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and achieved a unified Fermi level between them. 
Simultaneously, an internal electric field would be 
formed at the contact interface, and it promoted the 
transformation of electrons and prevented the propa-
gation of holes in the same direction when excited 
by UV light. That achieved the effective separation 
of photo-generated electrons and holes and contrib-
uted to the excellent photocatalytic performance for 
degrading tetracycline. This work not only provides a 
new approach to construct the composite heterojunc-
tion photocatalyst, but also demonstrates the possibil-
ity of utilizing binary nanocomposites for enhanced 
photocatalytic degradation of antibiotic wastewater.

Keywords  Photocatalyst · Heterojunction · 
ZrMo2O8 · TiO2 · DFT calculation

Introduction

In modern society, with the great development of 
industrialization and urbanization, more and more 
wastewater is discharged into the environment [1]. 
Industries, such as textile [2], dyeing [3], electroplat-
ing [4], paper [5], food processing [6], and pharma-
ceutical [7], consume plenty of water resources for 
various production and discharge enormous wastes. 
Antibiotic-containing wastewater, like tetracycline 
(TC), ciprofloxacin (CIP), penicillin (PCN), oxytetra-
cycline (OTC), and streptomycin (SM), is one of the 
most harmful types of industrial organic wastewater 
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[8, 9]. Generally speaking, if this type of wastewater, 
containing complicated toxic and harmful organic 
substances, is discharged without proper treatment, it 
will pose a serious threat to the environmental safety 
and human health [10, 11]. Therefore, the treatment 
techniques of antibiotic wastewater have aroused con-
siderable attention of many researchers in environ-
mental field.

At present, the treatment techniques of antibiotic 
wastewater mainly include biological degradation 
[12], adsorption [13], chemical methods [14], mem-
brane separation [15], advanced oxidation technolo-
gies [16], photocatalysis [17], and so on. As we know, 
each process has its own advantage and disadvantage. 
The biodegradation is relatively mature, but stringent 
reaction conditions and well-domesticated microor-
ganisms are required. The equipment and operation 
of adsorption are simple, while the disposal of waste 
adsorbent (a hazardous waste) has become another 
problem. Chemical methods can achieve better treat-
ment efficiencies, but the consumption cost is expen-
sive. Membrane separation has good selectivity and 
low energy consumption, whereas it exists membrane 
contamination and regeneration problems. Advanced 
oxidation technologies, including traditional Fenton 
method, Fenton-like method, electrochemical oxida-
tion, supercritical water oxidation, and wet air oxi-
dation, are generally required higher treatment costs. 
Compared with these techniques above, photocataly-
sis is one of the most promising antibiotic wastewa-
ter treatment strategies owing to its high efficiencies, 
ambient operating conditions, being environment-
friendly, recyclability, and low operating costs [18, 
19].

Photocatalysis is one of ideal wastewater treat-
ment processes developed in recent years, and it is 
reported to transfer the solar energy into the chemical 
energy with the help of photocatalyst [20]. Photoca-
talysis can be employed to achieve the degradation of 
environmental pollutants [21–23], the transformation 
of organic substances [24], the reduction of heavy 
metals [25] and CO2 [26, 27], hydrogen production 
[28–30], overall water splitting [31], and so on. The 
main mechanism of photocatalysis is to use the photo-
produced electrons (and derived oxygen radicals) and 
the photo-produced holes (and derived hydroxyl radi-
cals) of semiconductor photocatalysts to degrade pol-
lutants in the wastewater. Namely, electrons in semi-
conductor materials can transit from the valence band 

to conduction band and form photo-produced elec-
trons in conduction band and photo-produced holes in 
valence band under the excitation of light. As one of 
crucial factors in photocatalysis, highly efficient pho-
tocatalysts play an important part to remove pollut-
ants, thus attracting great efforts to develop. The tra-
ditional photocatalysts mainly include TiO2 [32, 33], 
C3N4 [34–36], Ag3PO4 [37–39], ZnO [40, 41], ZrO2 
[42, 43], MoS2 [44, 45], ZnSnO3 [46], and they can 
accelerate the removal rates of pollutants to a certain 
degree. In addition to traditional catalysts, many new 
photocatalysts have been developed in recent years, 
and Zr(MoO4)2 is one of them [47–49].

In order to exploit the potential of photocatalysts as 
much as possible, the development of nanoscale pho-
tocatalysts has attracted the attention of many scholars. 
As a classical photocatalyst, TiO2 has obtained many 
research results in the field of photocatalysis. Liu et al. 
[50] studied three types of nano-TiO2 and pointed out 
that it can effectively photocatalytically degrade ben-
zylamine. Lin et al. [51] applied nano-TiO2 colloid to 
photocatalytic degradation of gaseous formalin and 
achieved gratifying results. Meanwhile, the synthesis 
of photocatalysts with special 2D structure was also 
one of the ways to effectively improve the photocata-
lytic performance. Moradi et al. anchored CuO nano-
particles and ZnO nanorods on g-C3N4 nanosheets. 
The compound material was applied to the photocata-
lytic decontamination of amoxicillin, and the results 
were satisfactory [52]. Liang et  al. [53] suggested 
the Co-doped MoS2 nanosheet could considerably 
improve the C3N4 photocatalytic hydrogen evolution 
activity as co-catalyst. As a photocatalytic material 
with a layered crystal structure, Zr(MoO4)2 also could 
theoretically obtain a special 2D nanosheet struc-
ture through rational synthesis method optimization, 
thereby improving its photocatalytic activity.

Moreover, the degradation effect of single photo-
catalysts is generally limited due to their restricted light 
absorption range and poor charge separation, generat-
ing negative impact to the recombination of photo-pro-
duced electron–hole pairs. This negative impact would 
hinder the improvement of photocatalytic efficiencies. 
Accordingly, efforts have been making to focus on a 
composite photocatalyst heterojunction, which would 
effectively reduce the recombination rate of photo-
produced electron–hole pairs and expand the light 
absorption range [54]. You et  al. [55] had prepared a 
CdS/C3N4 heterojunction that greatly promoted the 
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photocatalytic degradation of rhodamine B. Su et  al. 
[56] synthesized a bioinspired hierarchical BiVO4/
BiOCl heterojunction, proving its excellent photocata-
lytic degradation activity for the phenol. Zhang et  al. 
[57] pointed out that the heterojunction photocatalyst 
gained from Ag3PO4 and CdWO4 effectively promoted 
the photocatalytic degradation of rhodamine B. Com-
bined the advantages of nanomaterials/2D materials 
with the photocatalyst heterojunction, the 2D rhombic 
ZrMo2O8 nanosheet in this work was firstly synthe-
sized. Based on this, the photocatalyst heterostructure 
was successfully synthesized by compounding it with 
nano-TiO2. The photocatalyst was characterized by 
many modern instruments, including X-ray diffraction 
(XRD), UV–vis diffuse reflectance spectra (UV–vis), 
scanning electron microscopy–energy-dispersive spec-
troscopy (SEM–EDX), X-ray photoelectron spectros-
copy (XPS), transmission electron microscopy (TEM), 
and so on. Also, we utilized the tetracycline to verify 
the photocatalytic effect of composite materials. The 
impact factors, including photocatalyst types, reac-
tion time, whether to provide the radiation of light, and 
the kinetics of photocatalytic reaction, were studied 
in experiments. Besides, the photocatalytic degrada-
tion performance, mineral phase, and the microscopic 
morphology of reused photocatalyst were evaluated. 
The solid photoluminescence (PL), the electron spin 
resonance (ESR), and the electrochemical analysis were 
also conducted to deeply illustrate the photocatalysis 
mechanism. Besides, the software of Vienna Ab initio 
Simulation Package (VASP) and the theory computa-
tion of spin-polarized density functional theory (DFT) 
were employed to reveal the transformation of photo-
induced electrons and holes. The findings of experi-
ments and theoretical calculation demonstrated that the 
composite catalyst (Ti@0.35Zr) exhibited outstanding 
photocatalytic activities to degrade the tetracycline. 
Moreover, these findings were highly recommended to 
develop more suitable photocatalysts to degrade antibi-
otics and alleviate the environmental pollution.

Experiments and methods

Synthesis of catalyst

The original nano-TiO2 sample (hereinafter referred 
to as TiO2) was bought from Sigma-Aldrich 
(USA). The synthesis method of original 2D 

rhombic ZrMo2O8 nanosheet (hereinafter referred 
to as ZrMo2O8) was as follows: First of all, 0.054 g 
of zirconium nitrate (Zr(NO3)4·5H2O) was dissolved 
into 100  mL of deionized water, and then treated 
by ultrasonic for about 30 min to obtain transparent 
solution. Secondly, 0.11  g of ammonium molybdate 
((NH4)2MoO4) was dissolved into 100 mL of deion-
ized water (348  K) to obtain transparent solution. 
Thirdly, after the two solutions obtained in above 
steps were mixed, the mixture was transferred to three 
100  mL of steel autoclaves with Teflon-lined stain-
less and reacted at 433 K for 10 h in a blast drying 
oven. After the reaction was completed, the mixture 
was cooled naturally, and the supernatant was poured 
out; then, the remaining white powder was put into 
the centrifuge tube and was centrifuged with deion-
ized water and alcohol several times. And then, the 
centrifuged material was taken out after the water and 
product completely separated. The synthetic product 
was drying in a blast drying oven at 378 K to constant 
weight, and original 2D rhombic ZrMo2O8 nanosheet 
was acquired.

The synthesis method of a composite catalyst of 
ZrMo2O8 and TiO2 was as follows: 0.054 g of zirco-
nium nitrate (Zr(NO3)4·5H2O) and a certain amount 
of TiO2 (the mole ratio of Ti and Zr ranged from 
1/0.15 to 1/0.75) were dissolved into 100  mL of 
deionized water, and then treated by ultrasonic for 
about 45 min to obtain a homogeneous mixture. The 
subsequent synthesis steps were the same as those of 
original ZrMo2O8. The synthetic product was named 
as Ti@0.15Zr to Ti@0.75Zr.

Characterization of materials

To clarify various properties of fabricated materials, 
photocatalysts were characterized by many advanced 
equipment. The morphologies of materials were 
observed by the Hitachi S-3400  N scanning elec-
tron microscope and FEI Talos F200s transmission 
electron microscope, equipped with the high-angle 
annular dark-field scanning transmission electron 
microscopy (HAADF-STEM) and FEI Super-X EDS 
detector. The mineral composition of materials was 
measured by XRD patterns of the Shimadzu XD-3A 
diffractometer, employing the radiation of Cu-Kα 
(λ = 1.54056  Å). The surface chemical composition 
of catalysts was examined by PHI 5000 VersaProbe 
X-ray photoelectron spectroscopy spectra. The optical 
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properties of materials were detected by UV–vis 
spectra using the PerkinElmer ultraviolet spectropho-
tometer. The charge carrier separation was measured 
via the solid photoluminescence under 400  nm, uti-
lizing the Hitachi F-7000 fluorescence spectrometer. 
The active species in photocatalytic systems were 
analyzed by electron spin resonance using an elec-
tron paramagnetic resonance spectrometer (EMXmi-
cro-6/1/P/L, Karlsruhe, Germany), and 5,5-dime-
thyl-1-pyrroline N-oxide (DMPO) was selected as a 
capturing agent to trap the free radicals of ·O2

− and 
·OH. The electrochemical impedance spectroscopy 
and photocurrent were measured by CHI 660E elec-
trochemical workstation. The three-electrode system 
was used in the electrochemical test. The sample elec-
trode was the working electrode. The platinum sheet 
electrode was the counter electrode, and the saturated 
calomel electrode was the reference electrode. The 
0.2  mol/L Na2SO4 solution was the electrochemical 
test electrolyte.

Photocatalytic experiments

In experiments, tetracycline was used as a pollutant 
to investigate the degradation effect of photocatalyst 
under the irradiation of UV light (30-W Hg lamp). 
The intensity of UV light was about 21.9  μW/cm2 
(at 420  nm) and 11.7  μW/cm2 (at 365  nm), which 
was measured by ultraviolet irradiatometer (manu-
factured by Beijing Normal University). In each test, 
photocatalyst (0.010 g) was put into 30 mL of tetra-
cycline solution to maintain the initial concentration 
of 40 mg/L. All photocatalytic experiments were con-
ducted at room temperature (298 K, control by indoor 
air conditioner), and the reaction liquids were put 
into a transparent photocatalytic reaction vessel. The 
photocatalytic reaction time was from − 15 to 50 min, 
and the UV light was turned at 0 min. The reaction 
without light (− 15 to 0  min) promoted the nearly 
adsorption saturation between photocatalyst and tetra-
cycline. After the photocatalytic degradation experi-
ment, ultraviolet visible spectrophotometer was used 
to measure the remnant concentration of tetracycline 
at 360 nm [58, 59].

In our research, to illustrate the photocatalytic mech-
anism of this reaction, the active species produced in 
the photocatalytic reaction were analyzed, and different 
types of capturing agents were put into the mixtures to 
quench the reactive species. These scavengers included 

0.037  g of EDTA-2Na, 0.0094  g of tert-butyl alco-
hol (TBA), 0.0108  g of 1,4-benzoquinone (BQ), and 
0.0142 g of CCl4. In addition, to evaluate the photocata-
lytic properties of recycled photocatalyst, the consecu-
tive cycles were done to determine the photocatalytic 
efficiencies of tetracycline, and the photocatalyst was 
reused for four times. After each recycled cycle, a 0.45-
μm filter membrane was used to filter the photocatalyst 
from the reaction liquid, and the recycled photocatalyst 
was then washed by deionized water for several times. 
After that, the recycled sample was dried to a constant 
weight at 348  K in a blast drying oven for the next 
usage.

DFT calculation

To explain the improvement of photocatalytic perfor-
mance and special properties of composite material 
more deeply, the theoretical computation was intro-
duced to analyze and simulate the structure of the crys-
tal model of photocatalyst. VASP software [60] and 
spin-polarized DFT were carried out to investigate the 
mechanism of photocatalytic reaction process. The 
exchange–correlation potential was computed by Per-
dew–Burke–Ernzerhof (PBE) functional [61, 62] within 
the generalized gradient approximation (GGA) method 
[63, 64]. Also, the cutoff energy was 450 eV and the 
K-point grids of dimensions 5 × 5 × 5 were in the com-
puted process. Figure  1 displays the theory structure 
and the surface model of TiO2 and ZrMo2O8. We calcu-
lated the band structure and density of states using the 
crystal model of TiO2 (Fig. 1a) and ZrMo2O8 (Fig. 1b). 
The work function was also computed through the sur-
face model of model of TiO2 (Fig.  1c) and ZrMo2O8 
(Fig. 1d). First of all, both the atomic coordinates and 
cell parameters of TiO2 and ZrMo2O8 were optimized 
during the process of calculation. Besides, the theoreti-
cal crystal structure of TiO2 was a cell unit, including 4 
Ti atoms and 8 O atoms. The theoretical crystal struc-
ture of ZrMo2O8 was a cell unit, including 6 Zr atoms, 
12 Mo atoms, and 48 O atoms.

Results and discussions

XRD

To analyze the mineral structure composition of sam-
ples, the XRD patterns of original TiO2, ZrMo2O8, 
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and composite catalysts with different Ti/Zr ratios 
were measured, as shown in Fig. 2. It was observed 
that the main peaks of original TiO2 could be found 
at 2θ: 25.28°, 27.36°, 37.78°, 48.00°, 53.94°, 55.06°, 
and 62.72°. The relative interplanar spacings were as 
follows: 0.352  nm, 0.326  nm, 0.238  nm, 0.189  nm, 
0.170 nm, 0.169 nm, and 0.148 nm. These peaks were 
matched with the standard peaks of PDF#65–5714 
(TiO2). In addition, the characteristic diffraction 
peaks of original ZrMo2O8 were at 2θ: 18.16°, 21.62°, 
24.78°, 27.30°, 30.00°, 30.99°, 34.22°, 35.94°, 
41.88°, 47.50°, 51.06°, 51.34°, and 56.22°. The rela-
tive interplanar spacings were as follows: 0.488 nm, 
0.411 nm, 0.359 nm, 0.326 nm, 0.298 nm, 0.288 nm, 
0.262 nm, 0.250 nm, 0.215 nm, 0.191 nm, 0.179 nm, 
0.178  nm, and 0.163  nm. Besides, for the compos-
ite catalysts, both the curves of TiO2 and ZrMo2O8 
could be clearly found in their XRD patterns. Also, 
with the growing of Ti ratio, the relative intensity of 
TiO2 peaks increased gradually. Therefore, according 
to these analysis results of XRD, the composite pho-
tocatalysts should be the construction compounds of 
TiO2 and ZrMo2O8.

Fig. 1   The theory structure of the crystal model of TiO2 (a) 
and ZrMo2O8 (b) and the theory structure of the surface model 
(for work function calculation) of TiO2 (c) and ZrMo2O8 (d). 
The atom of O is red ball, the atom of Ti is blue gray ball, the 
atom of Zr is green ball, and the atom of Mo is grayish purple 
ball

Fig. 2   XRD patterns of 
original TiO2, ZrMo2O8, 
and composite catalysts 
with different Ti/Zr ratios
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UV–vis diffuse reflectance spectra

The light absorption is one of the most crucial ele-
ments determining the performance of photocatalysis. 
UV–vis diffuse reflectance spectra were employed 
to evaluate the optical properties and the band gap 
of original TiO2, ZrMo2O8, and composite catalysts 
with different Ti/Zr ratios, as depicted in Fig. 3. The 
absorption bands of ZrMo2O8 were around 250 to 
400 nm. So, the ZrMo2O8 exhibited excellent absorp-
tion capacity for near-ultraviolet region light. As a 
recognized near-ultraviolet photocatalyst, the absorp-
tion bands of TiO2 were around 250 to 415  nm. In 
addition, all the absorption bands of composite cat-
alysts with different Ti/Zr ratios were between the 
original ZrMo2O8 and TiO2. Besides, with the grow-
ing of Ti ratio, the absorption bands were gradually 
moved from ZrMo2O8 to TiO2.

Tauc equation was employed to calculate the 
band gap energy of ZrMo2O8, TiO2, and composite 
catalysts [65, 66]. The value of Eg can be obtained 
through plotting the curve of [a(v)hv]2 versus hv 
and extrapolating the linear part of the curve to zero 
absorption coefficient. Herein, the band gap analy-
sis and plotting process were conducted and are dis-
played in Fig.  3. The calculation results displayed 
that the band gap energy of original ZrMo2O8 and 

TiO2 was 3.33 eV and 3.21 eV, respectively. Besides, 
the band gap calculation results of composite cata-
lysts were between 3.33 and 3.21  eV, and the spe-
cific results were 3.31  eV (Ti@0.75Zr), 3.29  eV 
(Ti@0.55Zr), 3.27  eV (Ti@0.35Zr), and 3.25  eV 
(Ti@0.15Zr). Generally speaking, all these compos-
ite catalysts obtained excellent near-ultraviolet region 
light absorption abilities.

SEM–EDX

The SEM and EDX analytical technology was uti-
lized to observe the microscopic morphology and 
composition of samples. Figure  4 depicts the SEM 
and EDX analytical results of ZrMo2O8. Obviously, 
the synthesized ZrMo2O8 presented the structure of 
a rhombic nanosheet. The side length of a rhombic 
nanosheet ranged from 400 to 600 nm, and the thick-
ness of the nanosheet might be smaller than 20 nm. 
Also, Fig.  4c  to f describes the element mapping 
area and analysis results. Elements of Mo, O, and Zr 
almost evenly distributed in the whole EDS analysis 
area, implying the sample should be ZrMo2O8. Fig-
ure  4h  shows the element distribution results along 
the EDS line in Fig.  4c. All the elements including 
Mo, O, and Zr could be found along the EDS line, 
and the strength remained basically stable, which 

Fig. 3   UV–vis diffuse 
reflectance spectra (plotting 
results of band gaps energy) 
for original TiO2, ZrMo2O8, 
and composite catalysts 
with different Ti/Zr ratios
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further implied that the sample consisted of Mo, O, 
and Zr elements. Figure 4g and i shows the EDS area 
results of Fig.  4c  and the total element composition 
results of the EDS line in Fig. 4c. The element com-
positions gained from Fig. 4g and i were basically the 
same as each other. The specific results (atom%) were 
as follows: Fig. 4g: 15.9% Mo, 9.74% Zr, and 74.36% 
O, and Fig. 4i: 16% Mo, 9.8% Zr, and 74.2% O. As a 
semi-quantitative analysis result, the element compo-
sition of EDS was basically in line with the molecular 
formula of ZrMo2O8. Consequently, the synthesized 
sample should be ZrMo2O8 nanosheet.

The morphology of a composite catalyst 
(Ti@0.35Zr) is depicted in Fig.  5a  and b. As 
depicted in Fig.  5a, ZrMo2O8 nanosheet and 
nano-TiO2 were tightly mixed together, and more 
details could be obtained from Fig.  5b. ZrMo2O8 

still maintained the morphology of original rhom-
bic nanosheet (the side length ranged from 400 
to 600  nm, and the thickness was around 20  nm). 
Also, TiO2 exhibited the morphology of nanopar-
ticles, and the particle size ranged from about 20 
to 40  nm. This closely combined heterojunction 
could be favorable to the transformation between 
photo-generated electrons and holes. Figure  5c  to 
g shows the element mapping area and analysis 
results. The elements of Mo, O, Ti, and Zr were 
almost evenly distributed in the whole EDS anal-
ysis area, and that proved the composite was the 
homogeneous mixture of ZrMo2O8 and TiO2. Fig-
ure 6c and f shows the element distribution results 
along the EDS line in Fig. 5c. It was presented that 
all the elements including Mo, O, Ti, and Zr could 
appear along the EDS line and the result strength 

Fig. 4   SEM results of ZrMo2O8 nanosheet (a and b); EDS area and EDS line (c); EDS mapping results of Mo (d), O (e), and Zr (f); 
surface EDS results (g); element distribution results along the EDS line (h); and line EDS results (i)
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remained basically stable, which further stated the 
sample consisted of Mo, O, Ti, and Zr elements. 
Figure 6a and b depicts the EDS surface results and 
the total element composition results of the EDS 
line in Fig.  5c. The element compositions gained 
from Fig. 6a and b were basically the same as each 
other. The specific results (atom%) were as follows: 
Fig.  6a: 8.9% Mo, 5.4% Zr, 15.3% Ti, and 70.4% 
O, and Fig. 6b: 8.8% Mo, 5.2% Zr, 15.4% Ti, and 
70.6% O. As a semi-quantitative analysis result, the 
element composition of EDS was mainly in agree-
ment with the molecular formula of ZrMo2O8 and 
TiO2. Therefore, the synthesized sample should be 
the heterojunction of ZrMo2O8 nanosheet and TiO2 
nanoparticles.

XPS

The XPS analysis of a composite catalyst 
(Ti@0.35Zr) was conducted to evaluate the surface 
chemical composition, as depicted in Fig.  7. The 
main curves of a composite catalyst (Ti@0.35Zr) 
appeared at around 564.1  eV (Ti2s), 530.1  eV 
(O1s), 464.1 eV and 459.1 eV (Ti2p), 416.1 eV and 
398.1  eV (Mo3p), 336.1  eV and 333.1  eV (Zr3p), 
233.2  eV (Mo3d), and 182.2  eV (Zr3d). All these 
curves belonged to elements of Zr, Mo, Ti, and O, 
which existed in the molecular formula of TiO2 and 
ZrMo2O8. Also, we could obtain more information 
from the XPS spectra of high resolution of Mo3d, 
Zr3d, Ti2p, and O1s, as displayed in Fig.  7b  to e. 

Fig. 5   SEM results of a composite catalyst (a and b, Ti@0.35Zr); EDS area and EDS line (c); and EDS mapping results of Mo (d), 
O (e), Ti (f), and Zr (g)
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The Mo3d3/2 and Mo3d5/2 spectra (in Fig. 7b) could 
be found at 235.7 eV and 232.5 eV, respectively. The 
appearance of Mo3d3/2 and Mo3d5/2 might be attrib-
uted to the Mo6+ in ZrMo2O8 [67]. Besides, it could 
be seen in Fig. 7c that Zr3d3/2 and Zr3d5/2 were found 
at 184.7 eV and 182.4 eV, respectively, which might 
be ascribed to the Zr4+ in ZrMo2O8 [68]. Moreover, 
Ti2p3/2 and Ti2p1/2 could be found at 458.4  eV and 
463.9  eV in Fig.  7d, and that belonged to the Ti4+ 
in TiO2 [22, 69]. Figure  7e  displays the spectrum 
of O1s which could be split into peaks at 530.5  eV 
and 529.9  eV, and these two peaks might be corre-
sponding to different O2− in ZrMo2O8 and TiO2, 
respectively. Additionally, the element proportion 
(atomic%) analysis results gained from XPS detec-
tion were 8.7% Mo, 4.4% Zr, 15.5% Ti, and 71.4% O, 
which were nearly consistent with the molecular for-
mulas of ZrMo2O8 and TiO2.

TEM

The TEM equipment with the high-angle annular 
dark-field scanning transmission electron micros-
copy was applied to further obtain the detail infor-
mation of microscopic morphology and composition 
about composite photocatalyst, as displayed in Fig. 8 
and Fig.  9. ZrMo2O8 nanosheets and TiO2 nanopar-
ticles were clearly observed in the composite cata-
lyst (Ti@0.35Zr, Fig.  8a). Also, the side length of 
ZrMo2O8 nanosheets ranged from 400 to 600 nm, and 
the nanoparticle size of TiO2 was around 20 to 50 nm. 
Meanwhile, it was presented that ZrMo2O8 and TiO2 
were closely combined to form a heterojunction. Fig-
ure  8c  to g depicts the element mapping results of 
total elements (Mo, Zr, Ti, and O). Elements of Mo, 
Zr, and Ti were mainly distributed in the nanosheet 
region in Fig. 8a, while an element of O was relatively 

Fig. 6   The surface EDS results (a) and the line EDS results (b) in Fig. 5c of a composite catalyst (Ti@0.35Zr). Element distribution 
results along the EDS line (c to f) in Fig. 5c of a composite catalyst (Ti@0.35Zr)
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Fig. 7   a The wide-scan XPS of a composite catalyst (Ti@0.35Zr). The high-resolution XPS spectra of Mo3d (b), Zr3d (c), Ti2p (d), 
and O1s (e)
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evenly scattered throughout the whole region, proving 
the existence of ZrMo2O8 nanosheets and TiO2 nano-
particles once again. In addition, it was depicted in 
Fig.  8c  to f that the element distribution of Mo, Zr, 
and Ti overlapped in some areas, indicating ZrMo2O8 
nanosheet– and TiO2 nanoparticle–constituted hetero-
junctions. Figure 8h depicts the element distribution 
results along the green line in Fig. 8c. The elements 
of Ti and O were mainly distributed during the line 
range of 0 to 380 nm, suggesting this area was mainly 
the nanoparticles of TiO2.

Figure  9a  further presents the TEM results of a 
composite catalyst (Ti@0.35Zr), and the rhombic 
ZrMo2O8 nanosheets and TiO2 nanoparticles could 
be found. Figure  9b  depicts the electron diffraction 
ring results. The diffraction rings (inside/1-out/8) 
represented 0.488  nm (ZrMo2O8), 0.352  nm (TiO2), 
0.288  nm (ZrMo2O8), 0.238  nm (TiO2), 0.215  nm 
(ZrMo2O8), 0.189  nm (TiO2), 0.169  nm (TiO2), and 
0.148 nm (TiO2), respectively. Figure 9c  to d shows 
the HRTEM images of composite catalysts. Com-
bined with the results of XRD in Fig.  2, the 0.488-
nm interplanar spacing (in Fig. 9d) and the 0.353-nm 
interplanar spacing (in Fig. 9c and e) might belong to 
ZrMo2O8 and TiO2. This finding stated again that the 
rhombic nanosheets were ZrMo2O8 and the nanopar-
ticles were TiO2, and further proved the composite 
catalyst was the heterojunction of ZrMo2O8 and TiO2.

The photocatalytic activities for tetracycline 
degradation

The photocatalytic activities of photocatalysts were 
investigated via tetracycline degradation experi-
ments under light, as displayed in Fig. 10. The light 
was turn on at 0 min. Compared with the other four 
systems (pure TiO2, pure ZrMo2O8, pure light, and 
Ti@0.35Zr without light), it was observed from 
Fig. 10a that systems of composite catalysts displayed 
higher photocatalytic efficiencies for the degradation 
of tetracycline. Figure  10a  also stated that the com-
posite catalyst of the Ti@0.35Zr system exhibited the 
best photocatalytic performance for tetracycline deg-
radation in the presence of light. Moreover, changes 
of UV absorption spectra for tetracycline at the com-
posite catalyst of Ti@0.35Zr photocatalytic system 
are displayed in Fig.  10d. It was seen that peaks of 
tetracycline were decreased gradually with the reac-
tion time, which proved that tetracycline exhibited 

prominent photocatalytic activities in the composite 
catalyst of Ti@0.35Zr photocatalytic system.

In addition, the apparent degradation kinetics was 
investigated through the first-order reaction model 
[35, 66]. Based on the experimental data in Fig. 10a, 
the fitting results of apparent kinetics are depicted in 
Fig. 10b and Table 1. Except for Ti@0.35Zr without 
light system, the R2 values of tetracycline degrada-
tion processes under the other seven systems were all 
above 0.97, indicating the photodegradation reaction 
of tetracycline in these seven systems could be suit-
ably described through the first-order reaction model. 
The k values of degradation kinetics are shown in 
Fig.  10c  and Table  1, and it was observed that the 
photocatalytic degradation system of Ti@0.35Zr 
exhibited the most ideal photodegradation activities.

Also, to evaluate the stability and recyclabil-
ity of a composite catalyst (Ti@0.35Zr), the micro-
scopic morphology and XRD patterns of reused 
material after four times of usage were analyzed, as 
presented in Fig. 11a and b. The initial microscopic 
morphology of the photocatalyst was basically main-
tained. After four times of consecutive photocata-
lytic tests (Fig. 11a), there was just a little variation 
in the appearance of photocatalyst (Ti@0.35Zr). In 
addition, from XRD patterns, after the 4th photo-
catalysis experiment (Fig.  11b), it was found that 
the main curves of TiO2 and ZrMo2O8 could also 
appear in contrast with the previous results. At the 
same time, according to the reused photodegradation 
curves (Fig.  11c), there was only a slight reduction 
of photocatalytic activities after 4 cycles of recycle. 
These findings proved that the composite catalyst 
(Ti@0.35Zr) possessed remarkable photocatalytic 
stability, and the photocatalyst could be efficiently 
reused.

Photocatalytic degradation mechanism

The transient photocurrent responses of TiO2, 
ZrMo2O8, and composite catalyst (Ti@0.35Zr) under 
the irradiation of Hg lamp are described in Fig. 12a. 
Single TiO2 and ZrMo2O8 appeared to have a certain 
response, implying they were able to form many elec-
trons and holes under the condition of UV light. Also, 
it was observed that the photocurrent intensity of a 
composite catalyst (Ti@0.35Zr) greatly improved, 
confirming that the composite material obtained 
stronger reflecting ability for the UV light. The 
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highest photocurrent intensity also implied that the 
binary composite (TiO2 and ZrMo2O8) was favorable 
to the generation and transfer of photo-produced elec-
trons and photo-produced holes. The EIS values of 
TiO2, ZrMo2O8, and composite catalyst (Ti@0.35Zr) 
are depicted in Fig. 12b. Among them, the radius val-
ues of a composite catalyst were the smallest, stating 
the composite of TiO2 and ZrMo2O8 could reduce 
the resistance of charge transfer and hence effectively 
promoted the reaction process of photocatalysis [70]. 
Additionally, the PL emission spectrum was con-
ducted to study the combination and separation pos-
sibility of photo-generated electrons and photo-gen-
erated holes, as shown as Fig. 12c. It was found that 
the photoluminescence spectrum intensity of TiO2 
was much higher than that of the other two photocata-
lysts. This finding indicated that the photo-induced 
electrons and holes produced by TiO2 had the greatest 
recombination possibility. Besides, the lower photo-
luminescence spectrum intensity of ZrMo2O8 stated 
that the recombination possibility of electron and hole 
was lower than that of TiO2. And then, the composite 
catalyst (Ti@0.35Zr) displayed the lowest photolumi-
nescence spectrum intensity, suggesting the compos-
ite of TiO2 and ZrMo2O8 could further contribute to 
the decrease of combination probability [71].

To verify the active species in the photocatalytic 
degradation process and clarify the action mecha-
nism, the hydroxyl radicals (DMPO-·OH) and the 
superoxide radicals (DMPO-O2

−) were measured 
using the DMPO technique by ESR spin-trapping 
spectra, as depicted in Fig.  13. There was no typi-
cal curves of ·OH or·O2

− in the composite cata-
lyst (Ti@0.35Zr) system without UV light, imply-
ing there were no electrons and holes excited in 
the absence of UV light. In contrast, both typical 
curves of ·OH with the intensity ratio of 1:2:2:1 and 
that of ·O2

− were detected under the irradiation of 
UV light, proving the active radicals of ·OH and 
·O2

− were produced in the process of photodegrada-
tion. Hence, the action process of these free reac-
tive radicals might be one of main photocatalytic 
mechanisms for the degradation of tetracycline. At 
the same time, the signal of ·OH in Fig.  13a  was 

obviously stronger than that of ·O2
− in Fig.  13b, 

indicating ·OH played a stronger role than that of 
·O2

− in the photocatalytic reaction process. Moreo-
ver, to further verify which species play active roles 
during the course of photocatalytic degradation, the 
capturing agents were put into the mixtures to cap-
ture the active species. On the basis of literatures, 
EDTA-2Na, TBA, BQ, and CCl4 could be employed 
as hole, hydroxyl radical, oxygen, and electron trap-
per, respectively [21, 72]. Figure  13c  presents the 
impact of different types of capturing agents on the 
photocatalytic efficiencies of tetracycline. After 
adding the capturing agents, the degradation effi-
ciencies of tetracycline in all photocatalytic systems 
decreased, which proved the coexistence of scav-
engers could inhibit the photocatalytic activities of 
photocatalyst. Also, the degradation path of photo-
catalysis from Eqs. (1) and (4) might happen dur-
ing the photodegradation process. Besides, it was 
presented that both EDTA-2Na and TBA displayed 
more significant impacts on the photodegradation 
reaction than the other two capturers. These find-
ings implied the capturing of photo-produced holes 
and hydroxyl radicals probably lowers the photocat-
alytic activities of reaction process, and that was in 
line with ESR analytical results. The reaction (Eqs. 
(3) and (4)) by composite catalyst (Ti@0.35Zr) 
might be the main degradable pathway for tetracy-
cline photodegradation.

The DFT computation results of energy bands and 
density of states for TiO2 are depicted in Fig. 14a and 
c. It was presented that the band gap value of TiO2 
was 1.96 eV. Meanwhile, from the energy band struc-
ture and DOS results of TiO2, it appeared that the 
Fermi energy levels were approximated to the con-
duction band bottom, indicating TiO2 was an n-type 
semiconductor material, theoretically. In addition, 
the DFT calculation of energy bands and density of 
states for ZrMo2O8 was also conducted. As depicted 

(1)O2 + e
−
→ ⋅O2

−

(2)⋅O2
−∕e− + tetracycline → degradation − products

(3)H2O∕OH
− + h+ → ⋅OH

(4)⋅OH∕h+ + tetracycline → degradation − products

Fig. 8   a, b TEM and HAADF results of a composite catalyst 
(Ti@0.35Zr); element mapping results of total elements (c), 
Mo (d), Zr (e), Ti (f), and O (g); and h element distribution 
results along a line in c 

◂
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Fig. 9   TEM result (a) and HRTEM images (b–d) of a composite catalyst (Ti@0.35Zr) and TEM diffraction ring (e)
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in Fig. 14b and d, the band gap value of ZrMo2O8 was 
2.97 eV. Meanwhile, it was presented from the energy 
band structure and DOS results of ZrMo2O8 that the 
Fermi energy levels were approximated to the top of 
valence bands, implying ZrMo2O8 was a p-type semi-
conductor material in theory. Furthermore, both the 
band gap values of TiO2 and ZrMo2O8 were smaller 

than the experimental values in some degree, and the 
explanation was generally ascribed to inherent defects 
of DFT calculation method. Moreover, the work func-
tion of TiO2 and ZrMo2O8 is displayed in Fig.  15 
through the DFT calculation. It was presented that the 
work function of TiO2 and ZrMo2O8 was 4.3 eV and 
5.50 eV, respectively.

Fig. 10   a The comparison of different degradation reaction 
systems. b The fitting results of first-order reaction kinetics for 
photodegradation of tetracycline. c The constants in first-order 

reaction kinetics. d The absorption spectra of UV–visible for 
tetracycline solution degraded under the Ti@0.35Zr system
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It is reported that when p-type and n-type semi-
conductors meet with each other, electrons would be 
transferred from materials with higher Fermi levels 
(TiO2) to that of lower ones (ZrMo2O8), and holes 
would be moved in the opposite direction to elec-
trons (Fig.  16a). Such movement of electrons and 
holes would eventually achieve a unified Fermi level 
between material of TiO2 and ZrMo2O8. Simultane-
ously, an internal electric field (the direction was 
from TiO2 to ZrMo2O8) would be formed at the con-
tact interface between TiO2 and ZrMo2O8. In this 
situation, when both TiO2 and ZrMo2O8 were excited 
by UV light to produce photo-induced electrons and 
holes, the internal electric field would promote the 

Table 1   The-first-order rate constants calculated from the 
experimental data

Degradation reaction systems Tetracycline

k (min−1) R2

Pure light 0.000629 0.9774
Ti@0.35Zr without light 0.00153 0.9394
Pure TiO2 0.01198 0.986
Pure ZrMo2O8 0.0224 0.991
Ti@0.75Zr 0.0561 0.9954
Ti@0.55Zr 0.0694 0.9812
Ti@0.35Zr 0.112 0.977
Ti@0.15Zr 0.08448 0.9736

Fig. 11   a The morphology of a composite catalyst 
(Ti@0.35Zr) after the 4th photodegradation experiments. b 
The XRD patterns of a composite catalyst (Ti@0.35Zr) before 

and after the 4th photodegradation experiments. c The deg-
radation curves of a composite catalyst (Ti@0.35Zr) reused 
under UV light
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transformation of electrons from ZrMo2O8 to TiO2 
and prevent the propagation of holes in the same 
direction (Fig.  16b). Similarly, the internal electric 
field would accelerate the transformation of holes 
from TiO2 to ZrMo2O8 and inhibit the transfer of 
electrons in the same direction (Fig.  16b). Finally, 
such transformation process would promote the effec-
tive separation of photo-induced electrons and holes 
between TiO2 and ZrMo2O8 and greatly improve the 
photocatalytic efficiencies of pollutant by the hetero-
junction composite of TiO2 and ZrMo2O8. The sche-
matic diagram of photocatalytic mechanism in the 
whole reaction process is described in Fig. 17.

Conclusions

In summary, a composite heterojunction photo-
catalyst was successfully synthesized by 2D rhom-
bic ZrMo2O8 nanosheet and nano-TiO2. The pho-
tocatalyst was characterized by XRD, UV-DRS, 
SEM–EDS, XPS, and TEM to verify various prop-
erties and was applied to photocatalytically degrade 
tetracycline under UV light. The composite photo-
catalysts displayed prominent light absorption abil-
ity, and the optimum composite ratio of Ti/Zr was 
1/0.35. The composite catalyst effectively enhanced 
the photodegradation efficiencies of antibiotics and 

Fig. 12   Transient photocurrent responses (a), electrochemical impedance spectra (b), and steady-state PL spectra (c) of TiO2, 
ZrMo2O8, and composite catalyst (Ti@0.35Zr)
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exhibited excellent stability after 4 cycles of reuse. 
Besides, the active species of ·OH and ·O2

− in the 
photocatalytic system were detected and played a 
major part in the degradation of tetracycline. The 
photocatalytic mechanism and DFT calculation 
findings illustrated that the composite heterojunc-
tion photocatalyst greatly reduced the recombina-
tion possibility of photo-induced electrons and 
holes and achieved the effective separation of photo-
generated electrons and holes. When excited by UV 

light, the internal electric field formed by TiO2 and 
ZrMo2O8 would promote the transformation of elec-
trons from ZrMo2O8 to TiO2 and prevent the propa-
gation of holes in the same direction. Consequently, 
the photocatalytic degradation efficiencies of tetra-
cycline were greatly improved. This work may pro-
vide new approaches to construct more suitable and 
effective photocatalysts to alleviate the pollution of 
antibiotic wastewater.

Fig. 13   a ESR spectra of radical adducts trapped by DMPO 
in the dark and under the irradiation of UV light for DMPO-
·OH. b ESR spectra of radical adducts trapped by DMPO in 

the dark and under the irradiation of UV light for DMPO-·O2
−. 

c The tetracycline photocatalytic efficiencies after the addition 
of capturing agents
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Fig. 14   Band structure and density of states of TiO2 (a and c) and ZrMo2O8 (b and d) from DFT calculation

Fig. 15   The work function of TiO2 (a) and ZrMo2O8 (b) from DFT calculation
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Fig. 16   a The formation 
process of internal electric 
field. b The electron and 
hole transfer process 
between TiO2 and ZrMo2O8
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