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enhanced photocatalytic activity via effective
defect†
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In recent years, photocatalytic degradation on inorganic semiconductors has been attracting widespread

attention. However, for a single semiconductor, the speed of the recombination of electrons and holes is

fast, which leads to a decrease in the absorption of sunlight, thereby affecting its photocatalytic efficiency.

Therefore, the coupling of semiconductor and metal–organic framework is of great significance due to its

porosity and large specific surface area. Herein, a composite photocatalyst was obtained by coupling ZIF-8

and TiO2ĲB) via a simple method. XRD, FT-IR spectroscopy, SEM, TEM, UV-visible diffuse reflectance

spectroscopy, XPS, EPR and EDS were used to study the as-prepared samples. Photocatalytic degradation

experiments confirmed that the composites have significantly improved photodegradation performance

due to the increased light utilization and fast charge carrier transfer. Moreover, the possible mechanism of

photodegradation was also proposed. This study provides an initial view on the coupling of semiconductor

and metal–organic framework to enhance the photocatalytic performance.

1. Introduction

Environmental hazards and energy problems are the two
major issues that have arisen along with the rapid
development of industries, and have become the key
challenges that mankind urgently needs to solve.1,2

Photocatalysis, a new and effective green process, converts
light energy into chemical energy to provide the energy
needed for reactions and oxidizes nearby water molecules and
oxygen into free anions during the catalysis. Therefore, it has
immeasurable application prospects in the field of
environmental protection and energy utilization.
Unfortunately, the development of photocatalysts limits the
development of the photocatalytic technology.

Semiconductor materials are currently the most widely
used photocatalysts, including oxides (TiO2,

3 ZnO,4 Fe2O3,
5

etc.), sulfides (ZnS,6 CdS,7 CuS,8 etc.), and novel
photocatalysts (g-C3N4,

9,10 ATiO3,
11 molecular sieve,12 etc.).13

With the growth of research on photocatalysts, the

application range of the photocatalytic technology has
broadened, which can not only be used to degrade organic
pollutants in wastewater into water and CO2 but also further
transform water into clean H2 energy. Therefore, research on
semiconductor photocatalysts is of great significance.14

TiO2 has been the most important photocatalyst in the
past few decades due to its excellent chemical stability,
thermal stability, good dispersibility, non-toxicity and low
cost.15 However, due to its slight wide band gap and the fast
recombination of electrons and holes, its practical
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applications are limited.16–19 In order to broaden the
application of TiO2, numerous methods, including metal and
non-metal doping, band gap engineering, semiconductor
coupling, morphology tuning and heterojunction fabrication,
have been studied to improve the shortcomings of TiO2.

1,20

Among them, semiconductor coupling is the common and
efficient way to make the effective use of sunlight and
improve the light stability of TiO2.

Metal–organic frameworks (MOFs) are a class of
multifunctional materials with repeated network structure

formed via the self-assembly of organic ligands and metal
ions. Because of their porosity, large specific surface area,
and unsaturated metal site, MOFs and composite MOF
materials have/application prospects in the catalytic
applications.21–24 Therefore, continuing research and
development on the multi-functional MOFs and composite
MOF materials and application in different fields will greatly
promote the mutual development of the disciplines.25–28

Among them, ZIF-8 is a simple and easy-to-synthesize porous
material that combines the high stability of inorganic zeolites

Fig. 2 SEM image of ZIF-8 (a) and TEM image of TiO2ĲB) (b), SEM and TEM images of TiO2ĲB)/ZIF-8 (c and d).

Fig. 3 (a) FT-IR spectra of TiO2ĲB), TiO2ĲB)/ZIF-8 and ZIF-8; (b) characteristic Raman spectra of TiO2ĲB), ZIF-8 and TiO2ĲB)/ZIF-8.
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with the high porosity and organic function of MOFs, making
it one of the most popular metal–organic frameworks.29,30

To date, numerous studies have been conducted to
combine ZIF-8 and semiconductor to prepare a composite
catalyst with higher catalytic efficiency. Li et al. reported the
successful loading of CoB onto ZIF-8 via a one-step reduction
method and examined its activity in the hydrogen
production.31 Zhang et al. successfully synthesized TiO2@ZIF-
8 hollow nanospheres with a double-shell structure by
ultrasonic crystallization for photocatalytic hydrogen

evolution.14 Pipelzadeh et al. prepared a new ZIF-8/TiO2

nanocomposite for the photocatalytic reduction of CO2 to
CH4 and CO.32 As expected, by combining ZIF-8 and TiO2,
the photocatalytic activity was greatly improved. Recently, a
black TiO2 (TiO2ĲB)) has been reported and attracted
considerable attention. Mao et al. proposed black TiO2 and
found that black TiO2 has stronger absorption of sunlight
than white TiO2.

33 Ye et al. reported nickel-loaded black TiO2

with an inverse opal structure and used for the stable and
efficient reduction of CO2.

20 Therefore, it was meaningful to
explore the photocatalytic activity of the TiO2ĲB)/ZIF-8
composite.

Unlike Zhang and Li who used pure TiO2 and ZIF-8 for
coupling, in this study, we prepared a composite catalyst with
high catalytic efficiency by coupling black TiO2 and ZIF-8.
XRD, EDS, SEM and TEM analyses confirmed the successful
combination of TiO2ĲB) and ZIF-8. Based on the results of
Raman, UV-vis diffuse reflectance, EPR and XPS, it is
proposed that the improvement of the photocatalytic activity
was due to the generation of oxygen vacancies and Ti3+.
Furthermore, the photocatalytic degradation mechanism of
TC is also discussed. This study provides important roadmap
for the continuous exploration of the application of MOF-
based semiconductor composites in photocatalysis and
environmental protection.

2. Experimental
2.1. Materials

All the chemicals used during the experiment did not require
further purification, and deionized water was used
throughout the experiment. Tetrabutyltitanate (C16H36O4Ti),
sodium borohydride (NaBH4, ≥98%), zinc nitrate
hexahydrate (ZnĲNO3)2·6H2O, ≥99.0%), absolute ethanol
(CH3CH2OH, ≥99.7%), methanol (CH4O, ≥99.5%), citric acid
(C6H8O7, ≥99.7%), ascorbic acid (C6H8O6, ≥99.7%), and iso-
propyl alcohol (C3H8O, ≥99.7%) were purchased from
Sinopharm Chemical Reagent Co. 2-Methylimidazole (C4H6N2,
≥98%) was purchased from Aladdin Industrial Corporation.

2.2. Preparation of black TiO2

Black TiO2 was prepared according to the previously reported
procedure.3 3.0 mL of tetrabutyltitanate was added to a
beaker containing 50 mL of deionized water. After stirring for
30 min, the mixture was poured into the reaction vessel and
reacted at 180 °C for 6 h. Then, the obtained sample was
centrifuged, washed 4 to 5 times with deionized water and
ethanol, and dried in an oven at 60 °C to obtain white TiO2.
Furthermore, 1.0 g of white TiO2 and 2.0 g of sodium
borohydride were mixed and ground evenly. Then, the
mixture was put into a tube furnace and calcined at 350 °C
for 1 h at a heating rate of 5 °C min−1. After the temperature
was naturally cooled, the calcined powder was washed for at
least 5 to 6 times with deionized water until the final washing
liquid became neutral, followed by drying in an oven at 60 °C
to obtain black TiO2.

Fig. 4 N2 adsorption isotherms measured at 77 K.

Table 1 Physical properties of sample

Samples BET (m2 g−1) Pore volume (cm3 g−1) Pore width (nm)

TiO2ĲB) 179.3 0.25 7.8
ZIF-8 2831.8 1.05 1.7
TiO2ĲB)/ZIF-8 710.5 0.46 5.0

Fig. 5 UV-vis diffuse reflectance spectra of different samples.
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2.3. Synthesis of the TiO2ĲB)/ZIF-8 composite

TiO2ĲB)/ZIF-8 composite was prepared via a simple method.
0.7437 g of zinc nitrate hexahydrate and 0.4105 g of
2-methylimidazole were dissolved in 50 mL of methanol, and
labeled as solution A and solution B, respectively. Then, 0.03
g of black TiO2 was dissolved in solution A and ultrasonically

dispersed. Thereafter, the solutions A and B were mixed with
mechanical stirring at 50 °C for 1 h. The mixture was then
centrifuged and washed 4 times with methanol and dried in
a vacuum oven at 80 °C. Moreover, different addition
amounts of TiO2ĲB) in the composite (0 g, 0.01 g, 0.03 g, 0.07
g, and 0.1 g) were obtained under identical conditions. Pure
ZIF-8 was obtained in the absence of TiO2ĲB) (0 g), and the

Fig. 6 XPS survey spectrum of TiO2ĲB)/ZIF-8 (a); high-resolution XPS spectrum of C 1s, Zn 2p, N 1s, Ti 2p, and O 1s (b–f).
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obtained composites were labeled as TiO2ĲB)/ZIF-8-x (x is the
amount of TiO2ĲB)).

2.4. Photocatalytic experiments

10 mg of the catalyst was dispersed in 100 mL solution
containing 10 mg L−1 tetracycline, and stirred under dark
conditions for 30 min to achieve an adsorption–desorption
balance. Then, the visible light source was turned on to start
the degradation experiment, and cold water was circulated to
keep the reaction at normal temperature. The samples were
taken every 15 min and centrifuged for the removal of the
solid catalyst. The filtrate was measured by the UV-vis
absorption spectroscopy and analyzed based on the change
of the concentration of tetracycline recorded by its
absorbance.3,14,34

2.5. Free radical scavenging test

To determine the role of the reactive substances in the
photodegradation of tetracycline, the free radical scavenging
experiments were carried out. The effects of holes, hydroxyl
radicals and superoxide radicals on the photodegradation
were studied using citric acid, ascorbic acid and iso-propyl
alcohol, respectively. A certain amount of the scavenger was
added in each experiment, keeping the experimental
conditions the same as the previous photocatalytic
experiments.35

3. Results and discussion

XRD was used to analyze the crystal structure of the as-
prepared sample. Fig. 1 shows the XRD patterns of the
TiO2ĲB), ZIF-8, and TiO2ĲB)/ZIF-8 composites. The
characteristic peaks of TiO2ĲB) were observed at 25.36°,
47.86°, 53.96°, 55.86°, and 62.74°, which were attributed to
the (101), (200), (105), (211), and (204) crystal planes of TiO2

(PDF# 71-1167), respectively.3 According to the ZIF-8
simulated card, it can be seen that the as-prepared sample
exhibited the characteristic peaks at 7.26°, 10.3°, 12.6°,
14.68°, 16.4°, 18.0° which were attributed to the (011), (002),
(112), (022), (013) and (222) crystal planes of ZIF-8, and were
consistent with the previous reports.14,30 For the composite
TiO2ĲB)/ZIF-8, the XRD pattern shows all the characteristic
diffraction peaks of ZIF-8, without any clear characteristic
peak of TiO2ĲB) due to the weak peak intensity of the
nanosized TiO2ĲB). SEM and TEM were further used to prove
the XRD results.

The morphology and size of the samples were analyzed via
SEM and TEM. The SEM image of ZIF-8 is shown in Fig. 2a;
its shape was a regular dodecahedron with uniform size and
distribution. Fig. 2b shows the TEM image of TiO2ĲB), which
can be found to be about 10 nm in size, conforming to the

Fig. 7 EPR spectra of TiO2ĲB)/ZIF-8.

Fig. 8 Electrochemical impedance spectra (a) and photocurrent intensity (b) of TiO2ĲB), ZIF-8 and TiO2ĲB)/ZIF-8, respectively.
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conjecture proposed via XRD. Fig. 2c displays the SEM image
of the TiO2ĲB)/ZIF-8 composite, which indicates that the
crystal structure of ZIF-8 was not destroyed after combination
with TiO2ĲB), and the dodecahedral structure was
maintained. No significant TiO2ĲB) was observed in the SEM
image due to the nanometer size of TiO2ĲB), but it can be
clearly seen in the TEM image (Fig. 2d) of the composite that
TiO2ĲB) was attached to the surface of ZIF-8. In addition, the
elemental composition of the TiO2ĲB)/ZIF-8 composite was
determined via EDS. As shown in Fig. S1,† five elements (C,
N, Ti, O and Zn) were detected in the composite, further
indicating that the composite was successfully synthesized.30

FTIR spectroscopy was performed to analyze the chemical
bonds present on the samples. Fig. 3a shows the FT-IR
spectra of TiO2ĲB), ZIF-8 and TiO2ĲB)/ZIF-8. The vibrational
bands of the as-prepared ZIF-8 at 422 cm−1 and 1584 cm−1

were assigned to the Zn–N and CN stretching vibrations,
respectively. The peaks appearing at 1423 cm−1 and 995 cm−1

are due to the stretching vibrations of C–N, and the vibration
bands at 1147 cm−1 and 1310 cm−1 were due to the bending
vibration of imidazole.14,29 These are the typical
characteristics of ZIF-8. For pure TiO2ĲB), the vibrational zone
between 400–700 cm−1 is attributed to the typical Ti–O–Ti
bond vibration and Ti–O stretching vibration mode. The
hydroxyl group resulted in a peak at 1632 cm−1, and the peak
between 3400 and 3500 cm−1 was due to the physical
absorption of water on the surface of TiO2ĲB).

3 All the
characteristic peaks of TiO2ĲB) and ZIF-8 are present in the
composite, indicating that the composite was successfully
synthesized.3,14,30,34 Fig. 3b shows the characteristic Raman
spectra of TiO2ĲB), ZIF-8 and TiO2ĲB)/ZIF-8. The peaks at
685.46 cm−1 and 1000–1600 cm−1 in ZIF-8 are caused by the
imidazole ring vibration, C–H sway, C5–N stretching
vibration and C4–C5 stretching mode.29 As shown by the
Raman spectrum of TiO2ĲB), the peaks at 161 cm−1 and 632
cm−1 belong to the Eg mode, and the peaks at 398 cm−1 and 516

Fig. 9 Photocatalytic degradation of TC under visible light (a), plot of −lnĲC/C0) versus irradiation time for the degradation of TC (b).

Fig. 10 The photocatalytic activity of TiO2ĲB)/ZIF-8 composites and the degradation of TC by different quenchers under visible light (a), the
photocatalytic degradation mechanism of the TiO2ĲB)/ZIF-8 composite under visible light (b).
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cm−1 belong to the B1g and A1g modes, respectively. This was
consistent with the crystal structure of TiO2ĲB).

36 Compared
to TiO2ĲB), the TiO2ĲB)/ZIF-8 composite has a slight redshift,
which was caused by the decrease in the grain size and
oxygen vacancies during the reaction.14,34

In order to characterize the porous structure and specific
surface area of the as-prepared TiO2ĲB), ZIF-8 and composite
material TiO2ĲB)/ZIF-8, nitrogen adsorption–desorption
studies were performed. Fig. 4 shows the adsorption–
desorption isotherm of the as-prepared sample. As shown in
Fig. 4, the curve corresponding to ZIF-8 shows type I
isotherm, indicating that it is microporous. The curve of
TiO2ĲB) is a type IV isotherm because TiO2ĲB) generates voids
during assembly, so it shows single-layer adsorption at a low
pressure and multilayer adsorption at a high pressure.29 The
composite shows a type IV isotherm, indicating a
mesoporous structure. The specific surface area, pore width
and pore volume of all the samples are summarized in
Table 1. Compared to that of TiO2ĲB), the specific surface
area of the composite material increases. This is because ZIF-
8, as a metal–organic framework, can well-disperse TiO2ĲB),
allowing it to be evenly distributed around its framework. A
large specific surface area means that more active sites will
participate in the reaction, thereby improving the efficiency
and speed of the photocatalytic degradation of the
pollutants.

The light absorption ability of the samples was analyzed
via UV-vis diffuse reflectance spectroscopy. In Fig. 5, it is
observed that the absorption wavelength of ZIF-8 is at around
230 nm, which means that ZIF-8 can only respond to UV
light. For TiO2ĲB), its absorption in the visible region
significantly enhanced compared to the white TiO2 reported
in the literature, which was due to the introduction of Ti3+

and oxygen vacancies.15 When ZIF-8 and TiO2ĲB) were
combined, the TiO2ĲB)/ZIF-8 composite exhibits a wider
absorption edge that extends into the visible region. This was
due to the close contact between ZIF-8 and TiO2ĲB), which
alters the light absorption capacity of the composite.3,14 The
band gap energies of TiO2ĲB) and the TiO2ĲB)/ZIF-8 composite
are also displayed in Fig. 5. Compared to ZIF-8, the band gap
of TiO2ĲB) and all the composites were smaller. The
broadened visible-light absorption would enhance the
photodegradation properties of the TiO2ĲB)/ZIF-8 composite.

To analyze the chemical bonds and elemental composition
present on the surface of the samples, XPS study was carried
out. Fig. 6a shows the XPS survey spectrum of the TiO2ĲB)/
ZIF-8 composite, confirming the presence of five elements,
i.e., N, Ti, C, O, and Zn, in the composite. In the spectrum of
C 1s (Fig. 6b), the peaks at 284.6 eV and 285.1 eV are due to
the C–C and C–N bonds, respectively.14 As shown in Fig. 6c
(N 1s), the peaks at 398.95 eV and 399.45 eV are attributed to
the C–N bond and the N–Ti–O bond of the imidazole ring in
ZIF-8. The N–Ti–O bond indicated that the N atoms in the
imidazole ring replaced some O atoms on the TiO2ĲB)
producing oxygen vacancies, which was consistent with the
Raman results.14 It can be seen in Fig. 6d that the XPS

spectrum of O 1s produces bumps at 531.3 eV and 532.3 eV
due to the Ti–O bond and organic impurities,
respectively.37,38 Fig. 6e shows the XPS spectrum of Zn 2p,
and the peaks at 1021.9 eV and 1045 eV are caused by Zn
2p3/2 and Zn 2p1/2, respectively.

31,39 From Fig. 6f (Ti 2p), it
can be seen that the binding energies at 458.4 eV and 464.1
eV is ascribed to Ti4+ in TiO2ĲB).

3,40 The peak at 459.5 eV was
due to the low oxidation state (Ti3+) in TiO2ĲB).

41 Therefore,
the above XPS measurement results further proved that the
composite was successfully prepared and the presence of
oxygen vacancies in the composite.

In order to detect Ti3+ and oxygen vacancies in the
composite, EPR studies were conducted. Fig. 7 shows the
EPR spectrum of the composite. It can be seen that in the
EPR spectrum of the composite, a clear symmetric signal is
detected at g = 1.98, which can be attributed to the formation
of defects in the sample, such as oxygen vacancies.

Fig. 8a shows the results of electrochemical impedance
spectroscopy (EIS) measurements of the three samples.
Compared to ZIF-8, the TiO2ĲB) and TiO2ĲB)/ZIF-8 composites
have smaller impedance arc radii, with TiO2ĲB) being the
smallest. The small arc radius can increase the electron
transfer speed and further improve the photocatalytic activity
of the TiO2ĲB)/ZIF-8 composites. Fig. 8b displayed the
photocurrent intensity of all the samples. Although TiO2ĲB)
has the smallest impedance arc radius and the strongest
photocurrent, as shown in Fig. 8b, its photocurrent intensity
will gradually decrease with time. The photocurrent intensity
of the TiO2ĲB)/ZIF-8 composite was almost constant,
demonstrating that the composite has better stability than
TiO2ĲB).

Fig. 9a shows the photocatalytic degradation of TC in
presence of different photocatalysts. For ZIF-8 and TiO2ĲB),
the concentration of TC decreased by only 10% and 22% after
90 min under visible light irradiation. Compared with ZIF-8
and TiO2ĲB), all the composites have good degradation
effects. Also, with the increase in the amount of TiO2ĲB), the
photodegradation effects of the composite material gets
better and better. In particular, the degradation effect of the
TiO2ĲB)/ZIF-8-0.05 composite was found to be optimum,
which was 8 times and 3.6 times higher than that of ZIF-8
and TiO2ĲB), respectively. This is because ZIF-8 can disperse
TiO2ĲB) more uniformly, thereby allowing more active sites to
participate in the photodegradation reaction. The
deterioration of the photodegradation effect of the TiO2ĲB)/
ZIF-8-0.07 and TiO2ĲB)/ZIF-8-0.1 composites is due to the
excessive aggregation of TiO2ĲB), which reduces the
absorption of sunlight. As shown in Fig. 9b, the TiO2ĲB)/ZIF-
8-0.05 composite also has the highest apparent rate constant,
indicating that the oxygen vacancies can promote electron
transfer and further increase the speed of the
photodegradation of the composite.

In order to study the role of holes (h+), hydroxyl radical
(˙OH) and superoxide radicals (O2˙

−) in the degradation of the
pollutants, a series of free radical scavenging experiments
were performed, and the results are shown in Fig. 10a. The
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degradation of TC was observed to be significantly inhibited
in the presence of AA and CA, and the degradation of TC was
also found to be affected in the presence of IPA. These results
indicated that the role of holes (h+) and superoxide radical
(O2˙

−) was critical in the degradation of TC, with the hydroxyl
group (˙OH) playing a supporting role. In order to determine
the energy band structure of TiO2ĲB)/ZIF-8 in a better way, the
flat band potential of TiO2ĲB) was measured using a Mott–
Schottky plot. As can be seen from Fig. S2,† TiO2ĲB) is a
typical n-type semiconductor, and the flat band potential of
TiO2ĲB) is −0.8 V (vs. SCE), thus the standard hydrogen
electrode is −0.558 V (vs. NHE) via calculate.42 According to
previous studies, it can be concluded that the conduction
band (CB) of the n-type semiconductor is 0.1–0.3 eV lower
than of the flat band potential.43,44 Therefore, the conduction
band position of TiO2ĲB) was −0.658 eV, and the valence band
position was calculated to be 2.012 eV according to the band
gap diagram of Fig. 5. According to the conduction band and
valence band positions of TiO2ĲB), the band structure of
TiO2ĲB) was obtained and a possible photocatalytic route was
proposed. As can be seen from Fig. 10b, the electrons and
holes are generated on TiO2ĲB) under excitation by light. In
addition, the electrons are transferred from the conduction
band of TiO2ĲB) to ZIF-8, and then O2 was electronically
oxidized to superoxide radicals (O2˙

−) to decompose TC.
Simultaneously, the holes (h+) not only decompose TC but
also oxidize water to hydroxyl groups (˙OH) to decompose TC,
which was consistent with the results of the capture
experiments.

4. Conclusions

In summary, the TiO2ĲB)/ZIF-8 composite was synthesized via a
simple method. Through various characterization techniques, it
was concluded that the narrow band gap of the composite was
due to the increased oxygen vacancies and the introduction of
Ti3+ species. Compared to that of bare TiO2ĲB) and ZIF-8, the
degradation effect of the TiO2ĲB)/ZIF-8-0.05 composite increased
by 8 and 3.6 times, respectively. These results provide important
clues for the semiconductor modification and coupling with
metal–organic frameworks, which need to be continuously
developed and applied in practice.
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