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Preparation of ZIF-8 nanoparticle-decorated Zn,GeO, nanorods with high
photocatalytic performance for chromium (VI) reduction
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ABSTRACT

Zeolitic imidazolate framework-8 (ZIF-8) nanoparticles decorated Zn,GeO, composites, denoted as
ZIF-8@7Zn,GeO,, were prepared through a chemical deposition route. The obtained ZIF-8@Zn,GeO,
heterostructure was characterized by X-ray diffraction, scanning electron microscopy, infrared
spectroscopy, and UV-Vis diffuse reflectance spectroscopy. The results showed that the ZIF-8
nanoparticles have been successfully assembled on the surface of Zn,GeO, nanorods, and 100 mg
of ZIF-8@Zn,GeO, photocatalyst can reduce nearly 100% of Cr(VI) in aqueous solution (100 mL 1
% 10~ mol L) in 90 min under UV-light irradiation. The obtained ZIF-8@Zn, GeO, photocatalysts
exhibited 14.1 and 1.8 times higher photocatalytic activity toward the photoreduction of Cr(VI) than
pure Zn,GeO, nanorods and ZIF-8 under UV light irradiation, respectively. The synthetic strategy
used is also promising for implementing MOF structures in other semiconductor photocatalysts for
reduction of Cr(VI) to Cr(IIl) with enhanced photocatalytic performance and high stability in aque-

ous media.

Keywords: Photocatalysts; Zn,GeO,; Metal-organic framework; Cr(VI); Light irradiation

1. Introduction

Cr(VI) is a highly toxic and dangerous contaminant
in industrial wastewater that needs to be treated before
being released. Generally, it is highly mobile in water and
exhibits a high toxicity and carcinogenicity for human
beings [1,2]. Therefore, reducing the concentration of
Cr(VI) in wastewater has aroused widespread concerns
[3-8]. Many conventional methods such as ion exchange,
membrane separation, adsorption, chemical precipitation
and photocatalysis have been used for the treatment of
Cr(VI) in wastewater. Among them, photocatalysis has
been proven to be a useful approach in reducing Cr(VI) to
Cr(III) and the precipitation of the latter from water under
neutral or alkaline condition [9]. Up to now, a large number
of photocatalysts based on semiconductors such as TiO,
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[10-16], SnO, [17], Co,0O, [18], WO, [19,20], ZnO [21-26],
ZnFe O, [27], and Zn,GeO, [28] have been reported.

Zn,GeO,, as a ternary metal oxide with wide band gap of
4.68 eV, has been widely investigated as a photocatalyst due
to its stable and efficient photocatalytic activity. However,
the Cr(VI) ions are usually difficult to achieve to the active
sites on the surface of Zn,GeO, photocatalyst, which restricts
its practical application for the photoreduction of Cr(VI).
Thus, increasing the Cr(VI) reactive sites on the surface of
Zn,GeO, photocatalysts is an effective way in improving its
photocatalytic activity.

Metal organic frameworks (MOFs), a new class of
crystalline porous materials, have been proven to be a
promising candidate material for photocatalytic reaction,
for examples, water splitting, CO, reduction, and
photodegradation of organic pollutant [29]. However,
the MOF photocatalysts usually show low efficiency in
exciton generation and charge separation in comparing

1944-3994 / 1944-3986 © 2018 Desalination Publications. All rights reserved.
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with the traditional semiconductor photocatalysts, which
greatly restrict its practical application. Thus, integrating
the superiority of reactant adsorption performance of
MOF together with the high photocatalytic performance
of semiconductor can provide a promising strategy
in exploring new photocatalysts. For instance, Wang
and coworkers firstly synthesized a ZIF-8 nanoparticle
functionalized Zn,GeO, hybrid photocatalyst, and they
found that the composite exhibited higher photocatalytic
activity for CO, photoreduction than the bare Zn,GeO, in
the aqueous system [30]. Aside from this example, many
other MOF@semiconductor composites [31-34], such as
C,N,/Co-ZIF-9 [31], TiO,@ZIF-8 [32], ZnO@ZIF-8 [33]
and CPO-27-Mg/TiO, [34] have been reported and used
as photocatalysts in various applications. Overall, these
previous works have well illustrated that the combination
of MOF and semiconductor has higher photocatalytic
activity than the single component due to their synergistic
effect.

In this paper, a similar MOF@semiconductor hybrid
structure of ZIF-8@Zn,GeO,, was prepared by decorating
the surface of Zn,GeO, semiconductor with nanosized
ZIF-8 particles via a simpler modified chemical deposition
route. ZIF-8 was chosen as MOF material due to its
excellent thermal and chemical stability [35]. Compared to
pure Zn,GeO, semiconductor, the ZIF-8@Zn,GeO, exhibits
significantly enhanced photocatalytic activity in reducing
Cr(VI) to Cr(III) under 300 W Xe lamp (A = 300-700 nm)
irradiation at room temperature, which was benefiting from
the strong Cr(VI) adsorption on the surface of ZIF-8, as well
as the more efficient charge transfer process between ZIF-8
and Zn,GeO, semiconductor.

2. Experimental
2.1. Materials

All of the reagents are analytical grade regents and used
as received without further purification. GeO, (germanium
dioxide, 99.99%, China), Zinc Acetate (Zn(CH,COO),-2H,0O,
98% Fuchen, Tianjin, China), sodium hydroxide (NaOH,
99.5%, Guoyao, Shanghai, China), methanol (99.7%,
Yongda, Tianjin, China), 2-methylimidazole (99%, Sigma-
Aldrich), and pure water (Wahaha, purified drinking water,
China). Stock solution of Cr(VI) was prepared by dissolving
the analytical grade K,Cr,O, (99%, Yongda, Tianjin, China)
powder in pure water.

2.2. Preparation of Zn,GeO, and ZIF-8@ Zn,GeO,

The Zn,GeO, nanorods were prepared by one-pot
hydrothermal method using sodium hydroxide instead of
25% tetramethylammonium hydroxide (TMAOH) aqueous
solution according to the synthetic method reported in
Ref. [30]. Briefly, 1.04 g of GeO, (10.0 mmol) and 2.195 g of
Zn(CH,CO0),2H,0 (10.0 mmol) were dissolved into pure
water (60 mL) under continuous stirring for 30 min. The pH
value of the solution was adjusted to 8 by the addition of 0.1
mol L7 sodium hydroxide solution. The mixture was then
transferred and sealed in a 100 mL Teflon-lined autoclave
and heated at 140°C for 24 h in a convection oven, followed

by cooling naturally to room temperature. The white
Zn,GeO, powder was collected by centrifugation, washed
thoroughly with pure water and ethanol for several times,
and then dried at 60°C for 12 h.

About 0.4 g of as-prepared Zn,GeO, nanorods and
0.587 g of Zn(NO,),-6H,0 were added to MeOH (40 mL)
of and stirred for 1 h. A second solution was prepared
by dissolving 1.298 g of 2-methylimidazole in MeOH (40
mL). The latter clear solution was poured into the former
solution under magnetic stirring for another 1 h. The white
ZIF-8@ Zn,GeO, precipitate was collected and washed with
distilled water and ethanol two times and dried at 60°C for
12 h.

2.3. Characterization

The phase of the as-prepared samples was characterized
by powder X-ray diffraction on a X'Pert Pro MRDDY2094
diffractometer with Cu-Ka radiation (A = 1.5418 A). A
scan rate of 0.0167 s was used to record the XRD pattern
in the 2g range of 6-70°. The morphologies of Zn GeO,
nanorods and ZIF-8@Zn,GeO, hybrids were observed
using the Ultra Plus field-emission scanning electron
microscope (SEM). The UV-visible adsorption spectra were
recorded using a Hitachi U-3010 UV-visible spectrometer.
FTIR spectra were recorded in the range of 4000-400 cm™
on an Alpha Centaur FTIR spectrophotometer using KBr
pellets. TEM was carried out on a Tecnai G?20, and the
TEM samples were ultrasonically dispersed in ethanol
for 10 min followed by dropping a small amount of the
solution on a holey carbon-coated copper grid and drying.
Thermogravimetric analyses (TG) were performed using a
Mettler Toledo TGA2 (LF) in air atmosphere with a heating
rate of 10°C min™.

2.4. Photoelectrochemical measurement

Photocurrent measurements were performed on
an electrochemical work station (Chenhua Instrument,
Shanghai, China) in a standard three-electrode system with
the photocatalyst-coated indium tin oxide (ITO) as the
working electrode, Pt plate as the counter electrode, and an
Ag/AgCl as a reference electrode. 0.2 M Na,SO, was used
as the electrolyte. About 4 mg of as-prepared sample was
mixed with ethanol (0.2 mL), water (0.8 mL), and Nafion
solution (20 pL), and the working electrode was prepared
by dropping the suspension (80 uL) onto the surface of a
1 x 1 cm ITO plate. The working electrode was dried at
room temperature, and the photoresponsive signals of the
samples were measured under chopped light.

2.5. Photocatalytic test

The photocatalytic performance of the as-prepared ZIF-
8@ Zn,GeO, hybrids was evaluated by the degradation of
Cr(VI) under a 300 W Xe lamp light irradiation (A = 300-700
nm). Firstly, 0.10 g of ZIF-8@ Zn GeO, was dispersed in 100
mL 1 x 10° mol L' Cr(VI) solution. Prior to irradiation, the
suspension was stirred in the dark for 30 min to ensure
that the adsorption of Cr(VI) on the surface of catalyst
had reached equilibrium. Then the reaction mixture was
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irradiated in a photochemical reaction chamber with
continuous stirring. 3 mL of supernate was taken out at a
certain time of 30 min intervals and centrifuged to remove
photocatalyst particles, to which 30 uL of H,SO, (9.2 M) and
50 pL of 1,5-diphenylcarbazide (DPCI, 0.005 M, ethanol
solution) were added to give a colored solution for Cr(VI)
analysis. The concentration of Cr(VI) in the treated solution
was measured by UV-vis spectroscopy.

3. Results and discussion
3.1. XRD analysis

XRD patterns of the as-prepared pure Zn GeO, nanorods
and ZIF-8@Zn,GeO, hybrids are shown in Fig. 1. All of the
diffraction peaks of Zn,GeO, nanorods are consistent with
the simulated XRD pattern of the rhombohedral phase of
Zn,GeO, (JCPDS No. 11-0687) (Figs. 1la and 1b). There is
no trace of impurity phase, such as ZnO and GeO,. The
simulated XRD pattern of ZIF-8 based on the reported
crystal structure data (CCDC No. 602542) is shown in
Fig. 1c. Compared with the pure Zn ,GeO, nanorods, the
additional weak peaks appeared at 7.4°, 16.5°, 18.0° and
26.7° in the XRD pattern of ZIF-8@Zn,GeO, hybrids (Fig.
1d) can be assigned to the characteristic peaks of ZIF-8 shell,
suggesting that small amount of ZIF-8 composite has been
successfully deposited on the surface of Zn,GeO,.

3.2. SEM and TEM analyses

The structure and morphology of the as-prepared
Zn,GeO, nanorods, and ZIF-8@ Zn,GeO, hybrids were
observed by SEM and TEM techniques. A large quantity of
Zn,GeO, nanorods with several micrometers in length and
50-100 nm in width can be seen in in Fig. 2a—d. Compared
with thesmoothsurface of Zn,GeO,nanorodsshownin Fig.2,
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Fig. 1. Simulated powder XRD patterns of (a) Zn,GeO,, (b)
as-prepared Zn,GeO,, (c) simulated XRD of ZIF-8, and (d) as-ob-
tained ZIF-8@Zn,GeO, hybrid.

it can be seen in Fig. 2e-h that the surfaces of Zn,GeO,
nanorods weresuccessfully covered witha thinlayer of ZIF-8.
Meanwhile, the TEM images of ZIF-8@ Zn,GeO, hybrids
also demonstrated that the ZIF-8 nanoparticles had been
successfully deposited on the external surface of Zn,GeO,
nanorods as is shown in Fig. 2i-1. The HRTEM image of the
as-prepared ZIF-8@Zn GeO, hybrid with clear lattice fringes
is shown in Fig. 3, and the lattice fringes with the spacing of
0.41 nm can be indexed to the (311) crystallographic planes
of an orthorhombic Zn,GeO,. ZIF-8 is highly sensitive to the
electron beam damage.

3.3. IR, TG, and UV-Vis absorption spectra analyses

The chemical structures of the as-prepared Zn,GeO,
and ZIF-8@Zn,GeO, hybrid were investigated by FTIR.
As results are shown in Fig. 4a, the peaks appeared at 799
cn™, 749 ecm™, and 535 cm™ in ZIF-8@Zn,GeO, hybrid
can be assigned to the vibration modes of the ZnO, and
GeO, tetrahedron. The peaks at 3135 cm™ and 2929 cm™
correspond to C-H stretches. The absorption peaks at 1305
cm™, 1145 cm™, and 759 cm™ are associated with the bending
signals of the imidazole ring [30], proving that the ZIF-8@
Zn,GeO, hybrid composite has been successfully prepared.
Thermogravimetric-differential thermal analysis (TG-DTA)
was performed on a Mettler Toledo TGA2 (LF) to study
the weight loss of organic species. The ZIF-8@Zn,GeO,
sample was heated from 25 to 900°C with a heating rate
of 10°C/min in air, and the TG curves of ZIF-8@ Zn, GeO,
hybrid and Zn,GeO, nanorods are shown in Fig. 4b—c.
The weight loss of 7.02% between 25 and 550°C in the TG
curve of ZIF-8@ Zn,GeO, corresponds to the decomposition
of 2-methylimidazole molecules in ZIF-8. Fig. 4d shows
UV-vis absorption spectra of ZIF-8@ Zn,GeO, hybrids and
Zn,GeO, nanorods. The absorption edge of ZIF-8@ Zn,GeO,
hybrids is extended slightly. According to the formula:
Eg =1240/2, the band gap energy (Eg) of ZIF-8@Zn,GeO,
hybrids and Zn,GeO, nanorods are estimated to be about
4.35 eV and 4.5 eV, respectively. However, the spectrum
intensity of ZIF-8@Zn, GeO, decreased obviously and was
weaker than that of ZIF-8, which might be caused due to the
excessive growth and aggregation of ZIF-8.

3.4. Raman spectroscopy and XPS measurements

The room temperature Raman spectrum of ZIF-8@
Zn,GeQ, is presented in Fig. 5a. The strongest peak centered
at801 cm™ canbe assigned to the stretching vibration of GeO,
tetrahedral. The two peaks centered at 745, and 776 cm™!
were attributed to Ge-O-Zn symmetric and asymmetric
vibrations, respectively [36]. The X-ray photoelectron
spectroscopy (XPS) analysis confirms the presence of Zn,
Ge, and O in both Zn,GeO, and ZIF-8@Zn GeO, hybrid
composites (Figs. 5b-d). The remarkable difference in
the intensities of Zn, Ge, O peaks in each sample is an
illustration of the different elemental concentrations.

3.5. Photoelectrochemical activity

In order to understand the energetic positions of the
conduction band (V) of ZIF-8@Zn,GeO,, Mott-Schottky
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Fig. 2. (a-d) SEM images of as-prepared Zn,GeO, nanorods and (e-h) ZIF-8@Zn,GeO, hybrids; (i-I) TEM images of as-prepared

ZIF-8@7Zn,GeO, hybrids.

Curves were measured [37]. The flat-band potential (Eﬂ,)
values can be obtained from the extrapolation of Mott-
Schottky plots according to the following equation:

12 fp g kT
C* eeN, q

where C is the space charge capacitance, e is the
permittivity of free space, e is the permittivity of the
semiconductor electrode, N is the donor density, E is

the externally applied potential, E, is the flat-band potential
at the semiconductor/electrolyte junction, k, is Boltzmann's
constant, T is the operation temperature, and g is the
electronic charge. Fig. 6a shows the typical Mott-Schottky
plots of the ZIF-8@Zn,GeO, and Zn,GeO,. The positive
slope of both Mott-Schottky plots indicated both samples
are the n-type semiconductors. The flat-band potential of
ZIF-8@Zn,GeO, and Zn,GeO, are approximately —0.9V (vs.
Ag/AgCl) and -1.2V (vs. Ag/AgCl) at pH 7.0, respectively.
The flat-band potential of the n-type semiconductor is
particularly close to the bottom of the V.. Thus, the redox



204

il
ik

1f 4

&

Fig. 3. HRTEM image of the as-prepared ZIF-8@Zn,GeO, hy-
brid.

~~
Q
N

Zn,GeO,

ZIF-8@Zn,Ge0,

Intensity (a.u.)

1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm'1 )

}02 12
(C Zn,GeO,-TG -
1004
~ -8
é 98
g <
D 9 40
=
Zn,GeO,-DTA
94 -/_"_\‘\ 0
92

200 400 600 800

Temperature (degree)

S. Wu et al. / Desalination and Water Treatment 106 (2018) 200-208

potential of conduction band (CB) of ZIF-8@Zn,GeO, and
Zn,GeO, vs. Normal Hydrogen Electrode are —0.7 V and
-1.0 V, respectively, which are more negative than Cr(VI)/
Cr(III) potential (+0.51 V, pH 7.0). It is permissible for the
transformation of photogenerated electrons to reduce
Cr(VI) to Cr(III).

Photocurrent response has recently been applied to
investigate the separation efficiency of photogenerated
active carries for redox reactions. In general, the higher the
photocurrent intensity, the better the separation efficiency
of the photogenerated active carries [38]. Fig. 6b shows
the photocurrent of ZIF-8, Zn,GeO,, and ZIF-8@ Zn,GeO,
samples under the irradiation of a 300 W Xe lamp in 0.2M
Na,SO, electrolyte solution. It can be seen that ZIF-8@
Zn,GeO, hybrid exhibit stronger photocurrent response
signals than that of ZIF-8 and Zn,GeO,, indicating that
the photogenerated electron-hole pairs in ZIF-8@Zn,GeO,
hybrid can be separated and transferred efficiently. That is
to say, the surface electron-hole pairs recombination rate
over ZIF-8@ Zn,GeO, hybrid sample is the lowest, which
is in good agreement with the trend in the photocatalytic
activity of ZIF-8@Zn,GeO, hybrid. Therefore, the
photocatalytic activity of ZIF-8@Zn,GeO, has been
effectively improved.
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Fig. 4. (a) FTIR spectra of as-prepared Zn,GeO, and ZIF-8@Zn,GeO, hybrid; TG-DTA curves of (b) ZIF-8@Zn,GeO, hybrids and (c)
Zn,GeO, nanorods; (d) UV-vis spectra of ZIF-8@Zn,GeO, hybrids and Zn,GeO, nanorods.
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3.6. Photocatalytic activity

The photocatalytic performance of ZIF-8@Zn,GeO,
hybrid was investigated by evaluating the photocatalytic
reduction of Cr(VI) under a 300 W Xe lamp irradiation. 0.10
g of ZIF-8@ Zn,GeO, was used in 100 mL 1 x 10 mol L™
Cr(VI) solution. Prior to irradiation, the suspension was
stirred in the dark for 30 min to ensure that the adsorption
of Cr(VI) on the surface of catalyst had reached equilibrium.
As can be seen in Fig. 6, the reduction ratio of Cr(VI) is
rapidly increased to nearly 100% (the blue curve in Fig. 6¢)
after light illumination for 90 min by using ZIF-8@Zn GeO,
as photocatalyst, which is much better than that of Zn,GeO,
(black curve) and ZIF-8 (red curve) under identical
experimental conditions. Only about 32% and 79% of
Cr(VI) can be reduced by using pure Zn,GeO, and ZIF-8 as
photocatalyst under 180 min light irradiation, respectively.

The photocatalytic reaction kinetics of Cr(VI)
photocatalytic reduction are plotted in Fig. 6d. As can
be seen that the photocatalytic reduction of Cr(VI)
approximately follows the pseudo-first-order kinetics,
which is evidenced by the linear plot of In(C /C) versus
reaction time t. As results are shown in Table 1, the ZIF-8@
Zn,GeO, hybrid exhibits significantly higher apparent rate
constant (0.0368 min™), which is about 1.8 times and 14

times of ZIF-8 (0.0207 min™) and Zn,GeO, (0.0026 min™),
respectively, suggesting the enhanced photocatalytic
reduction performance of Cr(VI) over ZIF-8@Zn,GeO,
under the same light irradiation time period. We proposed a
mechanism to illustrate the enhancement of photocatalytic
property of ZIF-8@Zn GeO, composite, as shown in Fig. 7.
First, according to the literature reported, ZIF-8 particles
exhibit positive charge in the neutral condition of pH =7,
and the negative charge of Cr,0,> could be effectively
adsorbed around the ZIF-8@Zn GeO, photocatalyst due
to the electrostatic interaction [39]. Then, Zn,GeO, in
ZIF-8@7Zn,GeO, hybrids was excited, and the electrons
from the excited Zn,GeO, can be easily transferred to the
surface of ZIF-8 and participate in the redox reaction to
reduce Cr(VI) to Cr(III) through the ligand-to-metal charge
transfer mechanism [40]. Zn-O-Zn chemical bonds formed
between ZIF-8 and Zn,GeO, suppressed the recombination
of electron-hole pairs and thus slightly narrowed the band
gap of ZIF-8@Zn,GeO, from 4.5eV to 4.35 eV. Second, these
photogenerated electrons possess a strong reduction ability
(E.;=-0.70 V vs. NHE at pH 7.0) and can effectively reduce
the adsorbed Cr(VI) to Cr(Ill) (E, )y = +0-51 V vs. NHE
at pH 7.0).

The powder XRD patterns of ZIF-8@Zn,GeO, sample
before and after photocatalytic reaction are provided in
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Fig. 6. (a) Mott-Schottky plots of Zn,GeO, and ZIF-8@Zn,GeO, in 0.2 M Na,SO, aqueous solution; (b) Transient photocurrent re-
sponse of ZIF-8, Zn,GeO,, and ZIF-8@Zn,GeO, in 0.2 M Na,SO, aqueous solution; (c) Photocatalytic reduction process and (d) kinet-

ics of Cr(VI) over Zn,GeO,, ZIF-8, and ZIF-8@Zn,GeO, hybrid.

Table 1

The pseudo-first order rate constant of Cr(VI) photocatalytic
reduction over Zn,GeO,, ZIF-8, and ZIF-8@Zn,GeO, hybrid.
Reaction conditions: 100 mg of photocatalyst, 100 mL of 10-° mol
L' Cr(VI), pH=7

Samples k (min™) R
Value Error

Zn,GeO, 0.0026 0.00019 0.9676

ZIF-8 0.0207 0.00123 0.9793

ZIF-8@ 0.0368 0.00108 0.9948

Zn,GeO,

Fig. 8, indicating the high stability of ZIF-8@Zn,GeO,
sample in aqueous solution, and no other impurity phase
is formed after photocatalytic reaction. Furthermore, a
reusability experiment was conducted to investigate the
cycling stability of ZIF-8@Zn,GeO,. After each recycled
experiment, the used photocatalysts was recovered by
filtration, washed with water and ethanol, dried in air
and used for the next cycle experiments. As can be seen
in Fig. 9, after 3 runs, the photocatalytic efficiency drops a
little owing to the weight loss of photocatalyst in cycling
experiments.

‘,’/

9.4 o™ /
~ 07ev @ <L [P
S N.7eV & @& o 1| o ZIF8  Zn
(9] e Ll o
I 04 S0 R Zn"N’(N YN/
% BT, L-y‘Zn'N:{)

24 ~
w
; +3.65eV_h* hi | h* @

4 Reduction

Cr(ll1)

Cr(VI)

@ ZIF-8@2n,Ge0,

Fig. 7. A schematic diagram of the photocatalytic mechanism of
the ZIF-8@Zn,GeO, composite.

4. Conclusions

In summary, a binary photocatalyst ZIF-8@Zn, GeO, has
been successfully synthesized through chemical deposition
method. About 100 mg of the obtained ZIF-8@Zn,GeO,
photocatalyst can reduce nearly 100% of Cr(VI) (100 mL
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Fig. 9. Recycling experiments on ZIF-8@Zn,GeO, hybrid for
photocatalytic reduction of Cr(VI).

1 x 10®° mol L) in aqueous solution in 90 min under
UV-light irradiation. The ZIF-8@Zn GeO, hybrid exhibited
a higher photocatalytic activity for reduction of Cr(VI) than
that of the bare ZIF-8 and Zn,GeO, under the identical
experimental experiments, which might be attributed to the
synergetic interaction of photogenerated holes and electrons
between ZIF-8 and Zn,GeO,. It is also expected that this
kind of MOF and semiconductor combined hybrids shown
here can be applied to other catalytic systems for enhanced
photocatalytic efficiency.
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