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on of a ZIF-67/AgCl/Ag
heterojunction via chemical etching and surface
ion exchange strategy for enhanced visible light
driven photocatalysis†

Wei Shao,ac Yan-Ru Chen,b Feng Xie,a Hao Zhang,a Hai-Tao Wangbc

and Na Chang *ac

It is of great importance to design and fabricate heterojunction photocatalysts to improve photocatalytic

performance. In this work, a novel ZIF-67/AgCl/Ag heterojunction photocatalyst was successfully

synthesized by a facile chemical etching, deposition–precipitation, light-induced reduction approach.

After chemical etching by a AgNO3 precursor, the crystal size of ZIF-67 decreased remarkably together

with the replacement of Co2+ in the framework of ZIF-67 by Ag+ via surface ion exchange. As a result,

optical and electrochemical measurements indicated that the separation efficiency of light-induced

electrons and holes obviously increased due to the formation of a ZIF-67/AgCl/Ag heterojunction and

the surface plasmon resonance of Ag0. Meanwhile, the corresponding kinetic rate constant of ZIF-67/

AgCl/Ag was estimated to be 0.1615 min�1, which was 17, 7.76 and 2.67 times as high as that of

individual ZIF-67, AgCl and ZIF-67/AgCl, respectively. The ZIF-67/AgCl/Ag photocatalyst also exhibited

good stability and reusability in the process of photodegradation. This work demonstrated a high

efficiency photocatalyst for providing new sights into the preparation of a highly efficient MOF-based

heterojunction photocatalyst and its potential applications in water purification.
1. Introduction

Metal–organic frameworks (MOFs), new types of crystalline and
porous materials built from organic ligands and inorganic
metal ions, have attracted much attention in the past
decades.1–3 With well-dened structures, high porosity and
tunable pore sizes, MOFs have great potential in a diverse range
of applications, including gas separation, gas storage, sensing
and heterogeneous catalysis.4–6 Particularly, photoactive MOFs
which can absorb visible light and produce photo-induced
holes and electrons will further trigger various photo-redox
reactions.7,8 For instance, the Cu-doped ZIF-67 realized the
rapid decolorization of MO under visible light illumination9 and
MOF-5 possessed superior visible light reactivity for phenol
degradation.10,11 Although MOFs can absorb in the visible
spectrum of solar light, there are still some shortcomings
restricting their real application, including the poor separation
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of photo-induced electron–hole pairs and the high resistance to
the transportation of carriers. Thus, it is of great importance to
improve the photocatalytic efficiencies of MOFs for meeting the
requirements of photocatalysis driven by solar energy.

Recently, as a well-known photosensitive semiconductor with
the bandgap of 3.25 eV, AgCl is considered as one of the most
widely investigated photocatalyst because of their structural
stability.12,13 Unfortunately, AgCl can be directly excited by ultra-
violet (UV) irradiation, which only accounts for about 4% of the
solar spectrum. Limited light absorption region oen results in
the low efficiency of light utilization and slow rate of photo-
chemical process. Therefore, it is important to design suitable
photocatalysts for facilitating trapping/absorbing more visible
light and achieving better photocatalytic performances. Based on
the latest studies, silver/silver halides-based compounds (Ag/AgX,
X ¼ Cl, Br, I) have been proved as potential high-efficient photo-
catalysts, which possess stronger visible light absorption due to
the surface plasmon resonance (SPR).14–16 As an effective strategy
for high performance photocatalysis, plasmonic photocatalysis
which involves dispersal noble-metal nanoparticles (Au, Ag),
obtains remarkable enhancement of photo-reactivity under the
irradiation of a broad range of solar light.17,18

Herein, we design and fabricate a novel ZIF-67/AgCl/Ag het-
erojunction photocatalyst via a simple chemical etching,
surface ion exchange and light-induced reduction strategy. ZIF-
This journal is © The Royal Society of Chemistry 2020
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67 which is considered as a favorable candidate in various
photoelectrochemical reactions, exhibits a suitable band gap of
about 1.98 eV. Besides, due to the open channels and accessible
pores, ZIF-67 possesses regular structure which facilitates the
diffusion and adsorption of Ag+ based reactants in order to
potentially overcome the low charge mobility of nonporous
semiconductors. Aer chemical etching and surface ion
exchange by AgNO3 precursor, the crystal size of ZIF-67
decreases remarkably without the decomposition of the
framework, and the separation efficiency of light-induced
charge carriers increases dramatically due to the formation of
ZIF-67/AgCl/Ag heterojunction together with the SPR of Ag0. The
crystal structure, morphologies and photocatalytic perfor-
mances of ZIF-67/AgCl/Ag photocatalyst have been systemati-
cally explored. The active species are also investigated, and the
possible mechanism of ZIF-67/AgCl/Ag nano-composite is
speculated.

2. Experimental
2.1 Materials

Co(NO3)2$6H2O, CoCl2$6H2O, 2-methylimidazole (2-MIm) and
AgNO3 were purchased from Sinopharm Chemical Reagent Co.,
Ltd. Methanol and isopropyl alcohol (IPA) were purchased from
Tianjin Concord Chemical Reagent Co., Ltd. Naon per-
uorinated resin solution (5 wt%) was obtained from Sigma-
Aldrich. Ultra-pure water (18.2 MU) was prepared by Milli-Q
water purication system.

2.2 Sample preparation

2.2.1 Preparation of ZIF-67. ZIF-67 nanocrystals were
prepared according to procedures reported previously with
somemodications.19 Typically, Co(NO3)2$6H2O (6.489 g) and 2-
methylimidazole (1.3686 g) were dissolved methanol (100 mL),
respectively, before mixing and stirring at room temperature for
5 h. Purple crystals were collected and washed three times with
methanol, and then dried at 60 �C for 10 h.

2.2.2 Preparation of AgCl and AgCl/Ag. Typically, AgNO3

(2 mmol) was dissolved in methanol (30 mL) under stirring at
room temperature (solution A). Meanwhile, CoCl2$6H2O
(0.5 mmol) was dissolved in methanol (10 mL) under the same
Fig. 1 Schematic illustration of the synthesis procedure of ZIF-67/AgCl/

This journal is © The Royal Society of Chemistry 2020
condition (solution B) before introducing to solution A drop by
drop in dark under continuous stirring. Aer 60 min, the white
AgCl precipitates were separated, washed by fresh methanol,
and dried under vacuum for 10 h. For preparation of AgCl/Ag,
the suspension which was formed by the same solution B and
solution A was prepared rstly following the same procedure.
Subsequently, aer stirring for 40 min in dark, the suspension
was irradiated under ultraviolet light for another 20 min.
Finally, the pale brown AgCl/Ag was separated, washed by fresh
methanol, and dried under vacuum for 10 h.

2.2.3 Preparation of ZIF-67/AgCl and ZIF-67/AgCl/Ag. Fig. 1
illustrated the schematic synthesis procedure of ZIF-67/AgCl/
Ag. For preparation of ZIF-67/AgCl/Ag photocatalyst, 50 mg of
ZIF-67 was added to solution A under continuous stirring in
dark for 30 min to form homogeneous suspension. Subse-
quently, solution B was introduced to the above-mentioned
suspension, and kept stirring in dark for 40 min before irradi-
ated under ultraviolet light for another 20 min. For comparison,
ZIF-67/AgCl was prepared under same conditions without irra-
diation of ultraviolet light. The obtained photocatalysts were
collected, washed by fresh methanol, and dried under vacuum
for 10 h.
2.3 Characterization

The crystal phases of the prepared samples were identied by
X-ray diffraction (XRD) patterns (D8 Advance, Bruker). Scanning
electron microscopy (SEM, GeminiSEM500, Zeiss, Germany)
was used to explore the morphologies of the prepared samples.
Chemical states of each element were characterized by X-ray
photoelectron spectroscope (XPS) (K-alpha, Thermosher).
UV-vis diffuse reectance spectra (DRS) were analyzed using
UV-vis spectrophotometer (Shimadzu UV-2700). Photo-
luminescence (PL) spectra were determined using an F380
uorescence spectrophotometer with excitation at 338 nm.
2.4 Electrochemical measurement

The electrochemical impedance spectroscopy (EIS), transient
photocurrent responses and Mott–Schottky measurement were
performed by an electrochemical workstation (CHI760E) in
a typical three-electrode quartz cell using Pt as counter
Ag photocatalyst.

RSC Adv., 2020, 10, 38174–38183 | 38175
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electrode, saturated calomel electrode (SCE) as reference elec-
trode and modied uorine-doped tin oxide (FTO) glass as
working electrode.

For preparation of the working electrode, 5 mg of the catalyst
was mixed with ethanol (1 mL) and Naon peruorinated resin
solution (10 mL) under ultrasonic condition to form homoge-
neous solution. 100 mL of the above-mentioned dispersion was
deposited onto a FTO glass electrode with coating area of 1 cm2

for the electrochemical measurements. Finally, the as-prepared
catalyst lm was dried for 12 h.

Transient photocurrent responses were determined using
a 210 W xenon lamp with a 420 nm cutoff lter as light source at
a 0.8 V bias voltage potential (vs.NHE). EIS tests were conducted
under dark circumstance at open circuit potential at the range
of frequency between 105 and 10�2 Hz. The above experiments
were carried out in 0.1 M Na2SO4 electrolyte solution.

2.5 Photocatalytic performance

The photocatalytic experiments of the photocatalysts were
evaluated by decolorization of MO under visible light using
a 210 W xenon lamp with a 420 nm cutoff lter. In a typical
experiment: 80 mg photocatalyst was added into 120 mL MO
aqueous solution (10 mg L�1) in a reactor. In order to reach the
adsorption–desorption equilibrium, the suspension was stirred
in dark for 30 min prior to further visible light irradiation. The
concentration of MO was determined by a UV-vis
spectrophotometer.

2.6 Reactive species trapping experiments

Reactive species trapping experiments were performed to clarify
the photocatalytic mechanism. The procedure was the same as
Fig. 2 SEM images of (A and B) ZIF-67 and (C and D) ZIF-67/AgCl/Ag.

38176 | RSC Adv., 2020, 10, 38174–38183
photocatalytic performance experiment mentioned above except
for adding specic scavengers. Typically, AgNO3 (0.5 mmol),
2-MIm (0.5 mmol) and IPA (1 mL) were utilized as e�, h+ and $OH
scavengers which were added in the reaction system respectively
prior to photocatalytic activity test.
3. Results and discussion
3.1 Characterizations

SEM and TEM images of ZIF-67 and ZIF-67/AgCl/Ag were ob-
tained to show the morphology of the photocatalysts (Fig. 2 and
S1†). The as-prepared ZIF-67 crystals were uniform in size
(Fig. 2A and S1A†) and had cubic or rhombic dodecahedral
morphology with well-dened facet, straight edge, smooth
surface (Fig. 2B).20 The average crystal size of as-prepared ZIF-67
was about 360 nm. It had been demonstrated that MOF crystals
could be random etching by H+, resulting in changing of crystal
morphology and decreasing of crystal size.20–22 Aer etching by
the weak acidic AgNO3 solution and precipitating with the
additional Cl� subsequently, the resulted ZIF-67/AgCl/Ag pho-
tocatalyst were still uniform in size and shape (Fig. 2C).
However, as shown in Fig. 2D, the as-prepared ZIF-67/AgCl/Ag
which changed into spherical morphology possessed obvi-
ously smaller particle size (about 60 nm in average) compared to
original ZIF-67 (Fig. 2D and S1B†). It was supposed that the
original ZIF-67 had been etched by the weak acidic AgNO3–

methanol solution (pH ¼ 6.5) and further turn the crystalline
ZIF-67 into smaller size. The above results were in accordance
with that reported by Meng et al.23

The crystallinity of as-synthesized crystals was determined by
XRD. As shown in Fig. 3A, the XRD patterns of ZIF-67 were in
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 XRD patterns of (A) as-prepared ZIF-67 and simulated ZIF-67; (B) ZIF-67/AgCl/Ag, ZIF-67/AgCl, standard AgCl and Ag; (C) as-prepared
ZIF-67 and ZIF-67/AgCl/Ag.
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agreement with simulated ZIF-67 (CCDC-671073), conrming
the successful formation of ZIF-67 crystalline. As shown in
Fig. 3B, the resulted ZIF-67/AgCl and ZIF-67/AgCl/Ag showed
Fig. 4 XPS spectra of ZIF-67/AgCl/Ag (A) Co 2p; (B) N 1s; (C) Ag 3d and

This journal is © The Royal Society of Chemistry 2020
highly strong diffraction peaks at 27.8�, 32.2�, 46.2�, 54.8�,
57.5�, 67.5�, 74.5� and 76.7� which were attributed to the (111),
(200), (220), (311), (222), (400), (331) and (420) crystal planes of
(D) Cl 2p.

RSC Adv., 2020, 10, 38174–38183 | 38177
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AgCl (JCPDS no. 85-1355). Besides, the as-synthesized ZIF-67/
AgCl/Ag also possessed weak peaks around the diffraction
angle of 38.1� which was ascribed to the metallic Ag0 (JCPDS no.
87-717). It was worth to be mentioned that the agreement of
XRD patterns between ZIF-67/AgCl/Ag and ZIF-67/AgCl indi-
cated the stability of ZIF-67/AgCl under UV light irradiation, and
the formation of Ag0 by photo-reduction did not change the
crystal phase and crystallinity of ZIF-67/AgCl. Moreover, aer
etching by AgNO3, diffraction peaks originated from ZIF-67
crystals in ZIF-67/AgCl and ZIF-67/AgCl/Ag were obviously
weaker than that of AgCl. From the enlarge view of XRD patters
shown in Fig. 3C, the main peaks located in (200), (211), (310),
(222), (411), (322) and (510) crystal facets of ZIF-67 were still
preserved with the diffraction peak corresponding to (211) fac-
ets of ZIF-67 in ZIF-67/AgCl/Ag composites shied to higher
angles, which could be attributed to the reduced interlayer
spacing.24 It was possibly originated from the entrance of
excessive Ag+ to the crystal lattice and the subsequently
substitution of a great deal of Co2+ (ref. 25) which would further
conrm by the changing of color from purple (ZIF-67) to gray
(ZIF-67/AgCl) and brown (ZIF-67/AgCl/Ag).

XPS was utilized for further analyzing chemical composition
and valence states of the as-synthesized ZIF-67/AgCl/Ag and ZIF-
67, and the bonding energies were calibrated by the C 1s peak at
284.6 eV. The narrow-scan spectra of the Co 2p, N 1s, Ag 3d and
Cl 2p were shown in Fig. 4. The high-resolution spectrum of Co
2p (Fig. 4A) was divided into two main peaks at 780.7 eV and
796.2 eV, corresponding to Co 2p3/2 and Co 2p1/2, respectively,
and the two satellite peaks of Co 2p3/2 and Co 2p1/2 were located
at 787.2 eV and 802.5 eV, respectively. The energy gap between
Fig. 5 Photocatalytic performance of the as-prepared samples under
curves; (B) model of pseudo-first order kinetics; (C) the apparent reacti
catalyst and the recycling run in the photocatalytic reaction.

38178 | RSC Adv., 2020, 10, 38174–38183
the main peak and the satellite peak of Co 2p was further used
for determination of the chemical state of Co.26 The energy gap
of Co(II) was corresponded to ca. 6.0 eV, while Co(III) was ca. 9–
10 eV.27 The results shown above revealed that Co(II) was the
main form that existed in the as-prepared ZIF-67/AgCl/Ag, and
the chemical etching of AgNO3 together with the photo-
reduction from Ag+ to Ag0 did not change the chemical state
of Co(II) in ZIF-67. However, from the results shown in Fig. 4B,
the N 1s spectrum of ZIF-67/AgCl/Ag could obviously be divided
into two peaks which located at 399.2 eV and 396.3 eV, respec-
tively. The former peak with relatively higher bonding energy
was attributed to the Co–N bond, meanwhile the other peak
with lower bonding energy which located at 396.3 eV was
attributed to the combination of Ag+ and N. These results
revealed that, except for the Co–N coordination bond which
originated from ZIF-67 material, a new Ag–N coordination bond
was formed aer ZIF-67 etching by AgNO3 and further ion
exchanging of Co2+ by Ag+ in the ZIF-67 crystal lattice. The
results shown in N 1s spectrum were completely in accordance
with the results shown in XRD analysis. The Ag 3d region in
Fig. 4C were tted into two peaks at 367.7 eV and 373.7 eV,
which were ascribed to Ag 3d5/2 and Ag 3d3/2, respectively. These
two peaks could be further divided into four different peaks
located at 367.28 eV, 368.38 eV as well as 373.28 eV and
374.38 eV. Bonding energies at 367.28 eV and 373.28 eV were
attributed to the Ag+, while peaks at 368.38 eV and 374.38 eV
were ascribed to the metallic Ag0. These results further proved
the co-existence of metallic Ag0 in ZIF-67/AgCl/Ag photocatalyst.
The peaks of the Cl 2p were centered at 198.98 eV and 197.38 eV,
visible light irradiation: (A) adsorption and photocatalytic degradation
on rate constants (k) and (D) the reusability of ZIF-67/AgCl/Ag photo-

This journal is © The Royal Society of Chemistry 2020
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which were ascribed to Cl 2p1/2 and Cl 2p3/2 deriving from Cl� of
AgCl (Fig. 4D).

3.2 Photocatalytic performance

The adsorption and photocatalytic activities of the photo-
catalysts were evaluated by decomposition of MO under visible
light illumination aer reaching to the adsorption–desorption
equilibrium at the rst 30 min in dark (Fig. 5A and S2†). As
a result, ZIF-67/AgCl and ZIF-67/AgCl/Ag exhibited obviously
higher adsorption capacity than AgCl and AgCl/Ag because of
the co-existence of porous ZIF-67 framework, showing the MO
removing efficiency of 22% and 30% for ZIF-67/AgCl and ZIF-67/
AgCl/Ag, respectively. It was worth to mentioned that the
adsorption capacity of ZIF-67/AgCl/Ag was almost equal to the
original ZIF-67, though the BET surface area of ZIF-67/AgCl/Ag
(1108 cm3 g�1) was smaller than ZIF-67 (1283 cm3 g�1)
(Fig. S3†). On account of the combination of AgCl/Ag and ZIF-
67, ZIF-67/AgCl/Ag possessed better adsorption capacity and
photocatalytic activity, and the total organic carbon (TOC)
removing ratio was up to 76.5% aer 60 min (Fig. S4†).
Furthermore, to obtain the photocatalytic activities of each
sample, the following pseudo-rst-order kinetics model was
used: �ln(C/C0) ¼ kt, where C0 (mg L�1) is the initial concen-
tration of MO, C (mg L�1) is the concentration of MO at reaction
time t (min) and the slope k is the apparent reaction rate
constant (min�1).28,29 As shown in Fig. 5B, ZIF-67/AgCl/Ag
revealed the highest photocatalytic activity compared to the
other samples. The k values of each photocatalyst calculated
from the slopes of the kinetic plots were shown in Fig. 5C. The
corresponding kinetic rate constant of ZIF-67/AgCl/Ag was
0.1615 min�1, which was 17, 7.76 and 2.67 times as high as that
of individual ZIF-67, AgCl and ZIF-67/AgCl, respectively.

3.3 Stability and reusability

Stability of the catalyst was crucial in practical catalytic process,
thus, the reusability of ZIF-67/AgCl/Ag photocatalyst had been
investigated. Recycling was achieved by centrifugation for
separation of the catalyst, followed by multiple washing with
ethanol before drying in vacuum. As shown in Fig. 5D, the
photocatalytic activity of ZIF-67/AgCl/Ag did not obviously
reduce aer testing for four recycles, suggesting the high
stability of ZIF-67/AgCl/Ag photocatalyst.
Fig. 6 UV-DRS spectra of the as-prepared photocatalysts.

This journal is © The Royal Society of Chemistry 2020
3.4 Optical and electrochemical properties

In order to further reveal the intrinsic features of ZIF-67/AgCl/Ag
for the improvement in photocatalytic activity, optical and
electrochemical properties were systematically investigated. UV-
vis DRS of AgCl, ZIF-67, ZIF-67/AgCl and ZIF-67/AgCl/Ag pho-
tocatalyst were shown in Fig. 6 to show the optical absorption
ability. For the AgCl photocatalyst, the signature absorption was
mainly located at UV region below the wavelength of 400 nm. In
the coordination state of ZIF-67 between Co(II) ions and 2-
methylimidazole ligand, three visible absorption peaks (537,
565, and 590 nm) were displayed, which could be assigned to
4A2(F) / 4T1(P) transition of Co(II) ions in tetrahedral envi-
ronments, that was the spin coupling triple peaks.27,30 It was
worth to mention that the ZIF-67/AgCl showed obviously
stronger visible light absorption intensity ranging from 400 nm
to 760 nm aer the introduction of ZIF-67. It might be origi-
nated from the effect of interface between ZIF-67 and AgCl, and
the cation exchange of Co2+ by Ag+. Furthermore, the ZIF-67/
AgCl/Ag photocatalyst exhibited the strongest optical absorp-
tion centered at 475 nm in visible light region, which was
attributed to SPR effect of Ag nanoparticles,31 together with the
powder color changing from grey to brown because of the
formation of Ag0. The enhanced absorption of visible light
would provide ZIF-67/AgCl/Ag photocatalyst with more oppor-
tunity to produce more active species for driving the photo-
catalytic reaction and resulting higher photocatalytic efficiency.
Besides, the band gaps of AgCl and ZIF-67 were also estimated
according to the UV-DRS spectra, and the corresponding band
gap values (Eg) were 2.99 eV and 1.92 eV for AgCl32 and ZIF-67,
respectively.

Furthermore, the transfer and separation behaviors of photo
induced charge carriers were investigated to explore improve-
ment of photocatalytic activity on the basis of the PL spectra at
the excitation wavelength of 338 nm.33–35 As shown in Fig. 7, the
observed PL intensity of ZIF-67/AgCl/Ag was much weaker than
the other photocatalyst, revealing that ZIF-67/AgCl/Ag had
longer lifetime of electron–hole pairs because of surface plasma
resonance of Ag0. Besides, recombination of photo-induced
electron–hole pairs of ZIF-67/AgCl/Ag was extremely inhibited
due to surface heterojunction structure between ZIF-67 and
AgCl/Ag, which would lead to a higher photocatalytic activity
Fig. 7 PL emission spectra of the as-prepared photocatalysts.
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Fig. 8 (A) EIS spectroscopy and (B) transient photocurrent response of the as-prepared samples.
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compare to other photocatalyst. Nevertheless, ZIF-67/AgCl
showed higher PL intensity compared to AgCl and AgCl/Ag,
which would go against the improvement of photocatalytic
activity.

Furthermore, EIS analysis and the photocurrent measure-
ments were also performed to examine charge transfer and
separation behaviors. The Nyquist plot of EIS was displayed in
Fig. 8A, and a smaller radius of Nyquist arc indicated a better
electronic conductivity and charge transfer performance. It was
found that the ZIF-67/AgCl/Ag has lowest radius of Nyquist arc
comparing with ZIF-67/AgCl, AgCl and ZIF-67. The lowest elec-
tron transfer resistance attributed to coupling of ZIF-67 and
AgCl/Ag and the SPR effect of Ag0, which facilitated the sepa-
ration of photo-induced carriers and improved the photo-
catalytic efficiency. The transient photocurrent responses were
recorded for four off–on cycles under dark or visible light irra-
diation conditions. As shown in Fig. 8B, the photocurrent
density of ZIF-67/AgCl/Ag was the highest among the other
photocatalysts, which agreed with the sequence of photo-
catalytic activity. The SPR effect of Ag0 and the synergistic effect
between ZIF-67 and AgCl/Ag efficiently inhibited the recombi-
nation of photo-induced carriers and accelerated the rapid
charge transfer through Ag0.
3.5 Reactive species trapping experiments

To further identify the active species generated by ZIF-67/AgCl/
Ag during photocatalysis process, trapping experiments were
Fig. 9 Effect of different scavengers on the photodegradation of MO
by ZIF-67/AgCl/Ag photocatalyst under visible light irradiation.

38180 | RSC Adv., 2020, 10, 38174–38183
used. In this work, AgNO3, 2-MIm and IPA were utilized as e�, h+

and $OH scavengers, respectively. As shown in Fig. 9, the pho-
tocatalytic degradation rates were obviously prohibited when
AgNO3 and IPA were used as scavengers, suggesting that e� and
$OH radical were the major reactive species in ZIF-67/AgCl/Ag
photocatalytic reaction system. However, when 2-MIm was
introduced as the h+ scavenger, the photocatalytic degradation
rate was seldom inhibited, indicating that h+ was not the major
reactive species in this reaction system.
3.6 Mott–Schottky measurement and possible
photocatalytic mechanism

To further illustrate the possible reason for the higher photo-
catalytic activity based on the ZIF-67/AgCl/Ag photocatalyst and
reveal the photocatalytic mechanism, Mott–Schottky (M–S)
curves were employed for elucidating the band energy poten-
tials. As shown in Fig. 10, the positive slopes of these plots
revealed that AgCl and ZIF-67 were n-type semiconductors,36

and at band potential (E) of ZIF-67 and AgCl were calculated
to be �0.98 eV (vs. SCE) and �0.82 eV (vs. SCE), respectively.
Herein, the conduction band (CB) potential (Ecb) of ZIF-67 and
AgCl were �0.74 eV (vs. NHE) and �0.58 eV (vs. NHE), respec-
tively. The relative valence band (VB) potential (Evb) of ZIF-67
and AgCl were 1.18 eV and 2.41 eV, which were calculated by
equation of Evb ¼ Ecb + Eg.

Base on the results shown above, the mechanism for the
enhanced photocurrent and photocatalysis reaction was
Fig. 10 The Mott–Schottky plots of the as-prepared samples.

This journal is © The Royal Society of Chemistry 2020
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Fig. 11 Proposed photocatalytic mechanism of the ZIF-67/AgCl/Ag
photocatalyst.
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proposed and illustrated in Fig. 11. Except for the photo-
induced electrons excited from the VB to the CB of AgCl
under visible light irradiation, the SPR-excited electrons of Ag0

also transported to the CB of AgCl through Ag–AgCl inter-
faces,7 which would further facilitate the photo-decomposition
of MO. Meanwhile, due to the low band gap energy of 1.92 eV,
ZIF-67 could be easily excited under visible light, and the
electrons were transformed from VB of ZIF-67 to its CB. The
photo-generated electrons from excited ZIF-67 were simulta-
neously recombined with the le positive charge species in Ag
region, while the holes from the VB of ZIF-67 were transferred
to the VB of AgCl.37,38 The separation efficiency of photo-
induced carriers in ZIF-67 was effectively promoted, resulting
in more free electrons in the CB of AgCl. Furthermore, the VB
potential of AgCl was higher than the redox potential of $OH/
OH� (2.38 eV vs. NHE), and $OH radicals was generated by
oxidation of OH� by h+ which would further trigger the redox
reactions.
4. Conclusions

A novel ZIF-67/AgCl/Ag heterojunction photocatalyst were
successfully synthesized using a simple chemical etching and
deposition–precipitation method with Ag0 introduced by light-
induced reduction from Ag+. Due to smaller crystal sizes of
the ZIF-67/AgCl/Ag heterojunction and the SPR effect of Ag0, the
separation efficiency of photo-induced carriers increases which
resulted to a higher photocatalytic efficiency of ZIF-67/AgCl/Ag
heterojunction photocatalyst compared to pure ZIF-67, ZIF-67/
AgCl, AgCl and AgCl/Ag. The ZIF-67/AgCl/Ag photocatalyst
exhibited stability and reusability in the process of photo-
degradation. The active species in the ZIF-67/AgCl/Ag photo-
catalytic reaction system were also investigated, and e� and $OH
radical were the major reactive species. In summary, this work
demonstrated a high efficiency photocatalyst for providing new
sights into the preparation of MOF-based photocatalyst and
potential applications in water purication.
This journal is © The Royal Society of Chemistry 2020
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T. D. Daff, R. Bounds, A. Gladysiak, P. Schouwink,
S. M. Moosavi, M. M. Maroto-Valer, J. A. Reimer,
J. A. R. Navarro, T. K. Woo, S. Garcia, K. C. Stylianou and
B. Smit, Data-driven design of metal-organic frameworks
for wet ue gas CO2 capture, Nature, 2019, 576, 253–256.

4 J. Zheng, X. Cui, Q. Yang, Q. Ren, Y. Yang and H. Xing,
Shaping of ultrahigh-loading MOF pellet with a strongly
anti-tearing binder for gas separation and storage, Chem.
Eng. J., 2018, 354, 1075–1082.

5 Z. K. Wang, L. Ge, M. R. Li, R. J. Lin, H. Wang and Z. H. Zhu,
Orientated growth of copper-based MOF for acetylene
storage, Chem. Eng. J., 2019, 357, 320–327.

6 B. N. Bhadra, A. Vinu, C. Serre and S. H. Jhung, MOF-derived
carbonaceous materials enriched with nitrogen: Preparation
and applications in adsorption and catalysis, Mater. Today,
2019, 25, 88–111.

7 Q. Liu, C. Zeng, L. Ai, Z. Hao and J. Jiang, Boosting visible
light photoreactivity of photoactive metal-organic
framework: Designed plasmonic Z-scheme Ag/AgCl@MIL-
53-Fe, Appl. Catal., B, 2018, 224, 38–45.

8 N. Liu, W. Huang, X. Zhang, L. Tang, L. Wang, Y. Wang and
M. Wu, Ultrathin graphene oxide encapsulated in uniform
MIL-88A(Fe) for enhanced visible light-driven
photodegradation of RhB, Appl. Catal., B, 2018, 221, 119–128.

9 H. Yang, X. W. He, F. Wang, Y. Kang and J. Zhang, Doping
copper into ZIF-67 for enhancing gas uptake capacity and
visible-light-driven photocatalytic degradation of organic
dye, J. Mater. Chem., 2012, 22, 21849–21851.

10 F. Xamena, A. Corma and H. Garcia, Applications for
metal�organic frameworks (MOFs) as quantum dot
semiconductors, J. Phys. Chem. C, 2007, 111, 80–85.
RSC Adv., 2020, 10, 38174–38183 | 38181

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra06842j


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
O

ct
ob

er
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

1/
21

/2
02

5 
6:

47
:5

5 
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
11 C. G. Silva, A. Corma and H. Garćıa, Metal–organic
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