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a b s t r a c t

Due to the massive discharge of antibiotics in water, it is an urgent matter to remove antibiotics from

waste water. The photocatalysts with high stability and activity have attracted extensive attention from

researchers. By an in-situ polymerization method, polypyrrole (PPy) was modified on the surface of TiO2

(named as TiO2/PPy). By one-step reduction method, NiCoP was grafted on the surface of TiO2/PPy

(named as TiO2/PPy/NiCoP) to synthesize the photocatalyst of TiO2/PPy/NiCoP for degradation of tetra-

cycline (TC) antibiotic. The characterization results revealed that NiCoP was deposited on the surface of

TiO2/PPy successfully. The photocatalytic experiment results illustrated that 83.2% of TC could be de-

graded at natural pH with 20 mg of TiO2/PPy/NiCoP in 50 mL of TC solution (10 mg/L) under visible light

irradiation. The high catalytic activity is attributed to the attachment of NiCoP on the surface of TiO2/PPy

which can enlarge the light response range of TiO2 effectively. Scavenger studies revealed that the degra-

dation of TC was dominated by •O2
− and h+. The photodegradation efficiency of TC with TiO2/PPy/NiCoP

still reached over 74% after 5 consecutive cycles, indicating the potential applications in practical wastew-

ater.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

As an emerging class and ubiquitous occurrence of recalci-

trant organic pollutants, pharmaceuticals and personal care prod-

ucts (PPCPs) have been heavily consumed in modern society [1].

The massive discharge of PPCPs in water and the corresponding

risks to aquatic life and human, including antibiotic resistance, hor-

monal disruption and toxicity, has become a serious problem [2,3].

As reported, more and more PPCPs, including drugs (antibiotics,

sedatives, antiepileptics, etc.), hormones (natural and synthetic), X-

ray contrast agents, musk fragrance, etc. have been detected in va-

rieties of the aquatic environment [4]. Because of the biologically

cumulative effect at low concentration, PPCPs are recognized as the

subject arising scientific interest and public concern. As a kind of

extensive use in veterinary medicine and human, antibiotics get

more attention than other kinds of PPCPs and have been widely

used for the treatment of parasitic, fungal and bacterial infections

[3,5].

As one type of antibiotics, tetracycline (TC) is a kind of natu-

ral or semi-synthetic broad-spectrum antibiotic produced by acti-

nomycetes. Because of the resistance to a variety of Gram-positive

bacteria and Gram-negative bacteria, TC is widely used in disease
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control, feed addition and promoting the growth of livestock and

poultry [6]. However, about 50%-80% of antibiotics cannot be ab-

sorbed and are excreted into the soil and aquatic environment. This

situation can induce environmental risks and lead to serious prob-

lems for human health [7]. Thus, the removal of TC from water

solution is very important.

Recently, membrane, fenton oxidation, adsorption, electrochem-

ical process and photocatalytic degradation, etc. have been intro-

duced to remove tetracycline from water [8–11]. For example, Guo

et al. had been synthesized a direct Z-scheme Ce@Fe core-shell

nanotube array heterojunction which was used for the photocat-

alytic degradation of TC with high degradation efficiency, good sta-

bility and sustainable recycling capability [9]. Photocatalytic degra-

dation is considered to be one of the most attractive methods

to alleviate environmental problems, because it can directly con-

vert solar energy into chemical energy [11]. So far, many photo-

catalytic nanocomposites such as TiO2, g-C3N4, MoO3 have been

successfully developed and show great potential in energy conver-

sion and environmental remediation [12–15]. As reported, a hollow

nanotube Fe2O3/MoO3 heterojunction had been prepared for the

photoelectrocatalytic conversion of small-molecule alcohols [12].

Liu et al. synthesized a novel Z-scheme Fe2O3/g-C3N4 hybrid for

CH3OH oxidation to HCHO [15]. TiO2 possesses excellent proper-

ties, such as long-term mechanical and thermal stability even un-
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der irradiation, corrosion resistance, nontoxicity, availability and

low cost [16–18]. Therefore, it is widely used in photocatalytic

degradation for pollutants. However, TiO2 just only responds to the

UV light due to its wide band gap, which limits the absorbable ra-

diation. The low quantum efficiency of TiO2 resulted in the low

photocatalytic efficiency [18]. Some modification methods, such as

element doping, noble metal modification, semiconductor compos-

ite, surface sensitization, can improve the response of TiO2 to vis-

ible light and the photocatalytic activity [19,20]. It has been re-

ported that many new TiO2 complexes have been synthesized for

adsorption and photocatalytic degradation. Some reports have im-

proved the synthesis method of TiO2 to make the synthesis process

more convenient. For example, the latest synthesis of TiO2/SiO2-

800 was prepared by Ji et al. [21]. At the same time, there are

also many efficient photocatalysts, such as g-C3N4/TNTs, to realize

the photocatalytic degradation of sulfamethazine [22]. Meanwhile,

TNTs@ACF can efficiently degrade diclofenac under sunlight [23].

The above photocatalysts have a good degradation effect on PPCPs,

however, the degradation of TC under visible light has not been re-

ported. Due to the interface effect and local surface plasmon reso-

nance (SPR) effect, it is another strategy to improve the efficiency

of solar energy conversion to combine a suitable co-catalyst with

a strong absorbing material [24]. The supported metal co-catalyst

nanoparticles play an effective role in absorbing light, not only en-

hancing the absorption of visible light, resulting in more electron

hole pairs, but also promoting the energy transfer to the conduc-

tion band of semiconductor.

As reported, the nanoparticles can be modified on the surface

of photocatalyst to improve the separation efficiency of h+ and e−,
and then significantly improve the photodegradation efficiency. The

application of a suitable co-catalyst can expand the range of light

absorption, promote the separation of holes and photogenerated

electrons effectively and reduce the photocatalysis overpotential of

the catalyst. As a new type of co-catalyst, transition metal phos-

phide (TMPS) which consists of transition metal and phosphorus

elements has been studied and attracts the attention of researchers

recently. With the advantages of low cost and high natural abun-

dance, TMPS is an ideal choice to realize high-efficiency photo-

catalytic degradation [25]. TMPS is regarded as an excellent cat-

alyst to replace precious metals. However, NiCoP shows low over-

potential and charge transfer resistance, which indicates that the

electrochemical performance of NiCoP is better than that of sin-

gle metal phosphide [26]. NiCoP can provide more redox reaction

sites through the synergistic effect between Ni and Co. At the same

time, the participation of Ni can also improve the catalytic per-

formance of Co [27]. Moreover, the presence of NiCoP co-catalyst

can improve the transfer rate of photogenerated charge between

materials [28]. The conductive polymer has excellent stability and

easy synthesis, and can play a role similar to semiconductors due

to its unique photoelectric properties [29]. Many conductive poly-

mers can become good electron donors and electron transporters

under visible light excitation, which can not only promote the sep-

aration of interface charges, but also can enhance the light absorp-

tion of semiconductor matrix [30,31]. They can be used as photo-

sensitizers to modify wide band gap of inorganic semiconductors.

As one of the conductive polymers, polypyrrole (PPy) with broad-

band absorption and high absorption rate for visible light has been

widely used in biomaterials, supercapacitors and other fields due

to its simple preparation and good environmental stability [30,32].

As a high mobility charge carrier, PPy can inhibit the recombina-

tion of electron hole pairs and improve the charge separation effi-

ciency of photocatalysts [29]. As reported, PPy with unique struc-

ture has been widely used for the modification of semiconductors,

such as BiOI/PPy and TiO2/PPy, due to the convenient polymeriza-

tion and modification on the surface of nanoparticles. Photocatalyst

modified with PPy obtains stronger adsorption capacity, faster elec-

tron hole separation rate and higher light collection performance.

Therefore, the photocatalytic activity of PPy modified photocatalyst

can be improved significantly [31,33]. As reported, TiO2/PPy had

higher photocatalytic activity than that of original TiO2 [34]. At the

same time, photocatalyst modified with PPy shows excellent stabil-

ity after repeated use and PPy is not be degraded in the process of

photocatalysis. In addition, the abundant functional groups on PPy

can also provide enough active sites for NiCoP loading [34].

Therefore, the TiO2/PPy/NiCoP was prepared by sol-gel, in-situ

polymerization and one-step chemical reduction method in this

work. The prepared TiO2/PPy/NiCoP would effectively improve the

adsorption capacity and the visible-light photocatalytic activity. TC

was selected to estimate the photodegradation activity of the syn-

thesized TiO2/PPy/NiCoP. The photocatalytic degradation mecha-

nism was also studied.

The chemical reagents and instruments used in this work were

shown in the Supporting information. Meanwhile, ultra-pure wa-

ter was used throughout the experiment. TiO2 was synthesized ac-

cording to the published sol-gel method with some minor modifi-

cations [35]. The TiO2/PPy was prepared by an in-situ polymeriza-

tion method with minor modifications [36]. According to the lit-

erature, the TiO2/PPy/NiCoP was synthesized by one-step chemical

reduction method with some minor modifications [37]. The spe-

cific preparation process of TiO2, TiO2/PPy and TiO2/PPy/NiCoP was

illustrated in Supporting information.

The photocatalytic degradation experiments were carried out

as a typical photocatalysis process. In a conical flask, some

TiO2/PPy/NiCoP nanocomposites were dispersed into 50 mL of TC

solution at a certain concentration, which was followed by 30 min

of mechanical stirring at 200 r/min and room temperature in the

dark. Afterwards, a visible light source (300 W xenon lamp, HDL-

II laboratory) was turned on to initiate the photocatalysis and the

catalytic reaction was continuously stirred for 3 h. For analysis of

TC, 2.5 mL of the suspension was transferred at a fixed time and

filtered by a 0.22 μm of filter membrane to remove the catalyst.

The concentration of TC was determined by a UV-vis spectropho-

tometer (UV-vis, EVO300 PC ultraviolet visible spectrophotometer,

USA) at 354 nm. The catalyst dosage, concentration of pollutant so-

lution, pH of pollutant solution, ionic strength of pollutant solution

were investigated in the process of degradation TC with the same

analytical procedure.

The transmission electron microscope (TEM, TECNAI G2, FEI,

USA) was conducted to characterize the size and morphology of

TiO2, TiO2/PPy and TiO2/PPy/NiCoP. The scanning electron micro-

scope (SEM, JSM-6701F, Japan Jeol Ltd.) and X-ray energy dis-

persive spectrometer (EDS, Oxford instrument company, UK) were

conducted to characterize the morphology and chemical compo-

sition of TiO2/PPy/NiCoP. Fourier transform infrared spectra were

determined on a NEXUS 670 FT-IR spectrometer (American Nicolet

Company). The X-ray photoelectron spectroscopy (XPS, AXIS Ultra

DLD, Shimadzu Institute, Japan) was conducted to characterize the

photoelectron spectroscopy of TiO2/PPy/NiCoP. The crystal struc-

ture of the prepared nanoparticles was characterized by the X-ray

diffraction spectrometer (XRD, XRD-6000, Shimadzu, Japan). The

optical properties of the materials were characterized by a UV-vis

diffuse reflection spectroscopy (DRS) using a UV-visible NIR spec-

trophotometer (DRS, Lambda 950, PerkinElmer). The steady-state

& time-resolved photoluminescence (PL, FLS920, USA) spectra was

conducted to characterize the lifetime analysis of TiO2, TiO2/PPy

and TiO2/PPy/NiCoP.

The morphologies and chemical composition of the prepared

nanocomposites were characterized by TEM, SEM and EDX (en-

ergy dispersive X-ray). As illustrated in Fig. 1A, the average di-

ameter of the prepared TiO2 was about 20-30nm. The prepared

TiO2 was granular, highly crystalline, and agglomerated, which was

consistent with the literature reported [38]. As for the TiO2/PPy
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Fig. 1. TEM images of (A) TiO2, (B) TiO2@PPy and (C) TiO2@PPy@NiCoP; SEM image of (D) TiO2@PPy@NiCoP and the elemental mapping for (E) Ni, (F) P, (G) Ti, (H) C, (I) O,

(J) Co, and (K) N of TiO2@PPy@NiCoP.

(Fig. 1B), a layer of translucent PPy was attached to the sur-

face of TiO2 and did not affect the structure of TiO2. The phe-

nomenon indicated that the TiO2/PPy was successfully synthe-

sized. As can be seen from Figs. 1C and D, some black nanopar-

ticles of NiCoP were grafted onto the surface of TiO2/PPy and

the morphology of TiO2/PPy/NiCoP nanocomposites were relatively

uniform. As shown in Figs. 1E–K, the EDS mapping images of

TiO2/PPy/NiCoP indicated the existence of Ni, P, Ti, C, O, Co and N

elements in TiO2/PPy/NiCoP. The above results confirmed that the

TiO2/PPy/NiCoP was prepared successfully.

The surface chemical composition of TiO2/PPy/NiCoP was stud-

ied by XPS. The XPS spectra of TiO2/PPy/NiCoP indicated that the

sample consisted of nuclear energy levels of C 1s, N 1s, O 1s, Ti

2p, Ni 2p, Co 2p and P 2p (Figs. S1A–E in Supporting informa-

tion), which proved that NiCoP had been successfully grafted on

the surface of TiO2/PPy. As displayed in Fig. S1F (Supporting infor-

mation), the peaks of Ni at 855.7 and 873.35 eV were attributed

to Ni 2p3/2 and Ni 2p1/2 of Ni0, respectively [39]. The peaks at

861.7 and 880.05 eV for Ni were attributed to Ni 2p3/2 (Oxide)

and Ni 2p1/2 (Oxide), respectively (Fig. S1F). As illustrated in Fig.

S1G (Supporting information), the peaks at 781.45 and 797.05 eV

for Co were assigned to Co 2p3/2 and Co 2p1/2 of Co0, respectively

[37]. As illustrated in Fig. S1H (Supporting information), the peak

of P at 135.25 eV was attributed to P 2p of P0 [40]. As shown in

Fig. S1G (Supporting information), the peaks of Co at 786.05 and

803.2 eV were attributed to Co 2p3/2(Oxide) and Co 2p1/2(Oxide),

respectively [37]. The above results illustrated that TiO2/PPy/NiCoP

had been synthesized successfully.

The qualitative and crystal structure of TiO2, TiO2/PPy,

TiO2/PPy/NiCoP were characterized by XRD. Seen from Fig. 2A, the

peaks of 27.42°, 36.06° and 54.30° were sharp and obvious, which

confirmed the good crystallinity of TiO2 nanoparticles. The peaks

at 25.30°, 37.72°, 39.20°, 48.08°, 54.30°, 62.72° and 69.00° were

attributed to the anatase TiO2 [41]. The peaks at 27.42°, 36.06°,
41.24°, 44.00°, 56.62°, 64.04° and 69.76° were attributed to the ru-

tile TiO2 [41]. As illustrated in Fig. 2A (curve b), the crystal struc-

ture of TiO2 had no obvious change after being modified with PPy.

The broad peak of PPy at 26° was not obvious as shown in the

green box because of the coexistence of the sharp peak of TiO2

[42]. It indicated that the synthesized PPy possessed an amorphous

structure [43]. The diffraction peaks of NiCoP at 41.24°, 44.00°
which were corresponded to the (111) and (201) crystal planes of

NiCoP had some deviation from the standard card of NiCoP (PDF

No. 71-2336) [37]. This phenomenon was mainly due to the mixed

valence states of the Co and Ni ions [37].

Fig. 2B illustrated the FT-IR spectra of TiO2, TiO2/PPy,

TiO2/PPy/NiCoP. The broad band from 450 to 900 cm−1 in the

green box of Fig. 2B (curve a) correspond to Ti-O-Ti and Ti-O

stretching [44]. The peaks at 1625.7 cm−1 and 3434.6 cm−1 may be

attributed to the bending and stretching vibration of hydroxyl or

water molecules, which proved the successful preparation of TiO2

[45]. The absorption peak at 1178.3 cm−1 was attributed to the

specific characteristic peak of PPy according to the published liter-

ature [46]. It proved the successful synthesis of TiO2/PPy. The band

appearing in the green circle of Fig. 2B (curve c) was the charac-

teristic absorption of Ni-P and Co-P bond in NiCoP, which proved

the successful preparation of TiO2/PPy/NiCoP [47].

The light adsorption properties of TiO2, TiO2/PPy and

TiO2/PPy/NiCoP in the wavelength coverage of 300-700 nm

were investigated by DRS. As can be seen from Fig. 2C, TiO2

only had strong absorption at the wavelength less than 400 nm,

which was corresponded to the band gap of 2.8 eV. As calculated,

the adsorption edge of TiO2 was about 394 nm. The decrease of

the band-gap for TiO2 was mainly attributed to the existence of

mixed crystal TiO2. After being modified with PPy, the absorption

wavelength of TiO2/PPy was in the range of 200–700 nm (Fig. 2C,

curve b). The absorption of TiO2/PPy in the ultraviolet region was

weaker than that of TiO2, which was due to the modification

of PPy on the surface of TiO2. It might be caused a possible

charge-transfer transition at the interface between TiO2 and PPy,

for the presence of PPy. The PPy may affect visible light diffuse

reflection of TiO2. The band gap of the PPy which was calculated

by tauc plot was found to 2.0 eV. After modified with NiCoP, the

absorption wavelength of TiO2/PPy/NiCoP (Fig. 2C, curve c) ranged

from 200 nm to 700 nm which was significantly higher than that

of TiO2/PPy. The above results showed that TiO2/PPy/NiCoP could

expand the light response to the visible light region, which was

essential for improving photocatalytic performance.
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Fig. 2. (A) XRD pattern, (B) FT-IR spectra, (C) UV-vis-DRS spectra and (D) PL spectra of the prepared nanocomposites: (a) TiO2 nanoparticles, (b) TiO2/PPy and (c)

TiO2/PPy/NiCoP nanocomposites.

The PL spectra of TiO2, TiO2/PPy and TiO2/PPy/NiCoP were pre-

sented in Fig. 2D. The photoluminescence intensity came from the

recombination of free charge carriers in nanocomposites [48]. So,

the decreasing of fluorescence intensity means that the semicon-

ductor material has high carrier separation efficiency. As can be

seen from Fig. 2D, TiO2/PPy and TiO2/PPy/NiCoP had lower PL in-

tensity than TiO2. This phenomenon indicated that the carrier sep-

aration ability in TiO2/PPy/NiCoP was higher, which was more con-

ducive to the photodegradation of TC.

The photocatalytic activities of the synthesized TiO2/PPy/NiCoP

were evaluated by the photocatalytic degradation of TC under vis-

ible light (λ > 400 nm). The effect of radiation time on the degra-

dation efficiency of TiO2/PPy/NiCoP was investigated. The experi-

ments were carried out according to the following process. Firstly,

5 mg of TiO2/PPy/NiCoP were added into 50 mL 10 mg/L of TC

solution and was degraded under visible light for 0-9 h subse-

quently. Prior to irradiation, the above solution was oscillated for

30 min under dark conditions. As seen from Fig. S2 (Supporting

information), the degradation efficiency of TC with TiO2/PPy/NiCoP

was increased gradually with the time lasting from 0 to 3 h. Af-

ter 3 h later, the degradation efficiency of TC with TiO2/PPy/NiCoP

had no obvious change. As a result of that, 3 h was selected as

the optimal reaction time in the following experiments. As shown

in Fig. S2 (Supporting information), the photocatalytic degradation

efficiency of 72.9% was higher than that of adsorption removal

efficiency of 39.5% in dark with TiO2/PPy/NiCoP lasting for 3 h.

This phenomenon illustrated that the photocatalytic degradation of

TiO2/PPy/NiCoP under visible light could greatly improve the re-

moval efficiency of TC from water solution.

The photocatalytic activity of TiO2, TiO2/PPy and

TiO2/PPy/NiCoP (10 mg) was investigated by the degradation

of TC (50 mL, 10 mg/L). As shown in Fig. 3A, the photodegradation

efficiency for TC with TiO2/PPy/NiCoP nanocomposites was better

than that of TiO2 and TiO2/PPy. The photocatalytic degradation

efficiency of TiO2/PPy/NiCoP for TC reached to 72.9%. This may be

due to the improved photocatalytic performance of TiO2 supported

by NiCoP.

As reported, pH value of the aqueous solution can influence the

photocatalytic degradation of contaminants. To study the effect of

pH on the photocatalytic degradation efficiency of TiO2/PPy/NiCoP

for TC, 0.1 mol/L HCl and 0.1 mol/L NaOH were used to ad-

just the pH value of the aqueous solution. In this case, 10 mg

of TiO2/PPy/NiCoP were added into 50 mL TC solution (10 mg/L)

with the pH ranged from 3 to 10. As seen from Fig. 3B, the pho-

todegradation efficiency of TC by TiO2/PPy/NiCoP was 45.6% with

the aqueous solution pH 3 at 3 h. This phenomenon was attributed

to the dissolution of NiCoP in the strong acid environment, which

reduced the photocatalytic property of TiO2/PPy/NiCoP. However,

the photodegradation efficiency of TC with TiO2/PPy/NiCoP had no

obvious change with the pH values ranging from 4 to 10, which

proved that the TiO2/PPy/NiCoP had a relatively wide pH adapta-

tion range. As can be seen from Fig. 3B, the high removal efficiency

of TC was obtained at pH 5 with the removal rate at 73.1%, which

was close to the removal rate of 72.9% at the natural pH value. This

phenomenon illustrated that the prepared TiO2/PPy/NiCoP had po-

tential application value as a photocatalytic material to remove TC

from the natural water solution. Therefore, natural pH was selected

in the following experiment.

The influence of the initial concentration of TC on the pho-

todegradation efficiency was investigated with 10 mg of prepared

TiO2/PPy/NiCoP at natural pH under visible light lasting for 3 h.

As illustrated in Fig. 3C, the degradation efficiency of TC was in-

creased from 65.7% to 89.1% with the concentration of TC increas-

ing from 5 mg/L to 100 mg/L. This phenomenon illustrated that

the increase of TC concentration could enhance the possibility of

TC capture by TiO2/PPy/NiCoP. However, the removal efficiency of

TC was decreased significantly from 89.1% to 26.2% with the con-

centration of TC increasing from 100 mg/L to 200 mg/L. This phe-

nomenon was attributed to the limitation of the TiO2/PPy/NiCoP

dosage, which led to the incomplete degradation of TC. Seen from

Fig. 3C, 89.1% of TC could be removed with the concentration of TC

at 100 mg/L. However, the concentration of TC in the natural en-

vironment was low-level (ng-μg/L) [49]. So, 10 mg/L of TC with a

high degradation rate was selected in the following experiment.

To study the effect of ionic strength on the performance of

TiO2/PPy/NiCoP for the photocatalytic degradation of TC, 0.02–0.5

mol/L of NaCl were added to the reaction systems. As can be seen

from Fig. 3D, the degradation efficiency of TC with TiO2/PPy/NiCoP

had no obvious change in the range of 0.02–0.5 mol/L of NaCl.

As reported, the inorganic cations of Na+ had no significant im-

pacts on the photocatalytic process, because the hole or photo-

generated electron was hardly utilized by the photocatalyst ascrib-

ing to the high oxidation state and stability [50,51]. Fig. 3D indi-

cated that the inorganic anions of Cl− had no obvious influence
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Fig. 3. Effect of (A) series photocatalysts, (B) initial pH of the aqueous solution, (C) TC concentration, (D) the ionic strength, (E) different scavengers and (F) the dosage of

TiO2/PPy/NiCoP on photocatalytic degradation of TC (room temperature, xenon lamp).

on the photodegradation efficiency of TC under visible light. This

phenomenon illustrated that the TiO2/PPy/NiCoP photocatalyst has

a strong anti-interference ability and can be applied in real waste

water.

In order to explore the possible mechanism and confirm the

photo-produced active species, the trapping experiments were car-

ried out as following. The active species capture agents of iso-

propanol (IPA), ammonium oxalate (AO) and 1,4-benzoquinone

(1,4-BQ) were recommended to capture •OH, h+ and •O2
−, recep-

tively [52]. At room temperature and natural pH, 1 mmol/L IPA,

AO and 0.1 mmol/L 1,4-BQ were added into 50 mL TC (10 mg/L)

with 10 mg of TiO2/PPy/NiCoP, receptively. As can be seen from

Fig. 3E, the removal efficiency of TiO2/PPy/NiCoP for TC can reach

to 72.9% without any quenchers. As illustrated in Fig. 3E, the pho-

todegradation efficiency of TC has no obvious change after the ad-

dition of IPA into the solution. The results illustrated that •OH was

not the principal active species in the photocatalytic process. How-

ever, the photodegradation efficiency of TiO2/PPy/NiCoP for TC de-

creased to 56.2% and 34% with the addition of 1 mmol/L of AO and

0.1 mmol/L of 1,4-BQ, which indicated that h+ and •O2
− played

prominent roles. Among those two radicals, •O2
− played the most

crucial role in the photocatalytic degradation process, which illus-

trated that •O2
− was the main oxidative species responsible for the

photocatalytic degradation of TC [52].

The effect of the dosage of TiO2/PPy/NiCoP on the degrada-

tion of TC was also investigated at room temperature and natu-

ral pH with 50 mL 10 mg/L of TC. Seen from Fig. 3F, the pho-

todegradation efficiency of TC increased gradually with the qual-

ity of TiO2/PPy/NiCoP increasing. The photodegradation efficiency

of TC reached up to 90.0% with 50 mg of TiO2/PPy/NiCoP. This

might be attributed to the abundant active species providing by

TiO2/PPy/NiCoP. The degradation efficiency of TC with 20 mg and

30 mg TiO2/PPy/NiCoP was 83.2% and 84.0%, receptively. Consider-

ing the economy and effectiveness, 20 mg of TiO2/PPy/NiCoP were

used in the following experiments.

The mechanism of degradation TC with TiO2/PPy/NiCoP was

studied. As illustrated, •O2
− is the main active species responsible

for the photocatalytic degradation of TC. The degradation mech-

anism of TC with TiO2/PPy/NiCoP nanocomposites was shown in

Fig. 4A. A mass of photogenerated electron-hole pairs were gen-

erated in the TiO2/PPy/NiCoP under visible light irradiation. As

reported in the literature, electrons could reduce O2 to produce

Fig. 4. (A) The degradation mechanism of TC with TiO2/PPy/NiCoP. (B) Proposed

intermediates and degradation routes of TC.

•O2
− [53]. The accumulated electrons in TiO2/PPy/NiCoP could at-

tract the dissolved O2 and form •O2
−, which could participate in

the degradation of TC. The trapping experiments indicated that h+

played the most crucial role in the photocatalytic degradation pro-

cess. Under visible light, the accumulated h+ of TiO2/PPy/NiCoP

could directly degrade TC [54]. Therefore, the improvement of the

photocatalytic performance of TiO2/PPy/NiCoP should be attributed

to the synergy of •O2
− and h+. The proposed intermediates and

degradation routes of TC were shown in Fig. 4B. The degradation

pathway of TC could be divided into four types as reported [53,55].

Seen from Fig. 4B, the unstable C-N bond of TC was broken under

the action of h+. Except for that, the -OH groups were taken off

and the double bond was opened under the attack of •O2
−. After

the processes of demethylation, dehydroxylation, deamination and

deamidation, TC would be decomposed into small molecules with

only one benzene ring. And it eventually converted to CO2, H2O

and other products. In order to verify the environmental friendli-

ness of the products produced in the process of photodegradation,

the hydroponic experiments of pea were carried out. The TC solu-

tion with the concentration of 10–50 mg/L before and after pho-
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todegradation with TiO2/PPy/NiCoP was used for the cultivation of

peas. Before photodegradation with TiO2/PPy/NiCoP, the germina-

tion rate of the peas in 50 mg/L of TC solution (Fig. S3b in Sup-

porting information) was much lower than that of in 10 mg/L of TC

solution (Fig. S3a in Supporting information) after cultivating for 1

day. After photodegradation with TiO2/PPy/NiCoP, the germination

rate of peas in the treating 50 mg/L (Fig. S3f in Supporting infor-

mation) and 10 mg/L (Fig. S3e in Supporting information) of TC

was much higher than that of the untreated TC solution for 1 day.

After cultivation for 5 days, the growth of peas in the degradation

solution in 50 mg/L (Fig. S3h in Supporting information) and 10

mg/L (Fig. S3g in Supporting information) of TC solution was better

than that in the untreated 50 mg/L (Fig. S3d in Supporting infor-

mation) and 10 mg/L (Fig. S3c in Supporting information) of TC so-

lution. After photodegradation with TiO2/PPy/NiCoP, the growth of

peas in the 10 mg/L of TC solution was better than that in 50 mg/L

of TC solution. The phenomenon illustrated that TC had a great in-

fluence on the growth of the plant and TiO2/PPy/NiCoP could re-

move TC from water effectively. The dominant growth of peas in

the treating TC solution illustrated that the photodegradation prod-

ucts of TC with TiO2/PPy/NiCoP were friendly to the environment.

The reusability and stability of TiO2/PPy/NiCoP were important

properties for practical application. Under the same conditions,

the reusability and stability of TiO2/PPy/NiCoP were investigated

by applying five repeated experiments. After the photocatalytic

degradation experiment, the TiO2/PPy/NiCoP were washed with

ethanol and water alternately to remove surface-trapped organic

compounds and then dried in the oven before application for an-

other cycle. As can be seen from Fig. S4 (Supporting information),

the degradation efficiency of TC with TiO2/PPy/NiCoP was ranged

from 74.3% to 83.2% with high photocatalytic activity after being

reused for 5 times. The result illustrated that TiO2/PPy/NiCoP con-

sistently remained high photocatalytic performance and showed

potential applications in photodegradation of TC in wastewater.

In summary, TiO2/PPy/NiCoP were synthesized by an in-situ

polymerization and one-step chemical reduction method. The char-

acterization results illustrated that TiO2/PPy/NiCoP had been suc-

cessfully prepared. Under the visible light, the TiO2/PPy/NiCoP ob-

tained outstanding photocatalytic activity for TC with the degrada-

tion efficiency of 83.2% at nature pH with 20 mg of TiO2/PPy/NiCoP

nanocomposites in 50 mL TC (10 mg/L) solution. The photocat-

alytic results illustrated that the TiO2/PPy/NiCoP photocatalyst ob-

tained strong anti-interference ability, wide pH adaptation range

and could be applied in real water samples. Furthermore, the

reused experiments indicated that TiO2/PPy/NiCoP possessed good

reusability and stability with no significant reduction of the degra-

dation efficiency after 5 cycles. Scavenger studies illustrated that

the TC degradation was dominated by •O2
− and h+. The proba-

ble degradation pathways of TC indicated that decarboxylation, hy-

droxylation, and demethylation were involved in the degradation.

The newly developed visible-light-driven TiO2/PPy/NiCoP photocat-

alyst was found to be a suitable candidate without noble metal for

degradation of TC for practical application.
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