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Abstract. Ternary Z-scheme photocatalysts were constructed using metal-organic frameworks-based AgI/Ag/Cu3
(BTC)2 composites via a facile procedure. The morphology, structure, chemical composition, optical and photo-electrochemical properties of the photocatalysts were analyzed by scanning electron microscopy (SEM), X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS) and UV–vis diffuse reflectance (DRS) spectroscopy. The photocatalytic
tetracycline (TC) degradation demonstrated that all the AgI/Ag/Cu3(BTC)2 photocatalysts have higher photocatalytic
activity than that of pure Cu3(BTC)2 and 20% AgI/Ag/Cu3(BTC)2 has the highest TC degradation efficiency. Moreover,
20% AgI/Ag/Cu3(BTC)2 also has greatly enhanced photocatalytic activities with TC degradation rate 3.41 times and 4.42
times higher than that of AgI/Cu-BTC and Cu-BTC, respectively. A possible indirect Z-scheme mechanism was also
proposed according to the trapping experiment and band structures of the photocatalyst. The improved photocatalytic
activity of the composite can be attributed to the incorporation of Ag and its Z-scheme structures.
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Introduction

As the typical antibiotic, tetracycline (TC) is widely used
and frequently detected in environments, which greatly
damages ecological balance and threats human health.
Photocatalytic degradation was considered as a promising
approach to eliminate TC due to the advantages of nonselectivity and high efficiency [1,2]. Metal-organic framework (MOF) materials have recently drawn intensive
attentions in heterogeneous photocatalysis by virtue of the
distinguished merits of adjustable internal surfaces, tunable
pore sizes and modifiable organic linkers [3,4]. Nevertheless, there are still defects such as low charge separation
efficiency and limited light utilization inhibiting MOFs
further application. Benefiting from the abundant surface
functional groups, MOFs can be easily combined with other
functional materials to form highly efficient photocatalysts
[3,5,6]. Among the hybrid materials, Z-scheme photocatalysts are considered as the most promising materials due to
their effective charge separation and high photocatalytic

activities, which may be arising from the strong oxidation
and reduction ability remaining at valence band (VB) and
conduction band (CB) of two different semiconductors.
Such as Z-scheme a-Fe2O3/MIL-101(Cr) [7] showed
superior activity for carbamazepine degradation. Z-scheme
MOF/COF [6] also demonstrated highly efficient methyl
orange decomposition. MIL-53(Fe)-based Z-scheme photocatalyst [3] displayed enhanced photocatalytic performance
for multiple antibiotics degradation. However, most of the
MOF-based composites were the direct Z-scheme systems
with insufficient ohmic contact between two materials,
which inevitably led to lower capability for the charge
transfer. Thus, incorporation of electron mediators between
two semiconductors to construct indirect Z-scheme photocatalysts was considered as effective strategies improving
the electron transfer of MOFs-based photocatalyst.
Assembling of Ag0 with silver halides on MOFs (such as
Ag2CrO4-Ag-AgCl-HKUST-1 [8] and Ag/AgCl@ZIF-8
[9]) was reported to enhance their charge transfer characteristics. However, up to now, little research has been
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focused on designing rod-like structured Cu-MOF-based
indirect Z-scheme photocatalysts and their further application for solar light-induced TC degradation is also
scarce.
Herein, we present the construction of MOFs-based
AgI/Ag/Cu3(BTC)2 ternary composite as indirect Z-scheme
photocatalysts by a facile in-situ precipitation and subsequent photo-reduction process. The as-prepared composites
displayed highly increased solar light-induced photocatalytic performance for TC degradation. The photoinduced
charge transfer and separation were greatly improved,
which may be due to the indirect Z-scheme structures and
the incorporation of Ag.

as-prepared photocatalysts. The X-ray photoelectron spectroscopy (XPS, PHI-5400) was performed to analyse the
chemical composition and chemical states of the materials.
UV–visible diffuse reflectance spectra were measured on a
SHIMADZU UV-2550 spectrophotometer with BaSO4 as
reference. Zahner-Zennium electrochemical workstation
was used to characterize the photoelectron properties using
0.1 M NaOH aqueous solution as supporting electrolyte.
Photocatalyst-modified FTO glass was used as working
electrode obtained by coating the slurry (containing 0.1 mg
photocatalysts) on FTO. Ag-AgCl electrode and platinum
plate electrode served as reference and counter electrodes,
respectively.

2.

2.4

2.1

Experimental
Preparation of Cu3(BTC)2 micro-rods

The Cu3(BTC)2 micro-rods were prepared by a simple
hydrothermal process. Typically, 2 mmol 1,3,5-benzenetricarboxylic (BTC) and 2 mmol (Cu(NO3)23H2O) were
dissolved into 60 ml deionized water under ultrasonication
for 30 min. The mix solution was then transferred into a
Teflon stainless steel and heated at 1408C for 8 h. The
products were collected after the reaction system cooled
down to room temperature and washed with deionized
water and ethanol. Finally, the products were dried in air at
808C for 12 h and labelled as Cu-BTC.

2.2

Synthesis of AgI/Ag/Cu-BTC ternary composites

AgI/Ag/Cu-BTC was synthesized by in-situ precipitation
and photo-reduction process. Typically, 1 g as-prepared CuBTC was firstly dispersed in 100 ml deionized water to
form a suspension, then AgNO3 (0.0724 g) was dissolved in
the Cu-BTC suspension under vigorous sonication for 30
min to obtain uniform suspension. Subsequently, KI solution (0.071 g KI into 10 ml deionized water) was dropped
into the above solution and vigorously stirred. The mixed
solution was irradiated with a 300 W xenon lamp for 1 h,
then the products were collected and washed several times
with deionized water and absolute anhydrous ethanol. The
products were finally dried at 808C for 12 h. The final
products were labelled as AgI/Ag/Cu-BTC. For comparison, AgI was also synthesized with similar process in the
absence of Cu-BTC.

2.3

Characterization of photocatalysts

Scanning electron microscopy (SEM, Hitachi S-4700) and
X-ray diffractometer (XRD, Thermo ARL SCINTAG
X’TRA) were used to characterize the morphologies
and microstructures and the crystalline structure of the

Photocatalytic operation

Photocatalytic performance was tested by the degradation
of TC under simulated solar light irradiation, using 300 W
Xe lamp as simulated light source. Experiments were run
by adding 80 mg photocatalysts into 80 ml 5 mg l–1 TC
aqueous solution. After the adsorption/desorption equilibrium was established, the solution was irradiated at room
temperature with continuous stirring. Then, aliquots of the
dispersion (5 ml) were collected at given reaction time
interval, and the TC concentration was determined by UV–
visible spectrophotometer through checking the maximum
absorbance at 357 nm.

3.

Results and discussion

The morphology of Cu3(BTC)2 (Cu-BTC) and AgI/Ag/
Cu3(BTC)2 (AgI/Ag/Cu-BTC) composites are shown in
figure 1. It can be seen from the low-magnification SEM
images (figure 1a) that the Cu-BTC has a rod-like structure
with uniform diameter and length of 2–5 lm. The smooth
surface can be observed on the high-magnification SEM
images of Cu-BTC (figure 1c). Accordingly, nanoparticles
were clearly observed on the Cu-BTC micro-rods after the
deposition of AgI/Ag (figure 1c and d). The more roughness
of the micro-rod surface after the nanoparticles loading may
suggest the successful deposition of the AgI/Ag on the CuBTC surface. TEM images of AgI/Ag/Cu-BTC are presented in supplementary figure S1, which also displays
similar rod-like structures of Cu-BTC with clearly observed
nanoparticles on its surface. The EDS analysis of AgI/Ag/
Cu-BTC (figure 1e) indicated the presence of C, O, CuI and
Ag (Pt signal arriving from sputtering Pt), which may further reveal the successful formation of AgI/Ag/Cu-BTC
composites. Figure 1f displays the XRD patterns of CuBTC and AgI/Ag/Cu-BTC. The XRD pattern of Cu-BTC
was in agreement with the previously reported literatures
and the simulated one [4,10]. Moreover, some additional
peaks in addition to that of simulated HKUST MOF pattern
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Figure 1. SEM images of (a, c) Cu-BTC and (b, d) AgI/Ag/Cu-BTC; (e) EDS pattern of AgI/Ag/Cu-BTC; (f) XRD
patterns of Cu-BTC and AgI/Ag/Cu-BTC.

can be attributed to the copper benzene-1,3,5-tricarboxylate
trihydrate (C18H6Cu3O123H2O, JCPDS No. 39-1962) or
copper benzene-1,3,5-tricarboxylate (C18H6Cu3O12, JCPDS
No. 39-1963), which belongs to other form of Cu-BTC
MOFs. In contrast, different new diffraction peaks can be
found at AgI/Ag/Cu-BTC pattern at 2h about 22.3°, 23.7°,
39.2° and 46.3°, which matched well with the (100), (002),
(110) and (112) planes of hexagonal AgI (JCPDS No.
09-0374). No detectable peaks can be indexed to Ag, which
may be owing to low crystallinity and less loading amount
of metallic Ag.

XPS was employed to characterize the surface chemical
states of AgI/Ag/Cu-BTC (figure 2). The survey XPS
spectra (supplementary figure S2) demonstrated the presence of elements C 1s, I 3d, Ag 3d, Cu 2p and O 1s in
accordance with EDS results. The high-resolution spectrum of Cu 2p (figure 2a) revealed two peaks located at
935.5 and 956.1 eV, accompanying with two corresponding satellite peaks, which could be attributed to Cu 2p3/2
and Cu 2p1/2 of divalent Cu2?, respectively [11,12]. The C
1s peaks (figure 2b) can be divided into three peaks
at 284.6, 285.7 and 288.5 eV, which were attributed to
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Figure 2.

The high-resolution XPS spectra of (a) Cu 2p; (b) C 1s; (c) Ag 3d and (d) I 3d.

Figure 3.

(a) UV–visible spectra and (b) the plots of (ahv)1/2 vs. hv of the samples.

C–C/C=C, C–O and C=O, respectively [12]. Four deconvolved peaks can be observed on Ag 3d (figure 3c), with
the peaks around at 368.2 and 374.2 eV, corresponding to
the Ag 3d5/2 and Ag 3d3/2 of Ag? in AgI. The peaks at
369.1 and 375.1 eV can be indexed to the Ag 3d3/2 and Ag
3d5/2 of metallic Ag [13,14], indicating the existence of
Ag0 in the composite photocatalysts. I 3d presented two

(2021) 44:127

strong peaks at the binding energies of 618.6 and 630.4
eV, which can be ascribed to I 3d5/2 and I 3d3/2 of I– in
AgI [13]. As for the O 1s (supplementary figure S1b), the
binding energy at 532.4 eV is related to the O2– ions in the
Cu-BTC [11]. Therefore, the formation of the AgI/Ag/CuBTC ternary composite was further confirmed by the XPS
analysis.
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The optical absorption properties of the samples were
analysed by the UV–visible diffuse reflectance spectra
(figure 3). It can be observed that the deposition of AgI and
AgI/Ag can greatly improve the light adsorption of Cu-BTC
with slight shift of the absorption edges. Furthermore, the
bandgap (Eg) of the samples can be obtained using Tauc’s
formula by plotting (ahv)1/2 vs. hv and extrapolating the
linear part of the curves [3,13]. The Eg of AgI, AgI/CuBTC, AgI/Ag/Cu-BTC and Cu-BTC are estimated to be
2.63, 2.70, 2.74 and 2.77 eV, respectively.
The photocatalytic activity of Cu-BTC and AgI/Ag/CuBTC (x%) was investigated by photocatalytically degrading
TC under the same conditions (figure 4a). All the AgI/Ag/CuBTC (x%) samples displayed enhanced photocatalytic activities for TC degradation than that of Cu-BTC and the 20% AgI/
Ag/Cu-BTC revealed the highest activities. The effect of the
photocatalytic performance improvement was further investigated by comparing TC degradation efficiency on different
photocatalysts (figure 4b). AgI/Ag/Cu-BTC (20%) displayed
much higher TC degradation efficiency than that of AgI/CuBTC, AgI/Ag, AgI and Cu-BTC, which indicated that the
incorporation of Ag between Cu-BTC and AgI can greatly
increase the photocatalytic performance of AgI/Ag/Cu-BTC.
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Supplementary figure S3 showed the typical time-dependent
evolution of UV–visible spectra of TC, suggesting the efficient
degradation of TC on the 20% AgI/Ag/Cu-BTC. The pseudofirst-order catalytic reaction kinetics of TC degradation can be
obtained according to the kinetic equation [15,16]:
lnðC=C0 Þ ¼ kt;

ð1Þ

where C0 and Ct represent the TC concentration at time 0,
and t and k are the rate constants. The kinetic curves and
corresponding k-values are presented in figure 4c and d. The
k-values of 20% AgI/Ag/Cu-BTC for TC degradation is
about 3.41 times and 4.42 times higher than that of AgI/CuBTC and Cu-BTC, respectively. Therefore, incorporated Ag
played great role in the improvement of the photocatalytic
performance of 20% AgI/Ag/Cu-BTC.
The stability of 20% AgI/Ag/Cu-BTC photocatalysts was
also investigated by running several recycling TC degradation
processes (figure 5a). It can be found that there is no drastic
efficiency decrease for the TC degradation after four cyclic
degradation experiments, which may suggest the good
reusability of AgI/Ag/Cu-BTC. The photocatalytic scavenger
experiments were also performed with 20% AgI/Ag/Cu-BTC
to analyse the possible photocatalytic reaction mechanism. The

Figure 4. (a) Photodegradation of TC over various AgI/Ag/Cu-BTC (x%); (b) photodegradation, (c) kinetic linear
simulation curves and (d) rate constants of TC over different photocatalysts.
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Figure 5. (a) Recycling runs and (b) scavengers on elimination of TC on 20% AgI/Ag/Cu-BTC by simulated solar
light irradiation; (c) transient-photocurrent responses and (d) Nyquist plots of Cu-BTC and 20% AgI/Ag/Cu-BTC.

photocatalytic TC degradation under solar light irradiation is
presented in figure 5b with different scavenger addition. Where
tert-butanol (TBA), p-benzoquinone (BQ) and KI act as,
hydroxyl radical (OH), superoxide radical (O2–) and hole (h?)
quenchers, respectively. Obviously, addition of BQ and KI
greatly inhibited the TC degradation on the 20% AgI/Ag/CuBTC. The inhibition effect of BQ is a little higher than that of
KI. The results may indicate that O2– and h? played the most
roles in the photocatalytic process on 20% AgI/Ag/Cu-BTC.
Moreover, no distinct effect of TBA on the TC degradation
suggested that the OH was not the main reactive species in the
photodegradation.
Transient photocurrent response and electrochemical
impedance spectroscopy (EIS) were measured to investigate
the photocatalytic enhancement of the ternary composite
photocatalysts. Much higher instantaneous photocurrent can
be observed on 20% AgI/Ag/Cu-BTC than that on Cu-BTC
under solar light irradiation (figure 5c). The highly
enhanced photocurrent response may suggest the highly
efficient separation of photogenerated electron–holes on the
20% AgI/Ag/Cu-BTC. EIS Nyquist plots displayed that
20% AgI/Ag/Cu-BTC had much smallest arc radius than

that of Cu-BTC. In general, a smaller radius in EIS always
means rapid charge transfer and smallest interfacial resistance [6,17]. Therefore, the enhanced photocatalytic performance of 20% AgI/Ag/Cu-BTC may be due to its rapid
charge transfer and highly efficient photogenerated electron–hole separation.
The intermediates of TC degradation were identified
using LC-MS and their structures are presented in supplementary table S1. Based on the molecular structure of
the main intermediate, the two possible pathways for TC
degradation can be proposed as shown in figure 6. The
degradation of TC in first pathway undergoes the 1,3dipolar cyclic addition in ring B and the oxidation of Nmethyl to N-aldehyde group in ring A to form the P1
(m/z = 475), which can be further changed into P2 (m/z
= 436) by dislodging N–C bond and hydroxyl-substitution reaction. Subsequently, the fracture of carboatomic
ring A and ring B accompanied by the loss of methyl
and hydroxyl group in ring C leads to the formation of
P6 (m/z = 210), which can be further oxidized into P9
(m/z = 149). For pathway II, the elimination of the two
methyls in the tertiary amine firstly resulted in the
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Possible degradation pathway of TC in the AgI/Ag/Cu-BTC system.

Figure 7.

Schematic illustrating the proposed photocatalytic mechanism over the AgI/Ag/Cu-BTC.

formation of P3 (m/z = 416), with the subsequent generation of P4 (m/z = 402) through the loss of amino in
ring A. The P4 can be further transferred to P5 (m/z =
358) due to the loss of acylamino groups. Cleavage of
carboatomic ring B may form the P7 (m/z = 191) and P8
(m/z = 173). These intermediates can be finally mineralized into H2O, CO2 and other inorganic ions.
According to the above results, the indirect
Z-scheme photocatalytic mechanism on 20% AgI/Ag/
Cu-BTC under solar light irradiation is illustrated in
figure 7. Based on the Eg values, both Cu-BTC and AgI
can be excited by solar light to generate electron (e–)
and holes (h?) on each CB and VB. Then, the generated
e– on the CBCu-BTC may migrate to Ag via the Schottky
barrier due to the fact that the CBCu-BTC (-0.05 eV) [4]
is more negative than the Fermi level of metallic Ag

(?0.4 eV) [18]. As the VBAgI (?2.33 eV) is more
positive than the Fermi level of Ag, the delivered e– by
Ag can further transfer to the VBAgI and combine with
h? in VBAgI [17,19]. Therefore, the incorporated Ag
actually serves as a cross-linking bridge greatly
enhancing the separation of the VBAgI holes and
CBCu-BTC electrons. Then the remaining h? in VBCu-BTC
and e– in CBAgI have relatively higher oxidation ability
and reduction capacity, respectively. As illustrated, the
h? in VBCu-BTC can directly oxide TC. Moreover, the e–
on CBAgI may react with the adsorbed O2 to generate
reactive species O2– on the surface of 20% AgI/Ag/CuBTC, which may further react with TC. Therefore, the
indirect Z-scheme mechanisms on 20% AgI/Ag/Cu-BTC
may greatly increase the transfer and separation of
photogenerated charge, which extremely improved its
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photocatalytic activities. The reactive species of O2–
and h? have been verified by scavenger experiments and
the process of photodegradation of TC is summarized in
the following equations.
AgI=Cu-BTC þ hv ! AgIðe ; hþ Þ=Cu-BTCðe ; hþ Þ
ð2Þ
AgIðe ; hþ Þ=Cu-BTCðe ; hþ Þ
! AgIðe Þ þ Cu-BTCðhþ Þ


AgIðe Þ þ O2 !

O
2

TC þ Cu-BTCðhþ Þ þ O
2 ! degradation products
4.

ð3Þ
ð4Þ
ð5Þ

Conclusion

In conclusion, an indirect Z-scheme AgI/Ag/Cu-BTC ternary photocatalyst was constructed by incorporating Ag
between AgI and Cu-BTC, which displayed superior photocatalytic activities for TC degradation. The k-values of
20% AgI/Ag/Cu-BTC for TC degradation is about 3.41
times and 4.42 times higher than that of AgI/Cu-BTC and
Cu-BTC, respectively. The trapping experiment results
suggested that O–2 and h? played the dominant roles during
photocatalytic reaction. The enhanced photocatalytic
activity may be due to the rapid charge transfer and highly
efficient electron–hole separation, originating from the
indirect Z-scheme structures and the incorporated electron
mediator of Ag.
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