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ABSTRACT

The g-CNQDs/H3PW12O40/TiO2 heterojunction photocatalytic material is fab-

ricated by facile ultrasonic method. The crystal structure, elemental composi-

tion, morphology and optical properties of as-synthesized catalysts are

investigated by a series of characterizations. Studies have shown that g-CNQDs

have been successfully doped into H3PW12O40/TiO2. The introduced g-CNQDs

are uniform in size and have an average diameter of 5.8 nm. The 5% g-CNQDs/

H3PW12O40/TiO2 shows the highest degradation efficiency of 99.3% toward RhB

under simulated sunlight for 30 min, which is 5.68 times than of H3PW12O40/

TiO2 under same conditions. The improved photocatalytic activity of the

g-CNQDs/H3PW12O40/TiO2 ternary system is attributed to the expansion of

visible-light absorption region and diminishing photoelectron–hole recombi-

nation. The testing of radical scavengers demonstrated that the main active

species in the photocatalytic process involving three active species are �O2
- and

�OH, and the holes (hVB
? ) play an auxiliary role. The photodegradation efficiency

of g-CNQDs/H3PW12O40/TiO2 ternary composite catalyst is reduced by 6.2%

after five cycling runs. The present work proposes an efficient optimization of

the fabrication of potent and stable TiO2-based photocatalysts driven by

sunlight.
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GRAPHIC ABSTRACT

Introduction

The exploitation of semiconductor photocatalysts

driven by sunlight has become a trend to mitigate the

energy and environment situation [1–5]. TiO2 pho-

tocatalyst is popular for degrading organic contami-

nants in virtue of oxidation power, stability, low cost

and non-toxic. However, the practical application of

TiO2 remains limited due to poor quantum yield and

wide bandgap [6, 7]. Up to now, numerous strategies

have been demonstrated to boost the catalytic activity

of TiO2. Among them, the design of TiO2-based

heterostructures [8–11] has been a feasible and effi-

cient strategy to surmount the shortcomings of fast

photoinduced carriers’ recombination and restricted

visible-light response of TiO2. Yi et al. [12] demon-

strated that Bi2Ti2O7/TiO2 heterostructures with

higher photodegradation efficiency are attributed to

enhanced light-harvesting and efficient carrier

transfer. Nevertheless, the construction of TiO2-based

photocatalytic materials still exists restriction in

degrading organic contaminants.

Graphitic carbon nitride (g-C3N4) is a class of

metal-free photocatalyst with a narrow bandgap of

2.70 eV, which allows it to absorb visible-light with-

out modification [13]. G-C3N4 exhibits superiority in

terms of photodegradation of organic contaminants

and hydrogen production by water decomposition

[14]. However, currently available g-C3N4 materials

are typically sub-micrometer sized. Low dimension-

alization of g-C3N4 forms g-C3N4 quantum dots (ab-

breviated as g-CNQDs), which possess up-

conversion luminescence effect [15–20]. Howbeit, it

has limited efficiency of directly utilize g-CNQDs for

organic contaminants photodegradation. To build a

composite system with g-CNQDs and other vectors,

we utilized the up-conversion characteristics of

g-CNQDs to convert long-wave illumination light

into shorter-wavelength emission light for composite

materials [21]. Meanwhile, the heterojunction gener-

ated after recombination can facilitate photoinduced

carriers’ separation. Accordingly, it would contribute

to the development of g-CNQDs load materials for

photocatalytic applications. Many reports focused on

various loaded g-CNQDs heterostructures lately,

such as g-CNQDs/g-C3N4, g-CNQDs/graphene and

BiVO4/CNQDs/NCDs [22–24]. Su et al. [25] con-

firmed that g-CNQDs/TiO2 nanotube arrays (NTAs)

heterojunction displays better photocatalytic perfor-

mance in the decomposition of rhodamine B (RhB)

and put it down to enhanced light absorption and the

migration of light-excited electrons from g-CNQDs to

TiO2. Nevertheless, the photodegradation efficiency

of g-CNQDs/TiO2 needs to go one step further.
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Herein, we carried on a successful attempt at the

preparation of g-CNQDs/H3PW12O40/TiO2 ternary

hybrids via coupling g-CNQDs with H3PW12O40/

TiO2 by facile ultrasonic method. The introduction of

g-CNQDs and H3PW12O40 significantly boosts the

photocatalytic activity of TiO2. H3PW12O40, as one

type of significant transition metal-oxide clusters

with multiple topologies and high valence negative

ion charges, has been considered as a dual-function

green catalyst with redox characteristics and electron

capture capacity [26, 27]. H3PW12O40 combines with

TiO2 can diminish photogenerated carriers’ recom-

bination rate in virtue of the outstanding electron

acceptability of Keggin units [28]. In terms of

H3PW12O40/TiO2 composite, the restricted UV-light

response results in a corresponding low solar uti-

lization. In this context, we further doped g-CNQDs

to construct g-CNQDs/H3PW12O40/TiO2

heterostructure stems from several considerations: (1)

wide bandgap semiconductor coupled with narrow

bandgap semiconductor can effectively enhance its

visible-light absorption owing to the synergic

absorption effect in a heterojunction. (2) matching

band edge position among distinct materials greatly

facilitates the separation and transmission of pho-

toinduced electron–hole, thereby increasing quantum

efficiency. (3) the up-conversion effect of g-CNQDs

increases UV-light intensity to some extent. The

crystal structure, elemental composition, morphology

and optical properties of as-synthesized catalysts

were characterized. The catalytic activity of ternary

composite was assessed by measuring the decom-

position of RhB under simulated sunlight

(320 nm\ k\ 780 nm). And then the photodegra-

dation reactions of TiO2, g-CNQDs, H3PW12O40/

TiO2, g-CNQDs/TiO2 were also compared. Photolu-

minescence (PL) analysis and photoelectrochemistry

(PEC) measurements were performed to disclose the

migration and separation efficiency of light-excited

charge carriers among composite materials. Beyond

that, the active species formed in the process of

photodegradation were the possible reaction mecha-

nism of g-CNQDs/H3PW12O40/TiO2 system. Last but

not least, we made recycling experiments to validate

the stability and reusability of the ternary composite

under identical reaction conditions.

Experimental section

Preparation of g-CNQDs

Solid-phase reaction method: 1.01 g of urea and

0.81 g of sodium citrate were first placed in an agate

mortar and continuously ground for half an hour

before placed in a high temperature reaction kettle

and then placed the mixture in a temperature-pro-

grammed box and heated to 180 �C for 1 h. After

taking out, it was cooled to room temperature and

then dried in a dry box for 6 h to obtain a g-C3N4

nano material. Next, the obtained g-C3N4 nanomate-

rial was ground into powder using a mortar and

centrifuged at 8000 rpm for 10 min with ethanol

dispersion. The procedure was repeated three times

to remove some unreacted precursor, and finally, the

obtained solid was charged into 1000 Da. The dialysis

bag was dialyzed in water for 24 h, and the obtained

product was freeze-dried for 24 h to obtain pure

g-CNQDs material.

Preparation of g-CNQDs/H3PW12O40/TiO2

The fabrication of H3PW12O40/TiO2 was conducted

by sol–gel method following the literature [29]. A

certain amount of H3PW12O40/TiO2 binary catalyst

powder and g-CNQDs powder were weighed and

mixed well, and the mixture was added to 30 mL

distilled water. The suspension was stirred for

30 min and ultrasound for another 30 min. The above

process repeated twice. The obtained solution was

allowed to settle in a closed and dry environment for

12 h. The mixed solution was placed in a constant

temperature drying oven and dried at 80 �C for 12 h,

and then fully ground into powder to obtain a

g-CNQDs/H3PW12O40/TiO2 ternary composite cata-

lyst. The mass ratio of g-CNQDs to H3PW12O40/TiO2

was 3%, 5% and 10%, respectively.

Catalyst characterizations

The crystalline structure of as-synthesized samples

was presented on Ricoh Y-2000 X-ray powder

diffractometer. The FTIR spectrum texts were actu-

alized on Nicolet 360 spectrometer with distinct

samples dispersed in KBr desiccative. Transmission

electron microscopy (TEM) images were acquired on

JEOL Hitachi-600. X-ray photoelectron spectroscopes

(XPS) were measured on a VG-ADES 400IR
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spectrometer with Mg K-ADES source at a residual

gas pressure that below 10-8 Pa. The resolution lim-

itation of XPS is 0.65 eV. UV–vis absorption spectra

were obtained using a Cary 500 UV–vis–NIR spec-

trophotometer. The specific surface areas and pore

size distribution of catalysts are determined by

V-SORB2802 analyzer at 77 K. PL spectra of distinct

samples are conducted on FL 7000 fluorescence

spectrometer at room temperature. Photocurrent

experiments were actualized on CHI 630E electro-

chemical station.

Photocatalytic experiments

The photocatalytic activity of g-CNQDs/

H3PW12O40/TiO2 composite was investigated by

degrading RhB. The photocatalyst (50 mg) was

added to aqueous solution of RhB (50 mL,

20 mg L-1). Prior to the start of the photocatalytic

experiment, the solution was mechanically stirred for

a certain time to achieve adsorption–desorption

equilibrium. Then, we turn on the xenon lamp to

simulate sunlight source and stirring was continued

throughout the reaction to bring the catalyst into full

contact with the RhB solution. Samples were taken

every 5 min and the samples were immediately fil-

tered through a 0.22 lm pinhole filter to remove the

catalyst. The absorbance of each sample was mea-

sured by a UV–Vis spectrophotometer at 553 nm, and

the degradation rate was converted by the absor-

bance ratio.

Results and discussion

Characterization

Figure 1 exhibits the XRD patterns of as-synthesized

catalysts. The anatase TiO2 standard cards have

diffraction peaks at 25.4� (101), 38.1� (004), 48.0� (200),
54.0� (105) and 55.2� (211), respectively (JCPDS No.

21-1272). The catalysts containing TiO2 in the fig-

ure have identical characteristic diffraction peaks of

anatase crystal form, which indicates that the TiO2 in

the composite prepared by sol–gel method belongs to

anatase phase [30]. The doping amount of

H3PW12O40 or g-CNQDs does not change its crys-

talline structure. No characteristic diffraction peak of

H3PW12O40 can be observed, since only a small

amount of H3PW12O40 content distributed in TiO2

material. For pure g-CNQDs, 27.2� (d = 0.336 nm)

corresponds to the (002) plane of hexagonal graphitic

C3N4 (JCPDS No. 87-1526) [31]. This indicates that the

fabricated g-CNQDs have graphite phase crystal

forms. No characteristic peak of g-CNQDs can be

observed in 5% g-CNQDs/H3PW12O40/TiO2, which

may due to the relatively small doping amount of

g-CNQDs. The 10% g-CNQDs/H3PW12O40/TiO2

shows a characteristic peak of g-CNQDs at 27.2�,
which indicates that g-CNQDs has been successfully

loaded into H3PW12O40/TiO2. In 10% g-CNQDs/

TiO2, characteristic peaks of TiO2 and g-CNQDs

appear simultaneously as well.

As shown in Fig. 2, the prepared TiO2, H3PW12O40,

g-CNQDs, H3PW12O40/TiO2, 10% g-CNQDs/TiO2

and 10% g-CNQDs/H3PW12O40/TiO2 catalysts are

subjected to FTIR test analysis. For pure TiO2, the

characteristic peak at 450.4 cm-1 is assigned to Ti–O–

Ti bond stretching vibration in anatase crystals [32].

In the FTIR spectrum of g-CNQDs, the peak at

803 cm-1 is attributed to the CN heterocycle of tri-

azine units in g-CNQDs [33]. Several strong charac-

teristic peaks at 1237, 1317, 1411, 1470, 1565 and

1638 cm-1 correspond to the typical stretching modes

of CN heterocycle [34, 35]. A broad absorption band

from 3100 to 3400 cm-1 represents NH groups’

stretching vibration [36]. The characteristic peaks of

TiO2 and g-CNQDs appear simultaneously in the

composites g-CNQDs/TiO2 and g-CNQDs/

H3PW12O40/TiO2, indicating that g-CNQDs have

been successfully loaded into the target material. In

Figure 1 XRD patterns of as-synthesized TiO2, g-CNQDs,

H3PW12O40/TiO2, 10% g-CNQDs/TiO2, 5% g-CNQDs/

H3PW12O40/TiO2, 10% g-CNQDs/H3PW12O40/TiO2.
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addition, the vibration absorption peak positions of

the P–O, W=O and W–O–W bonds should be at 1085,

962 and 893 cm-1, respectively [37, 38]. However,

these characteristic peaks are weak in H3PW12O40/

TiO2 and 10% g-CNQDs/H3PW12O40/TiO2 due to

the low dosage of H3PW12O40.

XPS is used to detect the chemical composition of

the surface and determines the chemical state of each

element of as-prepared catalysts. The survey spec-

trum in Fig. 3a reveals the presence of C, N for

g-CNQDs; Ti, O, W for H3PW12O40/TiO2; C, N, Ti, O,

W for g-CNQDs/H3PW12O40/TiO2 composite. Fig-

ure 3b shows the high-resolution XPS spectrum of

C1s. The peaks at 284.6 eV and 287.6 eV in g-CNQDs

are derived from sp2-hybridized carbon atoms in

graphite phase and sp3-bonded carbon in C-N of

g-CNQDs [39]. As shown in Fig. 3c, the N 1s peak in

g-CNQDs can be divided into two peaks at 398.4 eV

and 399.9 eV, which are assigned to triazine rings (C–

N–C) and tertiary nitrogen (N–C3), respectively [40].

The binding energy values in 5% g-CNQDs/

H3PW12O40/TiO2 (288.1 eV, 398.6 eV and 400.0 eV)

exhibit certain positive displacements in contrast to

those of C, N in g-CNQDs (287.6 eV, 398.4 eV and

399.9 eV), which indicates robust interaction among

composite materials. Figure 3d shows the XPS spec-

trum of O1s where three characteristic peaks appear

at 529.7 eV, 531.4 eV and 532.8 eV, respectively. The

peaks at 529.7 eV and 531.4 eV belong to lattice

oxygen of anatase TiO2 and Keggin unit of

H3PW12O40, and the physical-absorption water of

532.8 eV [41]. Compared to H3PW12O40/TiO2

(529.8 eV, 531.7 eV), the binding energy values of

oxygen in g-CNQDs/H3PW12O40/TiO2 (529.7 eV,

531.4 eV) show negative deviations, implying the

interaction between g-CNQDs and H3PW12O40/TiO2.

As shown in Fig. 3e, the peaks located at 458.4 eV

and 464.0 eV correspond to Ti 2p3/2 and Ti 2p1/2,

respectively, which indicates that Ti element presents

in the form of high-value oxidation state Ti4? [42].

The binding energy value of titanium in 5%

g-CNQDs/H3PW12O40/TiO2 (464.4 eV) increases

0.2 eV in comparison with that of H3PW12O40/TiO2

(464.2 eV), further confirmed the interaction between

g-CNQDs and H3PW12O40/TiO2 in the composite. In

Fig. 3f, we can see that the peaks located at 34.80 eV

and 36.80 eV relate to W 4f7/2 and W 4f5/2, respec-

tively, and the W element has the highest oxidation

state [W(VI)] [43]. It is notable that the O, Ti and W

binding energies in H3PW12O40/TiO2 display certain

displacements than those of pure TiO2 and

H3PW12O40, which confirms the formation of Ti–O–W

chemical bonds [44]. Due to the low content of P

element in H3PW12O40/TiO2, it is not detected by the

machine. The above results indicate that H3PW12O40/

TiO2 is successfully combined with g-CNQDs.

The TEM researches the morphology of as-syn-

thesized catalysts. In order to control the morphology

and size of g-CNQDs, three methods, acid etching,

evaporation condensation and solid-state reaction,

were used to prepare g-CNQDs. As shown in Fig-

ure S1 (a–c), the morphology and size of g-CNQDs

prepared by solid-phase reaction method are very

uniform. Therefore, the solid-state reaction method

was selected as the method of preparing g-CNQDs.

The carbon nitride quantum dots are well dispersed

and uniform in size, and the particle sizes are mostly

around 3–9 nm with an average size of 5.8 nm

(Fig. 4a and S1d). H3PW12O40/TiO2 has a particle size

of about 10-–0 nm (Fig. 4b). It can be observed that

g-CNQDs are loaded on the surface of H3PW12O40/

TiO2 composite (Fig. 4c). By measuring the lattice

fringes in Fig. 4d, the interplanar distances are

approximately 0.353 nm and 0.336 nm, correspond-

ing to the (101) plane of anatase TiO2 and the (002)

plane of g-CNQDs, respectively. Their close combi-

nation demonstrates the formation of a heterojunc-

tion between g-CNQDs and TiO2.

The N2 adsorption–desorption isotherms of

g-CNQDs, H3PW12O40/TiO2 and 5% g-CNQDs/

Figure 2 FT-IR spectra of TiO2, H3PW12O40, g-CNQDs,

H3PW12O40/TiO2, 10% g-CNQDs/TiO2, 10% g-CNQDs/

H3PW12O40/TiO2.
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H3PW12O40/TiO2 are shown in Fig. S2. The g-CNQDs

show type-IV isotherms with H3 hysteresis loop

according to the IUPAC classification, which is rela-

ted to the characteristic capillary condensation within

the mesopore channels. The BET surface areas of

g-CNQDs, H3PW12O40/TiO2 and 5% g-CNQDs/

H3PW12O40/TiO2 are 184.6, 72.2 and 94.3 m2/g,

respectively. In comparison with H3PW12O40/TiO2,

Figure 3 XPS spectrum of g-CNQDs, H3PW12O40/TiO2, 5% g-CNQDs/H3PW12O40/TiO2, a survey, b C 1s, c N 1s, d O 1s, e Ti 2p, f W

4f.
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the larger surface area of g-CNQDs/H3PW12O40/

TiO2 is expected to provide more active sites for

photocatalytic reaction.

The optical properties of photocatalyst exert a sig-

nificant function in determining its photocatalytic

performance toward organic contaminants. The light

absorption capacity of as-prepared samples is mea-

sured by UV–Vis DRS (Fig. 5). For g-CNQDs, the

absorption boundary is approximately 450 nm, and

the bandgap is estimated to be 2.73 eV, which is

consistent with previous reports [45]. Due to the

influence of g-CNQDs quantum size effect, it is

blueshifted relative to g-C3N4 (Fig. S3). There is a

strong absorption region of TiO2 among 200–400 nm

in virtue of the electronic transition from O 2p orbitals

to Ti 2p orbitals [46]. The absorption boundary of

H3PW12O40/TiO2 has a blueshift compared with

TiO2, which is attributed to the smaller particle size of

H3PW12O40/TiO2 [47]. 5% g-CNQDs/TiO2 redshifted

compared to pure TiO2, due to the electronic inter-

action between TiO2 and g-CNQDs. 5% g-CNQDs/

H3PW12O40/TiO2 redshifted as well, indicating

higher separation efficiency of photoinduced carriers.

The bandgap energy of 5% g-CNQDs/TiO2 and 5%

g-CNQDs/H3PW12O40/TiO2 composite catalysts is

gradually reduced, which improved the photon

efficiency of the system. According to the Kubelka–

Munk function [48], the bandgaps of g-CNQDs, TiO2,

H3PW12O40/TiO2, 5% g-CNQDs/TiO2 and 5%

g-CNQDs/H3PW12O40/TiO2 are estimated to be

2.73 eV, 3.06 eV, 3.08 eV, 2.91 eV and 2.86 eV,

respectively.

The study of photocatalytic activity

The photocatalytic performances of synthetic mate-

rials are investigated by measuring the decomposi-

tion of RhB under simulated sunlight

(320 nm\ k\ 780 nm). All photocatalytic activity

tests are performed after the adsorption equilibrium

is reached. In Fig. 6a, all catalysts reach adsorption

equilibrium after 60 min in dark. The adsorption

rates of g-CNQDs, P25, H3PW12O40/TiO2, 5%

g-CNQDs/TiO2, 3% g-CNQDs/H3PW12O40/TiO2,

5% g-CNQDs/H3PW12O40/TiO2 and 10% g-CNQDs/

H3PW12O40/TiO2 are 13.2%, 11.2%, 11.7% 14.2%,

15.3%, 15.9% and 16.7%, respectively. The introduc-

tion of g-CNQDs enhances the adsorption capacity of

H3PW12O40/TiO2 and raises specific surface area

after compounding facilitates the capture of con-

taminants. Direct photolysis of RhB without addition

of catalyst can be ignored. While under 30 min

Figure 4 TEM image of a g-

CNQDs, b H3PW12O40/TiO2,

c g-CNQDs/H3PW12O40/TiO2,

HRTEM image of d g-

CNQDs/H3PW12O40/TiO2.
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simulated sunlight, g-CNQDs, P25, H3PW12O40/

TiO2, 5% g-CNQDs/TiO2, 10% g-CNQDs/

H3PW12O40/TiO2, 3% g-CNQDs/H3PW12O40/TiO2

and 5% g-CNQDs/H3PW12O40/TiO2 exhibit degra-

dation rates of 37.6%, 60.8%, 68.1%, 75.5%, 89.8%,

92.6% and 99.3% (Table 1), respectively. The photo-

catalytic performance of g-CNQDs/H3PW12O40/TiO2

composites exceeds that of g-CNQDs, P25,

H3PW12O40/TiO2 and g-CNQDs/TiO2. The degree of

photocatalytic activity enhancement by ternary

hybrids varies with the doping amount of g-CNQDs,

and 5% g-CNQDs/H3PW12O40/TiO2 displays the

highest efficiency of 99.3% during photodegradation

of RhB. The corresponding RhB degradation first-

order kinetic curve (Fig. 6b) indicates that the reac-

tion rate constants of g-CNQDs, P25, H3PW12O40/

TiO2, 5% g-CNQDs/TiO2, 10% g-CNQDs/

H3PW12O40/TiO2, 3% g-CNQDs/H3PW12O40/TiO2

and 5% g-CNQDs/H3PW12O40/TiO2 are 0.00927,

0.01863, 0.02243, 0.03036, 0.05291, 0.06363 and

0.10639 min-1 (Table 1), respectively. The degrada-

tion rate of 5% g-CNQDs/H3PW12O40/TiO2 is 11.48,

5.71, 4.74 and 3.51 times than that of g-CNQDs, P25,

H3PW12O40/TiO2 and g-CNQDs/TiO2, respectively.

It can be observed that the apparent rate constant of

g-CNQDs/H3PW12O40/TiO2 hybrid materials is sig-

nificantly higher than the sum of g-CNQDs and

H3PW12O40/TiO2. This may be due to the fact that

g-CNQDs are loaded into H3PW12O40/TiO2, which

produces a heterojunction that inhibits photoelec-

tron–hole recombination and improves photocat-

Figure 5 The UV–Vis DRS (a) and the bandgaps (b) of TiO2,

g-CNQDs, H3PW12O40/TiO2, 5% g-CNQDs/TiO2, 5% g-CNQDs/

H3PW12O40/TiO2, 10% g-CNQDs/H3PW12O40/TiO2.

Figure 6 a Adsorption and photocatalytic properties of P25,

g-CNQDs, H3PW12O40/TiO2, g-CNQDs/TiO2, g-CNQDs/

H3PW12O40/TiO2 toward degrading RhB under simulated

sunlight (320 nm\ k\ 780 nm) irradiation. Catalyst content

50 mg, C0 = 20 mg L-1, volume 50 mL. b Various catalysts

corresponding reaction constants of degrading RhB, C0 is the

initial concentration of contaminants.
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alytic performance. It is notable that too much or too

little g-CNQDs loading will not optimize the catalytic

effect of g-CNQDs/H3PW12O40/TiO2 ternary com-

posite. When the doping amount of g-CNQDs is high,

it is harmful to photocatalytic activity. This phe-

nomenon may be due to the fact that excess

g-CNQDs act as a light shield, resulting in decreased

photocatalytic activity [45].

Finally, visible-light (400 nm\ k\ 780 nm) pho-

tocatalytic activity of the TiO2-based materials was

studied, and the result is shown in Fig. S4. As shown

in Fig. S4a, the 5% g-CNQDs/H3PW12O40/TiO2

composite still exhibited the highest visible-light

photocatalytic degradation efficiency. Under 75 min

visible light, g-CNQDs, P25, H3PW12O40/TiO2, 5%

g-CNQDs/TiO2, 10% g-CNQDs/H3PW12O40/TiO2,

3% g-CNQDs/H3PW12O40/TiO2 and 5% g-CNQDs/

H3PW12O40/TiO2 displayed degradation rates of

36.4%, 51.2%, 58.7%, 70.2%, 93.6%, 98.5% and 99.2%,

respectively. The apparent rate constant k (in

Fig. S4b) over the g-CNQDs, P25, H3PW12O40/TiO2,

5% g-CNQDs/TiO2, 10% g-CNQDs/H3PW12O40/

TiO2, 3% g-CNQDs/H3PW12O40/TiO2 and 5%

g-CNQDs/H3PW12O40/TiO2 is 0.00631, 0.01097,

0.01506, 0.02185, 0.03591, 0.04818 and 0.06226 min-1,

respectively. The degradation rate of 5% g-CNQDs/

H3PW12O40/TiO2 was 9.86, 5.68, 4.13 and 2.85 times

than that of g-CNQDs, P25, H3PW12O40/TiO2 and

g-CNQDs/TiO2, respectively. Consequently, the

introduction of g-CNQDs significantly boosts the

photocatalytic activity of H3PW12O40/TiO2.

Considering the practical applications, it is neces-

sary to evaluate the stability and recyclability of 5%

g-CNQDs/H3PW12O40/TiO2 sample during photo-

catalytic reaction. Hence, five consecutive RhB

degradation cycles of g-CNQDs/H3PW12O40/TiO2

composite are carried under simulated sunlight irra-

diation (Fig. 7). After each experiment, the photo-

catalysts were recovered by filtration, and washed

three times with anhydrous ethanol and distilled

water and dried at 80 �C for 12 h. In Fig. 7, the

photocatalytic efficiency shows a trifling decline and

there is no significant deactivation. The results con-

firmed that g-CNQDs/H3PW12O40/TiO2 can be

regarded as a stable and effective heterogeneous

photocatalyst in future applications.

In order to further prove the stability of the com-

posites, TEM and XRD of g-CNQDs/H3PW12O40/

TiO2 are studied after five cycles. As shown in Fig. S5,

the TEM image of 5% g-CNQDs/H3PW12O40/TiO2

after 5 cycles is nearly the same as that of the original

sample (Fig. 4c), which further demonstrates

g-CNQDs/H3PW12O40/TiO2 is a stable recyclable

photocatalyst. The XRD pattern of 5% g-CNQDs/

H3PW12O40/TiO2 composites showed that the peak

of g-CNQDs is very weak. In order to clearly observe

the peak of g-CNQDs, XRD characterization is con-

ducted for 10% g-CNQDs/H3PW12O40/TiO2 that

after five cycles. As displayed in Fig. S6, the XRD

Table 1 Degradation

efficiency and apparent rate

constant of RhB by

photocatalysts

Photocatalyst Degradation efficiency (%) Apparent rate constant

g-CNQDs 37.6 0.00927

P25 60.8 0.01863

H3PW12O40/TiO2 68.1 0.02243

5% g-CNQDs/TiO2 75.5 0.03036

10% g-CNQDs/H3PW12O40/TiO2 89.8 0.05291

3% g-CNQDs/H3PW12O40/TiO2 92.6 0.06363

5% g-CNQDs/H3PW12O40/TiO2 99.3 0.10639

Figure 7 Recycling tests in degrading RhB for 5% g-CNQDs/

H3PW12O40/TiO2 composite under simulated sunlight

(320 nm\ k\ 780 nm) irradiation. Catalyst content 50 mg,

C0 = 20 mg L-1, volume 50 mL.
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pattern of the sample after five cycles is nearly the

same with that of the initial sample, demonstrating

that the crystalline structure of g-CNQDs/

H3PW12O40/TiO2 is not changed during the photo-

catalytic reaction. The result is also consistent with

the research of Yan et al. [49, 50].

Probable photocatalytic mechanism
of g-CNQDs/H3PW12O40/TiO2

Photoelectrochemistry (PEC) measurements are

taken to disclose the transfer and separation situation

of light-excited charge carriers among composite

materials [51]. As shown in Fig. 8a, the photocurrent–

time (I–t) curves are obtained on a membrane which

has four switching periods under intermittent Xe

illumination. It can be observed that the addition of

H3PW12O40 can enhance the photocurrent responses,

whereas the photocurrent intensity of g-CNQDs/

TiO2 is higher than that of H3PW12O40/TiO2. It shows

that g-CNQDs have a notable effect on photocatalytic

activity enhancement. Moreover, 5% g-CNQDs/

H3PW12O40/TiO2 displays the strongest photocurrent

responses, indicating more efficient separation of

photoinduced e-–h? pairs, which can be achieved by

corresponding photoluminescence (PL) results for

further demonstration. Under 280 nm laser illumi-

nation at room temperature, different catalytic sam-

ples show a broad PL peak centered at around

382 nm (Fig. 8b). The PL intensity obtained on

g-CNQDs/H3PW12O40/TiO2 is much lower than that

of TiO2, H3PW12O40/TiO2 and g-CNQDs/TiO2,

which means that the lifetime of photogenerated

carriers in 5% g-CNQDs/H3PW12O40/TiO2 is longer.

To study the detailed band potentials, the valence

band XPS spectra and Mott–Schottky plots were

analyzed to estimate the band positions of TiO2 and

g-CNQDs, shown in Fig. S7. From Fig. S7a and b, it

could be clearly seen that the flat band potentials of

TiO2 and g-CNQDs were - 0.89 V and - 0.83 V

versus Ag/AgCl, respectively. Using the Nernst

equation [47], the flat band potentials of TiO2 and

g-CNQDs were determined to be - 0.28 V and

- 0.22 V versus NHE, respectively.

Moreover, as displayed in Fig. S7a and b, both

slopes of the linear C-2 potential curves were posi-

tive, indicating that TiO2 and g-CNQDs were the

n-type materials. Since the flat band potential was

approximately equivalent to the Fermi level of the

n-type material [48], the Fermi level of TiO2 was

- 0.28 eV versus NHE and that of g-CNQDs was

- 0.22 eV versus NHE. Furthermore, the valence

band XPS spectra (Fig. S7c and d) revealed that the

energy gaps between the valence band and the Fermi

level were 3.16 eV and 1.84 eV for TiO2 and

g-CNQDs, respectively. Therefore, the valence band

(VB) position of TiO2 was calculated to equal to

2.88 eV. Combined with the bandgap value of TiO2

(3.06 eV) which was obtained from Fig. 5, the con-

duction band (CB) position of TiO2 was calculated as

- 0.18 eV. Similarly, the CB position of g-CNQDs

was calculated as - 1.11 eV.

In order to gain a deeper understanding of reaction

mechanism, we studied the photoactive substances in

the degradation process of organic contaminants over

g-CNQDs/H3PW12O40/TiO2. The addition of ethy-

lene diamine tetraacetic acid (EDTA), isopropanol

(IPA) and 1,4-benzoquinone (BQ) plays the role of

removing hVB
? , �OH and �O2

-, respectively. It can be

seen from Fig. 9 that after 30 min of BQ and IPA

addition, the removal efficiency of RhB decreases by

42.7% and 30.8%, respectively. However, the removal

efficiency changes slightly after adding EDTA. It is

speculated that the dominant active species in the

Figure 8 a Photocurrent tests

of TiO2, H3PW12O40/TiO2, 5%

g-CNQDs/TiO2, 5%

g-CNQDs/H3PW12O40/TiO2

electrodes in Na2SO4

electrolyte solution under Xe

illumination. b Various

catalysts corresponding PL

spectra under 280 nm laser

illumination.
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photocatalytic process of g-CNQDs/H3PW12O40/

TiO2 are
�O2

- and �OH, and the holes as an adjunct.

Discussion

Based on the results of photocatalytic experiments

and trapping oxidants tests, a possible photocatalytic

mechanism for the g-CNQDs/H3PW12O40/TiO2 is

proposed and schematically exhibited in Scheme 1.

Given the calculation results from XPS, the CB edge

potentials for H3PW12O40, TiO2 and g-CNQDs are

0.22 eV, - 0.18 eV and - 1.11 eV, whereas those of

VB are 3.70 eV, 2.88 eV and 1.62 eV, respectively.

Under simulated sunlight irradiation, both g-CNQDs

and TiO2 can be excited to generate electron–hole

pairs because of the bandgap energy of g-CNQDs

(2.73 eV) and TiO2 (3.06 eV). The CB edge of TiO2 is

more negative than that of H3PW12O40; the photoin-

duced electrons on TiO2 to the CB of H3PW12O40, h
?

remain on the VB of TiO2 and g-CNQDs. The e- on

the CB of H3PW12O40 tends to recombine with the h?

on the VB of g-CNQDs. These transfers would

diminish photoinduced carriers’ recombination and

extend service life of charges. At the same time, eCB
-

that transferred onto the catalyst surface also reacted

with oxygen molecules absorbed onto the catalyst

surface to generate �O2
- and �OH. Additionally, the

h? on VB of TiO2 could oxidize OH- or H2O to

produce �OH. Subsequently, the active species with

strong oxidizing properties, including �O2
-, �OH and

hVB
? , generated in the g-CNQDs/H3PW12O40/TiO2

photocatalytic system can bring the speedy transfor-

mation of organic dyes into inorganic compounds

with the assistance of simulated sunlight. The detail

response equations were shown from Eqs. (1) to (6).

It is apparent that the g-CNQDs/H3PW12O40/TiO2

ternary system exhibits enhanced photodegradation

ability for the following reasons. Initially, the intro-

duction of g-CNQDs can reduce bandgap energy and

boost solar energy utilization of H3PW12O40/TiO2,

which is easy to produce more hVB
? and eCB

- . Mean-

while, the up-conversion properties of g-CNQDs

converts’ long-wave illumination light into shorter-

wavelength emission light, which allows it to be

further utilized in composite materials. Moreover, the

increased specific surface area of g-CNQDs/

H3PW12O40/TiO2 ternary material facilitates the

adsorption of contaminants. Suitable band structure

alignment and efficient electron transport among

Figure 9 The influence of radical scavengers on catalytic

performance of 5% g-CNQDs/H3PW12O40/TiO2 for degrading

RhB under simulated sunlight (320 nm\ k\ 780 nm)

irradiation. Catalyst content 50 mg, C0 = 20 mg L-1, volume

50 mL.

Scheme 1 Mechanism

schematic of photocatalytic

degradation of RhB over

simulated sunlight

illuminating g-CNQDs/

H3PW12O40/TiO2 ternary

heterostructure.
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distinct photocatalysts are key factors in the forma-

tion of heterojunctions to boost electron transfer

capability.

CNQDs=PW12=TiO2 �!simulatedsunlight
CNQDs=PW12=TiO2ðhþ

VBþe�CBÞ
ð1Þ

O2 þ e�CB ! �O�
2 ð2Þ

O2 þ 2Hþ þ 3e�CB ! �OH + OH� ð3Þ

hþ
VB þOH� ! �OH ð4Þ

hþ
VB þH2O ! �OHþHþ: ð5Þ

Conclusion

A new high-efficiency ternary composite photocata-

lyst g-CNQDs/H3PW12O40/TiO2 is obtained via

coupling g-CNQDs with H3PW12O40/TiO2 by ultra-

sonic method. The results show that the g-CNQDs/

H3PW12O40/TiO2 with 5% g-CNQDs loaded pos-

sesses the highest photocatalytic activity under sim-

ulated sunlight. The splendid photocatalytic

performance probably originates from: (1) The mat-

ched bandgap position between the three materials

effectively facilitates separation and migration of

photogenerated electron–hole, thus enhancing the

quantum efficiency. (2) The loading of g-CNQDs

broadens the photoresponsive region of H3PW12O40/

TiO2, and the up-conversion effect of g-CNQDs

increases UV-light intensity, thereby increasing pho-

ton efficiency of the system. (3) The introduction of

g-CNQDs raises the specific surface area of the

ternary composite material and then increases the

active sites of the reaction. (4) In the H3PW12O40/

TiO2 reaction system, the active species are �O2
- and

hVB
? . For g-CNQDs/H3PW12O40/TiO2, the active

species are not only �O2
- and hVB

? but also �OH, which

is also the direct evidence of doping g-CNQDs to

improve the degradation efficiency of pollutants.

Studies have shown that g-CNQDs/H3PW12O40/

TiO2 still has efficient photoactivity after five cycling

runs and is considered as a potent and stable photo-

catalyst driven by sunlight.
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