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A B S T R A C T   

Development of low-cost, high-performance photocatalysts for the effective degradation of antibiotics in 
wastewater is critical for environmental remediation. In this work, titanium dioxide/zirconium dioxide/graphitic 
carbon nitride (TiO2/ZrO2/g-C3N4) ternary composites are fabricated via a facile hydrothermal procedure, and 
photocatalytically active towards the degradation of berberine hydrochloride under visible light illumination. 
The performance is found to increase with the Ti:Zr atomic ratio in the nanocomposites, and obviously enhanced 
in comparison to that of the binary TiO2/g-C3N4 counterpart, due to the formation of type I/II heterojunctions 
that help separate the photogenerated electron-hole pairs and produce superoxide and hydroxy radicals. The 
mechanistic pathways are unraveled by a deliberate integration of liquid chromatography-mass spectrometry 
measurements with theoretical calculations of the condensed Fukui index. Furthermore, the ecotoxicity of the 
reaction intermediates is examined by utilizing the Toxicity Estimation Software Tool (TEST) and quantitative 
structure activity relationship calculations (QSAR).   

1. Introduction 

With increasing global population and social development [1], 
environmental pollution by pharmaceuticals has been recognized as a 
risk to human health [2,3]. Of this, the overuse and discharge of anti
biotics, such as berberine hydrochloride (BH), has been found to cause 
significant ecological impacts, which calls for efficient remediation 
strategies [4–7]. In contrast to the traditional low-efficiency treatment 
methods, such as precipitation, filtration, and coagulation/flocculation 
[8–10], a wide variety of new techniques have been reported based on, 
for instance, adsorption, advanced oxidation, and photocatalytic 
degradation [11–13]. Among these, photocatalysis has been accepted as 
the most effective method of treating antibiotic wastewater, due to its 
high efficiency in degradation and mineralization [14]. In fact, as an 
advanced oxidation process (AOP), photocatalysis is a promising, 

environmentally benign technology, where antibiotics can be 
completely decomposed and mineralized into non-polluting substances, 
such as CO2 and H2O [15]. 

Titanium dioxide (TiO2) is one of the most widely used photo
catalysts, due to its excellent photocatalytic performance, good chemical 
stability, low cost, and low toxicity [16]. However, because of its rela
tively wide band gap of ca. 3.2 eV, TiO2 can only be excited by ultra
violet (UV) light and exhibits low adsorption in the visible range [17]. 
To improve the photocatalytic performance, structural engineering of 
TiO2, such as doping of select (non-)metals, represents an effective 
route. For instance, Samsudin et al. [18] synthesized homogeneously 
hydrogenated F-doped TiO2 and exploited the synergistic interaction 
between hydrogen and fluorine to enhance the degradation efficiency of 
atrazine. Wu et al. [19] prepared C-doped TiO2 and observed a narrowed 
band gap, apparent absorption across the UV, visible and near-infrared 
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range, and hence an enhanced photocatalytic activity. Wang et al. [20] 
found that surface defects were formed in N-doped TiO2, which led to a 
lower Fermi level (EF) than that of undoped TiO2, reduced the energy 
barrier for electron transport and improved the photocatalytic perfor
mance. Payan et al. [21] reported degradation of sulfamethazine by 
Cu-TiO2 functionalized single-walled carbon nanotubes. Zhao et al. [22] 
observed the formation of a Schottky barrier at the Ag-TiO2 interface, 
which served as an electron trap, promoted the separation of photo
generated electrons and holes, and significantly enhanced the degra
dation of rhodamine B under visible light irradiation. 

Zirconium dioxide (ZrO2) is another common semiconductor, with 
significant physical and chemical stability and special electronic energy 
band structure. Similarly to TiO2, the photocatalytic activity is limited 
under visible light excitation because of the wide band gap (>5 eV) [23]. 
Therefore, ZrO2 is generally combined with other narrow-bandgap 
semiconductors to form a hybrid structure, such that the photo
catalytic performance can be enhanced. For instance, Zhang et al. [24] 
synthesized TiO2-ZrO2 hollow sphere nanocomposites, and observed a 
significant photocatalytic performance under UV light. Li et al. [25] 
synthesized mesoporous ZrO2-CeO2-TiO2, with ZrO2 being the catalyst 
framework, where the thermal stability and specific surface area was 
markedly increased. Chen et al. [26] prepared graphitic carbon nitride 
(g-C3N4)/ZrO2-x nanotube composites, and observed apparent photo
catalytic degradation of tetracycline hydrochloride at an efficiency of 
90.6 % under visible light. 

g-C3N4 is a unique semiconducting polymer, exhibits a layered 
graphite structure, excellent electron-hole transfer, robust chemical and 
thermal stability, and a relatively low band gap (2.7 eV), and has been 
used rather extensively for visible-light photocatalysis [27,28]. Yet, due 
to the low specific surface area and weak van der Waals interaction 
between adjacent carbon nitride layers, the photocatalytic performance 
is compromised by strong carrier recombination [29]. Therefore, for
mation of nanocomposites with other semiconductors (e.g., TiO2 and 
ZrO2) has been demonstrated to lead to excellent photocatalytic per
formance [30,31]. For instance, Lu et al. [32] produced C-TiO2/g-C3N4 
nanocomposite by a hydrothermal method, and observed enhanced 
absorption in the visible region, due to the formation of heterojunctions. 
Tong et al. [33] utilized the formation of TiO2/g-C3N4 interfacial junc
tions to facilitate interfacial electron transfer, and the synergistic 
interaction resulted in visible light absorption. Yu et al. [34] synthesized 
TiO2/SiO2/g-C3N4 ternary composites, and observed enhanced photo
catalytic degradation of BH under visible light irradiation. 

Herein, ternary composites based on TiO2/ZrO2/g-C3N4 (TZCN) 
were successfully prepared at varied molar ratios of Ti and Zr via a facile 
hydrothermal method, and displayed apparent photocatalytic activity 
towards the degradation of BH under visible light irradiation. The ac
tivity was found to increase with increasing TiO2 loading in the com
posite, and the sample with a Ti:Zr ratio of 9:1 stood out as the best 
catalyst among the series. This was accounted for by the formation of 
heterojunctions that facilitated interfacial charge transfer, in consis
tency with spectroscopic and electrochemical measurements. Electron 
spin resonance (ESR) measurements suggested that superoxide radicals 
(O∙−

2 ) were responsible for the BH degradation, with minor contributions 
from hydroxy radicals (⋅OH). In addition, the degradation products were 
analyzed by liquid chromatography-mass spectrometry (LC-MS) mea
surements. In conjunction with density functional theory (DFT) calcu
lations based on the Fukui function, the reaction sites on the BH 
molecules that might be attacked by free radicals were identified, from 
which possible degradation pathways of BH were proposed. Further 
analysis was carried out based on the Toxicity Estimation Software Tool 
(TEST) and quantitative structure activity relationship (QSAR) to 
examine the ecotoxicity of the degradation intermediates. 

2. Experimental 

2.1. Chemicals 

Tetrabutyl titanate (Macklin Biochemicals), zirconium n-butoxide 
(Macklin Biochemicals), urea (Sinopharm), melamine (Sinopharm), 
methanol (Sinopharm), acetic acid (Sinopharm), and BH (Aladdin 
Chemicals) were of analytical grade and used as received. Water was 
deionized before use. 

2.2. Sample preparation 

The TZCN nanocomposites were synthesized via a facile hydrother
mal procedure. The molar feed ratio of Ti:Zr was varied at 1:0, 9:1, 7:3, 
5:5, 3:7, 1:9, and 0:1, while the total amount of Ti and Zr in the samples 
was fixed at 5 mmol (Table S1). Experimentally, urea (0.2 g), methanol 
(0.5 mL) and acetic acid (1 mL) were uniformly mixed under stirring for 
15 min, into which was then slowly added tetrabutyl titanate and zir
conium n-butoxide in a dropwise fashion under vigorous stirring for half 
an hour. The solutions were then allowed to stand for 10 h, before being 
dropped into a solution of 10 g melamine in 50 mL of water under 
stirring for half an hour. The obtained mixture was loaded into a 100 mL 
Teflon-lined autoclave, which was sealed and heated for 24 h at 180 ◦C. 
After the autoclave was cooled to room temperature, the pale yellow 
precipitates were collected, rinsed with a copious amount of water and 
absolute ethanol, and dried at 60 ◦C overnight. The dried samples were 
further calcined in a muffle furnace for 4 h at 500 ℃, and the resulting 
samples were designated as TCN, TZCN-1, TZCN-2, TZCN-3, TZCN-4, 
TZCN-5, ZCN, respectively. 

TiO2/ZrO2 binary composites were prepared in the same fashion at 
varied Ti:Zr feed ratios but without the addition of melamine. Three 
additional control samples were prepared in the same manner, pure TiO2 
except for the addition of zirconium n-butoxide and melamine, pure 
ZrO2 except for the addition of tetrabutyl titanate and melamine, and 
pure g-C3N4 except for the addition of tetra-butyl titanate and zirconium 
n-butoxide. 

The characterization details of the sample structures were included 
in the Supplementary Information. 

2.3. Photocatalysis 

A 300 W xenon lamp (FX300, PerfectLight) was used as the simulated 
sunlight in the photocatalytic degradation of BH. Experimentally, 10 mg 
of the nanocomposites obtained above was added to a quartz tube 
containing 50 mL of a BH (10 mg L− 1) solution. After ultrasonic treat
ment for 2 min, it was stirred in the dark for 30 min to reach an 
adsorption/desorption equilibrium. An aliquot of 1.5 mL was then 
extracted at a time interval of 10 min from the solution during photo
catalytic degradation of BH into a centrifuge tube, and the supernatant 
obtained by centrifugation was subject to UV-vis absorption measure
ments. The degradation rate of BH was quantified by C/C0, where C0 
represents the initial BH concentration after the adsorption-desorption 
equilibrium, and C the BH concentration at a certain reaction time 
point. To examine the contributions of free radicals to the degradation of 
BH, 0.5 mL of p-benzoquinone (p-BQ, 0.5 mM), ammonium oxalate (AO, 
1 mM), or tert-butanol (TBA) was loaded into the solution to quench 
superoxide radicals (O∙−

2 ), photo-produced holes (h+), or hydroxyl rad
icals (⋅OH), respectively [35]. 

2.4. Recycling tests 

The durability of the photocatalysts was examined by repeating the 
photocatalytic experiment 5 times. After each test, the photocatalyst was 
harvested, rinsed extensively with ethanol, dried at 60 ◦C, and used for 
the next cycle. 
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Fig. 1. SEM micrographs of (a) TCN, (b) TZCN-1, (c) TZCN-2, and (d) TZCN-3. (e) Elemental maps of C, N, Ti, Zr and O of the selected area of TZCN-1 based on EDS 
measurements. 
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Fig. 2. (a-e) TEM images of TZCN nanocomposites and (h-j) EDS line scans: (a,f) TZCN-1, (b,g) TZCN-2, (c,h) TZCN-3, (d,i) TZCN-4, (e, j) TZCN-5. The upper insets to 
panels (a-e) are the high-resolution TEM images, and bottom insets are the respective SAED patterns. 
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2.5. Photoelectrochemistry 

A traditional three-electrode system was used for the photo
electrochemical experiments, with a saturated calomel electrode (SCE) 
as the reference electrode, a platinum wire as the counter electrode, and 
0.1 M Na2SO4 as the supporting electrolyte. To prepare the working 
electrode, 5 mg of the nanocomposites obtained above was dispersed in 
1 mL of ethanol under sonication for 10 min to form a homogeneous 
suspension, 0.1 mL of which was then dropcast onto a piece of FTO glass 
(1 cm × 3 cm) and dried overnight at 60 ◦C before use. The 300 W xenon 
lamp was utilized to provide the visible light source. 

2.6. DFT calculations 

Theoretical calculations were conducted based on the Gauss 09 
package [36,37]. Details of the calculations of the condensed Fukui 
index [38] and TEST and QSAR analyses were included in the Supple
mentary Information. 

3. Results and discussion 

3.1. Sample structures 

The structures of the prepared photocatalysts were first character
ized by X-ray diffraction (XRD) measurements (Fig. S1a). One can see 
that g-C3N4 displayed two clearly-defined peaks at 2θ = 13.2◦ and 27.4◦, 
due to the g-C3N4 (100) and (002) diffractions, respectively, of the pe
riodic triazine units and aromatic system (JCPDS No. 87-1526) [39–41]. 
For the nanocomposites, a series of diffraction patterns can be identified 
for anatase TiO2, at 2θ = 25.4◦ (101), 38.1◦ (004), 48.2◦ (200), 54.0◦

(105), 55.2◦ (211) and 62.7◦ (204) (JCPDS No. 21-1272); and ZrO2 of 
the monoclinic (JCPDS No. 86-1451) and tetragonal (JCPDS No. 
50-1089) phases can be observed at 2θ = 24.27◦, 28.52◦, 30.36◦, 31.55◦, 
35.53◦, 50.28◦, and 59.96◦ [42,43]. With the decrease of the initial Ti:Zr 
feed ratio (i.e., from TCN to TZCN and ZCN), the intensity of the anatase 
TiO2 diffraction peaks diminishes accordingly, whereas the diffraction 
peaks of zirconia (in both monoclinic and tetragonal phases) become 
intensified (except for TZCN-3 where no obvious zirconia diffraction 
peak can be observed, likely due to the formation of poorly crystalline 

zirconia) [44–46]. In addition, in these nanocomposites, the g-C3N4 
diffraction peaks became markedly reduced, likely because of the 
amorphous state of g-C3N4 in the samples [47]. 

Further structural insights were obtained in FTIR measurements. 
From Fig. S1b, the prepared composites can be seen to exhibit a series of 
vibrational features. The N-H vibration can be found at 3000 − 3500 cm- 

1 (region ⅰ) [48]. The peaks in region ⅱ (1200 − 1650 cm-1) are most 
likely due to the C-N/C=N tensile vibrations of the heterocyclic ring 
[49]. The s-triazine ring vibrations can be found around 808 cm-1 (re
gion ⅲ) [50]; and the peak at 780 cm-1 (region iv) is likely due to Zr-O 
vibration [51]. As the content of zirconium increases, the Zr-O stretch
ing vibration becomes intensified. For the TZCN ternary composites, 
there is also a group of broad bands within the range of 400 to 700 cm-1, 
arising from the Ti-O-Ti vibrations [52,53]. These results are in good 
agreement with the successful incorporation of TiO2, ZrO2 and g-C3N4 
into the TZCN composites. 

The porosity of the nanocomposites was then quantified by analysis 
of the N2 adsorption-desorption isotherms. From Fig. S1c and S1d, all 
samples manifested an H3 hysteresis loop and a type-IV isotherm, sug
gesting the formation of a mesoporous structure. The specific surface 
area, pore size and volume were then estimated and summarized in 
Table S2. Among the series, TZCN-1 exhibited the largest specific sur
face area (188.65 m2 g-1), pore size (15.71 nm) and pore volume (0.4824 
cm3 g-1), likely due to the cross-linked structure of nano-TiO2 on the 
surface of g-C3N4 [54]. In addition, one can see from Fig. S2 that the 
specific surface area of the g-C3N4-free TiO2/ZrO2(9:1) sample was 
much larger than those of pure TiO2 and ZrO2 (Table S2), with a much 
narrower pore size distribution in the range of 10 to 20 nm, suggesting 
minimal contributions of g-C3N4 nanosheets to the nanocomposite 
porosity. Note that a high specific surface area and pore volume is ex
pected to promote ready access to the photocatalytic reactive sites (vide 
infra). 

Scanning electron microscopy (SEM) and transmission electron mi
croscopy (TEM) measurements were then performed to examine the 
morphology of the prepared nanocomposites. From Fig. 1 and S3, the 
surface morphology of the samples can be seen to vary significantly. In 
contrast to the rather smooth surface of TCN (Fig. 1a) and g-C3N4 
(Fig. S3d), the TZCN-1 composite exhibited a layered, and markedly 
roughened surface (Fig. 1b-1d), consistent with the formation of a 

Fig. 3. (a) XPS survey spectra of the composite samples. High-sensitivity scans of the (b) Ti 2p, (c) Zr 3d, (d) O 1s, (e) C 1s, (f) O 1s, and (f) N 1s electrons of TZCN-1. 
(g) VB-XPS spectra of TiO2, ZrO2, and g-C3N4. 
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mesoporous structure (Table S2). For TZCN-2 (Fig. 1c) and TZCN-3 
(Fig. 1d), the composites can be found to consist of nanoparticles and 
rod-like structures. Nanorods can also be found with TZCN-4 (Fig. S3a), 
whereas mostly particles for TZCN-5 (Fig. S3b); and for ZCN that con
tains only ZrO2 (Fig. S3c), only spherical particles were produced. Such 
a morphological discrepancy among the sample series likely arose from 
a stronger affinity of TiO2 to the g-C3N4 nanosheets than ZrO2. Notably, 
for the g-C3N4-free samples of TiO2, ZrO2, and TiO2/ZrO2 composites 
(Fig. S4), no flaky structure was formed and the samples were found to 
entail extensive agglomeration of particulate structures. Furthermore, 
elemental mapping analysis based on EDS measurements shows an even 
distribution of the C, N, O, Ti, and Zr elements within TZCN-1 (Fig. 1e), 
confirming successful production of ternary oxide composites. 

Further structural insights were obtained by TEM measurements. For 
TCN (Fig. S5a) and ZCN (Fig. S5b), the composites can be seen to consist 
of spherical TiO2/ZrO2 nanoparticulates supported on g-C3N4 nano
sheets (Fig. S5c), forming a layered structure, which is further corrob
orated in high-resolution TEM measurements and selected area electron 
diffraction (SAED) studies (insets to Fig. S5a and S5b). By contrast, the 
TZCN nanocomposites (Fig. 2a-e) all featured a flaky structure consist
ing of TiO2/ZrO2 layers supported on g-C3N4 nanosheets, except for 
TiO2/ZrO2 in TZCN-5 (Fig. 2e) which showed a nanoparticulate struc
ture, consistent with results from SEM measurements (Fig. 1 and S3). 
Notably, from the high-resolution TEM images in the upper insets to 
Fig. 2a-e, heterojunctions between g-C3N4, TiO2, and ZrO2 can be readily 

identified, and the lattice fringes with an interplanar distance of 0.350, 
0.290 and 0.31 nm can be ascribed to anatase TiO2(101), tetragonal 
ZrO2(101), and monoclinic ZrO2(111) crystal facets, respectively [55]. 
Due to the amorphous nature of g-C3N4, no obvious lattice fringes were 
observed [31]. Consistent results were obtained in SAED measurements, 
as manifested in the lower insets to Fig. 2a-e, all of which display 
polycrystalline patterns, in excellent agreement with the XRD patterns 
presented in Fig. S1a. Furthermore, EDS measurements (Fig. 2f-j) 
showed that the Ti:Zr molar ratio was in excellent agreement with the 
initial feed ratio in sample preparation (Table S1). 

The chemical composition of the prepared nanocomposites was then 
characterized by X-ray photoelectron spectroscopy (XPS) analysis. The 
survey spectra of the series of nanocomposites are depicted in Fig. 3a, in 
which the elements of C, N, O, Ti, and Zr can be readily identified at ca. 
285.3, 399.2, 530.2, 459.0, and 180.8 eV, respectively. The integrated 
peak areas were then used to quantify the elemental compositions of the 
samples, where the Ti:Zr ratio can be found to be consistent with the 
initial molar feed ratio (Table S1 and S3). Fig. 3b illustrates the high- 
resolution scan of the Ti 2p electrons in TZCN-1. Two peaks can be 
deconvoluted at 464.4 and 458.7 eV, corresponding to the Ti 2p3/2 and 
2p1/2 electrons of TiO2 [56]. Two additional peaks can be resolved, at 
465.0 eV for Ti-Zr and 460.1 eV for Ti-C [57]. Similar results were ob
tained in the corresponding Zr 4d scan (Fig. 3c), which can be decon
voluted into two doublets. The major doublet (182.2/184.4 eV) is due to 
the 3d3/2 and 3d5/2 electrons of Zr(IV) in ZrO2 [58]; and the minor one at 

Fig. 4. (a) UV-vis DRS spectra of the sample series. (b) Tauc plots of TiO2, ZrO2, and g-C3N4. (c) Transient photocurrent profiles and (d) Nyquist plots of the 
sample series. 

P. Ding et al.                                                                                                                                                                                                                                     



Applied Catalysis B: Environmental 300 (2022) 120633

7

182.3/184.4 eV to Zr-Ti [51,59]. Fig. 3d shows the O 1s high-resolution 
scan, where lattice oxygen of TiO2/ZrO2 can be resolved at 529.8 eV, 
N-C-O at 531.2 eV, and -OH at 532.2 eV [31,60,61]. The formation of 
Zr-O, Ti-O and Zr-Ti linkages suggests intimate interactions between 
TiO2, ZrO2 and g-C3N4 [62]. Fig. 3e displays the high-resolution scan of 
the C 1s electrons, from which C-C and N-C=N can be deconvoluted at 
284.58 and 288.10 eV, respectively [63]. From the high-resolution scan 
of the N 1s electrons (Fig. 3f), four peaks were resolved at 398.50 eV for 
N(C = N-C), 399.55 eV for tertiary nitrogen N-(C)3, 400.75 eV for C-N-H, 
and 404.18 eV for π excitation [64–66]. 

Notably, TZCN-1 exhibited a low contact angle of only 20.287 ◦

(Fig. S6), most likely because of the hydroxyl moieties on the nano
composite surface (Fig. 3d). This unique property is conducive to in
teractions with BH dissolved in water and may promote the 
photocatalytic degradation of BH (vide infra). 

Furthermore, from the XPS measurements (Fig. 3g), the valence band 
maximum (VBM) was estimated to be 2.71 eV for TiO2, 3.68 eV for ZrO2, 
and 1.63 eV for g-C3N4 [67], corresponding to 2.15, 3.12, and 1.07 V vs. 
normal hydrogen electrode (NHE), respectively [68–70]. 

UV-vis diffuse reflection spectroscopy (DRS) analysis was then per
formed to examine the band structure and interfacial charge transfer. 
From Fig. 4a, one can see that the TCN, TZCN-1, TZCN-2, TZCN-3, and g- 
C3N4 samples all show an obvious visible light absorption edge beyond 
500 nm, while TZCN-4, TZCN-5 and ZCN that contain a high Zr content 
are mostly limited to the UV region (< 400 nm), likely due to the large 

bandgap of ZrO2 [71]. The Tauc plots of TiO2, ZrO2 and g-C3N4 are 
depicted in Fig. 4b, (αhv)1/n

= A(hv − Eg), where α represents the light 
absorption constant, ν the photon frequency, h the Planck constant, Eg 
the band gap energy, and n a constant determined by the type of the 
semiconductors [72] (n = 2 for TiO2 and g-C3N4 [73,74] and 0.5 for 
ZrO2 [75]). From the data, the bandgaps of TiO2, ZrO2 and g-C3N4 were 
calculated to be 3.13, 5.01, and 2.54 eV, respectively. In combination 
with the VBM determined from XPS measurements (Fig. 3g), the con
duction band minimum (CBM) of TiO2, ZrO2, and g-C3N4 of TZCN was 
estimated to be -0.98, -1.47 and -1.89 V, respectively. These results 
suggest that the formation of ternary composites not only enhanced light 
absorption in the visible range, but also retained the high reduction 
activity of TZCN. 

Consistent results were obtained in photoelectrochemical measure
ments of the transient photocurrents, which is a unique testing method 
for estimating the migration efficiency of photoproduced charge carriers 
[76]. From Fig. 4c and S7a, it can be seen that the sample series all show 
a stable and rapid photocurrent response under five repeated irradia
tions with a Xenon lamp. Among them, TZCN-1 shows the greatest 
photocurrent, which corresponds to the best photocatalytic perfor
mance, as detailed below. 

A similar conclusion can be reached in electrochemical impedance 
spectroscopic (EIS) measurements [77]. From the Nyquist plots in 
Fig. 4d and S7b, TZCN-1 can be seen to exhibit the smallest semicircle 
diameter, suggesting a lowest charge-transfer resistance among the 

Fig. 5. (a) Steady-state and (b) time-resolved emission spectra of the sample series at the excitation of 410 nm.  

Fig. 6. (a) Photocatalytic degradation of BH by the sample series and (b) the corresponding reaction rate constants. BH concentration 20 mg L-1, pH = 6.88, and 
catalyst loading 0.2 g⋅L-1. 
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samples, in agreement with the transient photocurrent results in Fig. 4c. 
Photoluminescence (PL) studies in both steady-state and time- 

resolved modes further verify the effective separation of electron-hole 
pairs in TZCN-1 [78,79]. From Fig. 5a one can see that at the excita
tion of 410 nm, while the sample series all exhibit a similar emission 
peak at 460 nm, TZCN-1 exhibited a significantly lower emission in
tensity than others, indicating inhibited recombination and 
high-efficiency separation of photogenerated electrons and holes [80]. 
Indeed, in time-resolved PL measurements, upon the excitation of 410 
nm, TZCN-1 shows the slowest decay of the emission (Fig. 5b). Table S4 
lists the calculated decay time constant by multi-exponential fitting, 
where one can see that TZCN-1 features the longest (average) decay time 
constant (τA) of 15.82 ns among the sample series. Note that a long PL 
emission lifetime is advantageous for electron-hole separation, most 
likely at the heterojunction interface of the nanocomposites [78,81], a 
key step in photocatalytic reactions. 

3.2. Photocatalytic degradation of BH 

Remarkably, the prepared nanocomposites exhibited excellent pho
tocatalytic activity towards BH degradation [82], which was conducted 
at the optimal pH of 6.88 (Fig. S8a) and nanocomposite concentration of 
0.2 g⋅L-1 (Fig. S8b). From Fig. 6a, one can see that (i) there is virtually no 
self-degradation of BH without the catalyst; (ii) upon the addition of the 
prepared nanocomposites, effective degradation of BH occurs; and (iii) 
at increasing Ti content, the photocatalytic performance of the TZCN 
nanocomposites increases accordingly. Specifically, after 60 min’s 
visible photoirradiation, the degradation rate of BH is 79.93% for TCN, 
86.93% for TZCN-1, 85.96% for TZCN-2, and 64.47% for TZCN-3, 
51.32% for TZCN-4, 46.47% for TZCN-5, 32.68% for ZCN, and only 
21.75% for g-C3N4. That is, the TZCN-1 sample stood out with the best 
photocatalytic performance among the series. As the degradation reac
tion of BH conformed to the pseudo-first order kinetics, the reaction rate 

constant (k) was found to be the highest with TZCN-1 at 0.02909 min-1 

among the series (Fig. 6b). 
The Box-Behnken experimental method was then employed to probe 

the impacts of inorganic ions in urban water on the photocatalytic 
degradation and removal of BH. For cations like Na+, K+, Ca2+ and NH+

4 
that are widely found in actual urban water, no significant impact on the 
photocatalytic removal of BH was observed (Fig. S8c), likely because 
these cations are chemically inert to photogenerated electrons and holes 
[72,83]. For anions like Cl‒, NO−

3 , SO2−
4 and HCO−

3 that are also common 
in urban water, substantial effects on the photocatalytic removal effi
ciency of BH were observed, where the anion concentration ranges and 
level settings were based on literature results and the inorganic ion 
concentrations in various areas within the City of Beijing. The ion con
centration ranges and levels (4 factors), experimental independent 
variables and dependent variable (29 runs) are listed in Table S5 and S6. 
The response result (efficiency %) and the dependent variables (ion 
concentrations, mg L-1) can be described with a polynomial equation, 
efficiency(%) = 77.79 − 1.20A+ 0.24B+ 0.43C+ 0.083D+ 1.63AB+

1.32AC − 0.66AD+ 1.12BC+ 1.05BD+ 0.092CD − 1.06A2 +

0.93B2 − 0.51C2+ 0.82 D2. Based on the results of ANOVA analysis 
(Table S7), the R2 and adjusted R2 were estimated to be 0.9852 and 
0.9703, respectively, suggesting that the response results obtained by 
the simulation experiment were consistent with the Box-Behnken ex
pected values. Meanwhile, the F-values of the dependent variable of Cl-, 
NO−

3 , SO2−
4 and HCO−

3 were 220.87, 8.75, 28.92, and 1.04, respectively, 
demonstrating that the four variables affected the photocatalytic 
removal of BH in the order of Cl- > SO2−

4 > NO−
3 > HCO−

3 . That is, Cl- 

showed the highest influence on the photocatalytic performance. The 
three-dimensional surface response plots of the four anions are shown in 
Fig. 7. The optimal removal efficiency of BH was estimated by the 
Box-Behnken method, with the concentration of Cl- at 78.00 mg L-1, NO−

3 

at 72.00 mg L-1, SO2−
4 at 100.50 mg L-1, and HCO−

3 at 224.00 mg L-1. 

Fig. 7. Surface response plots of the photocatalytic efficiency of BH removal with the addition of different anions (Cl-, NO−
3 , SO2−

4 , HCO−
3 ) in simulated urban water.  
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Fig. 8. (a) and (b) Influence of radical quenchers on BH degradation by TZCN-1. ESR spectra of various nanocomposites (c,d) without and (e,f) with visible light 
illumination. 
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Taken together, the results of the simulation experiments and Box- 
Behnken theoretical predictions suggest that the efficiency of the pho
tocatalytic removal of BH by TZCN was negatively affected by inorganic 
anions. In actual water environment, such unfavorable effects of coex
isting anions can be mitigated by extending the photocatalytic illumi
nation time or/and changing the catalyst dosage [84]. 

3.3. Mechanism and pathways of photocatalytic degradation of BH 

3.3.1. Mechanistic analysis of BH photocatalytic degradation 
Quenching studies were then conducted to explore the contributions 

of free radicals to the photocatalytic degradation of BH. BQ, AO and IPA 
were added to the reaction solution as specific quenchers of O∙−

2 , h+, and 
⋅OH, respectively. From Fig. 8a and b, one can observe that the addition 
of AO hardly affects the dynamics of BH degradation, with a removal 
rate of 84.91% after 60 min’s visible light irradiation, in comparison to 
86.93% without AO, indicating that h+ was unlikely to be responsible 
for BH degradation. By sharp contrast, upon the addition of IPA and BQ, 
the breakdown of BH was significantly suppressed, with the degradation 
efficiency markedly reduced to only 51.13% and 18.91%, respectively. 
This indicates that O∙−

2 made the major contribution to photocatalytic 
degradation of BH, with a minor contribution from ⋅OH. 

These radicals were indeed detected in ESR measurements using 5,5- 
dimethyl-1-pyrroline-N-oxide (DMPO) as the radical trap. From Fig. 8c 
and d, one can see that the TCN, TZCN-1 and TZCN-5 samples produced 
only featureless ESR response in the dark, whereas under Xenon lamp 
irradiation (λ > 420 nm), clearly-defined signals can be observed within 
the range of 3480 to 3540 G, due to the DMPO-O∙−

2 (Fig. 8e) and DMPO- 
⋅OH (Fig. 8f) adducts. Note that as ⋅OH reacts easily with alcohol and 
becomes inactivated, the ⋅OH radicals were captured by DMPO in water; 
whereas the DMPO-O∙−

2 adducts were formed in methanol, because of 
high reactivity of O∙−

2 with water but not with alcohol [85,86]. Signifi
cantly, the peak-to-peak amplitudes of the O∙−

2 and ⋅OH radicals were the 
strongest with the TZCN-1 sample, consistent with the best photo
catalytic performance among the series (Fig. 6). 

The production of such radical species is most likely facilitated by the 
formation of heterojunctions within the nanocomposites [87–91], which 
consisted of type I heterojunctions between TiO2 and ZrO2 [24] and type 
II heterojunctions by TiO2 and g-C3N4 (Fig. 9) [31]. 

Mechanistically, upon visible light irradiation, electrons on the VB of 
g-C3N4, TiO2 and ZrO2 are excited to their respective CB, thereby 
generating electron-hole pairs. With the CBM of TiO2, ZrO2 and g-C3N4 
at -0.98, -1.89 and -1.47 V, respectively, the CB electrons of ZrO2 and g- 
C3N4 can be transferred to TiO2; concurrently, with the respective VBM 
of TiO2, ZrO2 and g-C3N4 at 2.15, 3.12 and 1.07 V, the transfer of h+

from TiO2 and ZrO2 to g-C3N4 occurred. Such interfacial charge transfer 
facilitated the separation of photogenerated electron-hole pairs. From 
Fig. 9, one can see that the VBM of g-C3N4 (1.07 V) is less positive than 
the redox potentials of H2O/⋅OH (2.72 V) and OH-/⋅OH (2.40 V) [92, 
93], suggesting that the h+ of g-C3N4 cannot directly oxidize OH- or 
water to ⋅OH. However, the CBM of TiO2 (-0.98 V) is more negative than 
that of O2/O∙−

2 (− 0.33 V), suggesting that the photogenerated electrons 
can readily reduce dissolved oxygen (O2) in the aqueous solution to 
produce O∙−

2 radicals, which are then converted to HO∙
2 and further to 

⋅OH [94,95]. These free radicals are ultimately responsible for the 
oxidative degradation of BH, as observed experimentally (Fig. 8). 

The addition of ZrO2 may also increase the surface acidity of the 
nanocomposites in the form of OH groups, thereby facilitate the 
migration of electrons and holes, and enhance the quantum efficiency 
[25,96]. 

3.3.2. Degradation pathways of BH and DFT calculations 
To resolve the photocatalytic pathways of BH degradation, the re

action intermediates/products were identified by LC-MS analysis 
(Fig. 10 and S9). Moreover, the Fukui index (f0) was computed to 
identify the vulnerable atomic sites of the BH molecule for radical attack 
[36,37]. From Fig. 10b and c, the C1 (0.114) and C7 (0.0615) sites can 
be seen to display a relatively high f0 value. Based on the Fukui index 
and in conjunction with the reaction intermediates resolved by LC-MS 
measurements (Fig. S9), the possible reaction pathways of BH degra
dation were shown in Fig. 10a. Firstly, BH (m/z = 336) produces three 
isomers (m/z = 338) in the photocatalytic reaction, which follow three 
different degradation pathways. In the first pathway, the m/z = 338 
isomer is formed by breaking the pyridine ring in the BH molecule. 
Then, by a second ring-opening reaction at OCH2O and O∙−

2 attack of C7, 
the methyl groups are lost producing an intermediate of m/z = 200. 
Further ring-opening reactions and loss of the methyl groups lead to the 
generation of intermediates at m/z = 124 and 110. 

Fig. 9. Schematic of charge transfer in the photocatalytic degradation of BH by the TZCN ternary composites.  
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In the second pathway, the m/z = 338 isomer is derived from the 
hydrogenation reaction of BH (m/z = 336). The m/z = 320 intermediate 
is then produced by the loss of a methyl group and post-ring-opening 
rearrangement reaction. The m/z = 279 intermediate is generated 
from the m/z = 320 intermediate through a ring-opening reaction at 
OCH2O and elimination of C = O. Subsequently, the C1 site (with the 
highest Fukui index) is attacked by superoxide radicals, leading to 
further ring-opening and the formation of an intermediate at m/z = 283, 
which is further cracked to the m/z = 166 species. This m/z = 166 in
termediate then produces m/z = 124 and further to m/z = 110 after the 

loss of the ethyl and methyl groups. Meanwhile, an intermediate of m/z 
= 133 can also be produced from m/z = 283 by ring-opening and loss of 
the methyl and ethyl groups, further decayed to the m/z = 84 species. 

In the third pathway, the m/z = 338 isomer is produced by ring- 
opening reaction of the NH molecule due to O∙−

2 attack of the C1 site 
in the BH molecule, and the subsequent pyridine and OCH2O ring- 
opening reactions lead to the generation of the m/z = 338 intermedi
ate. This intermediate then produces the m/z = 167 intermediate after 
the loss of the hydroxyl group. Further losses of the hydroxyl and methyl 
groups leads to the formation of the intermediates of m/z = 152 and 122 

Fig. 10. (a) Photocatalytic degradation pathway of BH by TZCN-1. (b) BH chemical structure. (c) Condensed Fukui index (f0) of BH.  
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[34,97–101]. 
As the photocatalytic reaction continues, these small intermediates 

(m/z = 122, 110, and 84) will eventually be decomposed into H2O, CO2, 
and other inorganic substances. The characteristic peak of BH (Fig. S9) 
gradually decreased, indicating the effective photocatalytic perfor
mance of TZCN-1 for BH degradation. 

3.3.3. Ecotoxicity analysis of BH intermediates in photodegradation process 
TEST and QSAR analyses were then performed to examine the eco

toxicity of the BH degradation intermediates (details in the Supple
mentary Information), where the lethal dose (LD50), mutagenicity and 
developmental toxicity of BH and byproducts (A-Q) generated in the 
photodegradation process were analyzed and compared [102,103]. 
From Fig. 11a, the oral LD50 of BH was found to be at the "toxic" level for 
rats at ca. 1121.57 mg kg-1. The degradation intermediates produced 
after the initial attack by free radicals generated three isomers (B, C, and 
D) that were more toxic than BH, and the oral LD50 of A and B can be 
seen to reach the "very toxic" level. Yet, with the cleavage of the benzene 

and pyridine rings, the toxicity was significantly decreased, 2183.61 mg 
kg-1 for O, 1869.56 mg kg-1 for J, 1703.54 mg kg-1 for I, and 1412.27 mg 
kg-1 for M, as compared to that of BH. Fig. 11b shows that in the initial 
stage of TZCN photocatalytic removal of BH, the mutagenicity level of B, 
C, and D was more positive than that of the BH itself, but as the 
degradation of BH progressed, the majority of the intermediates 
appeared at the negative mutagenicity level (< 0.5). Furthermore, 
except for B and H, most intermediates possessed a lower developmental 
toxicity than BH, and the intermediates H, Q, and K were even listed as 
“developmental non-toxicity” (Fig. 11b). That is, although the inter
mediate toxicity during the initial stage of BH degradation exceeded that 
of BH, it became markedly reduced in further degradation. These results 
show that this photocatalytic reaction can not only effectively eliminate 
BH, but also reduce potential secondary pollution to the water envi
ronment that has been known to be caused by the biological toxicity of 
degradation intermediates. 

Fig. 11. (a) Oral LD50 for rat, (b) mutagenicity and (c) development toxicity of BH and photodegradation intermediates.  
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3.4. Recycling test 

The durability of the photocatalysts is another critical parameter in 
practical applications. Fig. 12 depicts five consecutive photocatalytic 
experiments under the same experimental conditions. One can see that 
TZCN-1 retained the excellent photocatalytic activity, with the degra
dation efficiency decreased by only 5% in the five consecutive cycles. 
Notably, there was virtually no change of the XRD patterns (Fig. S10a), 
XPS profiles (Fig. S10b) and cyclic voltammograms (Fig. S10c) before 
and after the repeated photodegradation tests. All in all, these test re
sults show that TZCN-1 nanocomposite possessed high stability and 
reusability. 

4. Conclusions 

Ternary TZCN nanocomposites were prepared via a facile hydro
thermal procedure. In this series, the TZCN-1 sample prepared with a 9:1 
Ti:Zr molar feed ratio was found to possess the highest specific surface 
area (188.65 m2 g-1), smallest bandgap (2.48 eV), greatest photocurrent, 
and lowest charge-transfer resistance. This was accounted for by the 
formation of heterojunctions that promoted the migration, extended the 
lifetime and enhanced the separation of photoproduced charge carriers. 
Scavenger quenching experiments and ESR measurements confirmed 
that the photocatalytic activity was largely ascribed to superoxide rad
icals, with a minor contribution from hydroxy radicals. On the basis of 
LC-MS analysis of the degradation intermediates/products and DFT 
calculations of the Fukui index, the photocatalytic degradation path
ways of BH were then proposed, which mainly entailed ring-opening 
reactions initiated by radical attacks at specific atomic sites within the 
BH molecules. Furthermore, TZCN could effectively reduce the ecotox
icity of BH in the photocatalytic degradation and avoid secondary 
pollution of the intermediates to the environment. With the high pho
tocatalytic activity and remarkable durability, the TZCN nano
composites demonstrate a high potential for practical applications in 
antibiotic removal from wastewater. 
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