation of
ZIF-8 make ZnO having high photocatalytic activity.

4. Conclusions

This paper reports a sample way to synthesize ZIF-8@ZnO and
explores the influence of Ni on the structure and properties of
ZIF-8@ZnO. The results show that the out surface of ZIF-8 can
be transformed into ZnO by using AgNO; as catalyst. And Ni
element has great influence on the photocatalyst activity of ZIF-
8@Zn0. When ZIF-8@ZnO is doped with 5% Ni, it shows the
highest photocatalyst activity and can degrade 99.19% RhB in
20 min. And ZIF-8@Zn, 9sNiy ¢sO exhibits high photostability.
After five repeated cycles, the photocatalytic activity of ZIF-
8@Zny.95Ni 050 just reduces by 1.76%. ZIF-8@Zn, 95Nig ¢sO has
high separation and reusability. The excellent properties of
ZIF-8@Zn, o5Nig 050 make it potential to be used in the treat-
ment of dye pollutants.
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