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ABSTRACT

Highly efficient visible-light-responsive ternary graphitic carbon nitride (g-

C3N4)/NaTaO3/biomass carbon (BM-C) photocatalysts with different g-C3N4

amounts were prepared via a solvothermal method combined with a high-

temperature sintering method. Herein, the crystal structure and morphology of

g-C3N4/NaTaO3/BM-C are investigated in detail. The light-response charac-

teristics of g-C3N4/NaTaO3/BM-C composites are effectively extended into the

visible-light region. Compared with NaTaO3/BM-C and g-C3N4/NaTaO3, the

g-C3N4/NaTaO3/BM-C composite showed high visible-light catalytic perfor-

mance when the mass ratio of melamine (the g-C3N4 precursor) to binary

NaTaO3/BM-C is 4:1, and the degradation extent of 95.85% for Rhodamine B

can be reached in 60 min under visible-light irradiation. In addition, the pho-

tocatalytic mechanism showed that the enhanced photocatalytic activity of the

composite may be attributed to the introduction of g-C3N4, which expanded the

visible-light response range and the formation and effect of a good synergistic

effect of BM-C and various components. This work provides useful insights for

promoting the practical process of sodium tantalate photocatalytic materials.

1 Introduction

For decades, with the rapid growth of the world

economy, the energy crisis and environmental pol-

lution have become ever-increasing problems glob-

ally, posing a serious threat to human production and

life [1–4]. Semiconductor-based photocatalysis tech-

nology is a promising green chemical technique with

great potential in wastewater purification [5–10].

Among them, NaTaO3 is particularly attractive due

to its nontoxicity, chemical and physical stability, and

structural properties [11]. Moreover, NaTaO3 has

favorable band-edge potentials and photogenerated

electron–hole pair separation because of the large

bond angle of Ta–O–Ta, which are primary reasons

for higher efficiency [12–14]. However, because of its

wide band-gap energy (3.8–4.0 eV), the photocat-

alytic activity of NaTaO3 is limited to the ultraviolet
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(UV) region, which greatly reduces its photocatalytic

efficiency and restricts its widespread applications

[15, 16].

To remedy the limitation of NaTaO3 and to

enhance its visible-light photocatalytic activity, many

efforts such as doping with a nonmetal [17, 18],

depositing noble metals [19, 20], applying sacrificial

[21], and constructing heterojunction photocatalysts

[22–24] have been made. Recently, the fabrication of

NaTaO3-based heterojunction photocatalysts has

attracted ever-increasing attention and is considered

a promising method to obtain significant visible-light

response [25]. Graphitic carbon nitride (g-C3N4), a

novel type of semiconductor with a narrow band gap,

is widely used in the environment because of its

stable, environmentally friendly, and visible-light-

responsive performance [26, 27]. However, the visi-

ble-light photocatalytic efficiency of g-C3N4 is still at

a low state due to the fast recombination of photo-

generated charge carriers in pure g-C3N4 [28–30].

Therefore, fabrication of g-C3N4/NaTaO3 hetero-

junction photocatalysts is proposed because of the

well-matched energy-band structure of g-C3N4 and

NaTaO3, which may enhance the visible-light pho-

tocatalytic activity.

Apart from the lack of visible-light response, the

application of NaTaO3 is also restricted by the infe-

rior surface adsorption capacity, which affects the

photocatalytic efficiency. Carbon materials exhibit

superior adsorption capacity and their efficient elec-

tron-transfer property has led to them being used as

ideal photocatalyst supports [31]. Biomass carbon

(BM-C), a type of biomass feedstock-derived car-

bonaceous material, is highly porous, has good

absorption, low cost, and environmental friendliness,

which has made it recognized as one of the most

promising photocatalyst supporters [32–35]. Mean-

while, it can also efficiently reduce the recombination

of photoinduced electrons and holes by accelerating

electron transfer from the surface of a photocatalyst

[36, 37]. In view of the above, it is clear that the

photocatalytic activity of NaTaO3 can be enhanced by

a combination with BM-C.

Inspired by the aforementioned insights, a series of

g-C3N4/NaTaO3/BM-C composite photocatalysts

were successfully synthesized using a solvothermal

method combined with a high-temperature sintering

method. The morphology, structure, and chemical

composition of prepared composite photocatalysts

were characterized using field emission–scanning

electron microscopy (FE–SEM), X-ray powder

diffraction, Fourier transform infrared (FT-IR) spec-

troscopy, X-ray photoelectron spectroscopy, and UV–

visible diffuse reflectance spectroscopy. The visible-

light photocatalytic performance of the composite

photocatalysts was evaluated for the degradation of

Rhodamine B (Rh B) under visible-light irradiation.

The possible photocatalytic reaction mechanism is

also discussed.

2 Experimental section

2.1 Materials

Melamine (C3H6N6) used in the experiments was

supplied by Tianjin Kemiou Chemical Reagent Co.,

Ltd. Barium chloride (TaCl5) and ethylene glycol

(C2H6O2) were brought from Shanghai Macklin Bio-

chemical Technology Co., Ltd. Sodium hydroxide

(NaOH) was purchased from Hangzhou Gaojing Fine

Chemical Co., Ltd. All chemicals were of analytical

grade and used as purchased without further

purification. Deionized water was used in all

experiments.

2.2 Preparation of NaTaO3/BM-C
composite

The BM-C was prepared using oxygen-limited tem-

perature-controlled carbonization methods with

peanut hull as raw materials. On this basis, 0.25 g

BM-C, 0.385 g TaCl5, and 5.0 g NaOH were added to

a mixed solution of 40 mL of ethylene glycol and

20 mL of deionized water, and stirred for 30 min.

Then, the above mixed solution was transferred to a

100 mL reaction vessel and reacted at 180 �C for 18 h.

After the reaction, the product was centrifuged,

washed with deionized water to neutrality, and dried

in an oven at 80 �C for 12 h to obtain a NaTaO3/BM-

C composite photocatalyst.

2.3 Synthesis of g-C3N4/NaTaO3/BM-C
composite photocatalyst

The g-C3N4/NaTaO3/BM-C composite photocatalyst

was prepared as follows: first, a certain amount of

melamine and 0.25 g NaTaO3/BM-C were dispersed

into deionized water (10 mL) and stirred for 0.5 h

afterward, the mixed solution was dried at 100 �C for
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8 h. After that, the dried mixture was calcined in a

tube furnace under N2 at 550 �C for 3 h. Finally, the

g-C3N4/NaTaO3/BM-C composite photocatalyst was

obtained after the calcination process. Samples syn-

thesized with melamine additive content 0.50 g,

0.75 g, 1.00 g, and 1.25 g were denoted as g-C3N4/

NaTaO3/BM-C-2, g-C3N4/NaTaO3/BM-C-3,

g-C3N4/NaTaO3/BM-C-4, and g-C3N4/NaTaO3/

BM-C-5.

2.4 Characterization

The morphology of the prepared sample was ana-

lyzed using FE–SEM (Hitachi S-4800). The crystal

phase structure of the material was confirmed using

an X-ray diffractometer (XRD, Bruker AXSD8-Dis-

cover) in the 2h range from 20� to 80�. The FT-IR

spectra were recorded in transmission mode from

4000 to 400 cm–1 on a Nicolet-5700 FT-IR spectrome-

ter using the standard KBr disk method. The UV–

visible absorption of the samples was measured

using an ultraviolet–visible spectrometer (UV–vis,

CARY-300) in the range of 200–800 nm, using BaSO4

as the reference. The photoluminescence (PL) spec-

trum was characterized on an X-ray diffraction fluo-

rescence spectroscope (Hitachi, F-7000) with a

300 nm excitation light.

2.5 Photocatalytic activity test

In the photocatalytic degradation experiment, a

350 W xenon lamp with a UV-cutoff filter was used

as the visible-light source, and Rh B was used as the

target pollutant to evaluate the visible-light catalytic

performance of the composite photocatalysts. Before

light irradiation, 40 mg of the solid photocatalyst was

added to 40 mL of 10 mg/L pollutants and then

stirred continuously in the dark for 1 h to ensure an

adsorption–desorption equilibrium. Five test tubes

were prepared from the same sample to analyze the

degradation concentration of the dye at different

irradiation times. During photocatalytic processes,

the test tube for the sample was periodically with-

drawn and centrifuged to separate the photocatalyst

from the solution. The absorbance of the solution was

measured using a UV–vis spectrophotometer (UH-

1901).

3 Results and discussion

The morphology of samples was investigated using

FE–SEM. Figure 1 shows the FE–SEM images of BM-

C, NaTaO3/BM-C, and g-C3N4/NaTaO3/BM-C

composite. It can be seen that the BM-C possesses

abundant pores and a pore size between 100 nm and

1 lm (Fig. 1a). It can be seen from Fig. 1b that the

NaTaO3 particles are uniformly distributed on the

surface of the BM-C, and the existence of a large

number of pore structures. For the g-C3N4/NaTaO3/

BM-C composite photocatalysts, it is clearly seen that

the composite photocatalysts appear to be aggregated

particles containing many smaller crystals that cov-

ered the surface of BM-C (Fig. 1c–f).

XRD patterns of the g-C3N4/NaTaO3/BM-C sam-

ples with various g-C3N4 amounts are shown in

Fig. 2. The XRD pattern of NaTaO3 can be indexed as

an orthorhombic structure according to the JCPDS

card (25-0863) [38]. The peaks at 2h at 22.9�, 32.5�,
40.1�, 46.6�, 52.5�, 57.9�, 68.2�, 73.3�, and 77.8� are

attributed to the (020), (121), (220), (202), (222), (321),

(242), (303), and (321) crystal planes of NaTaO3,

respectively. For bare g-C3N4, two main diffraction

peaks appear at 13.1 and 28.0�, which correspond to

the (100) and (002) crystal planes of g-C3N4, respec-

tively (JCPDS No. 87-1526) [39]. It can also be seen

that the characteristic peaks of pristine NaTaO3 and

g-C3N4 are present in the XRD pattern of the g-C3N4/

NaTaO3/BM-C samples. With increasing content of

g-C3N4, the intensity of the g-C3N4 characteristic

diffraction peaks is enhanced. Moreover, the diffrac-

tion peaks belonging to NaTaO3 of the g-C3N4/

NaTaO3/BM-C are clearly weakened, indicating that

the g-C3N4 loading led to a decrease in crystallinity of

NaTaO3 [14]. Compared with NaTaO3/g-C3N4, no

new peaks are found in NaTaO3/g-C3N4/BM-C

because the characteristic peaks of BM-C are over-

lapped by those of NaTaO3 and g-C3N4.

FT-IR spectra were used to investigate chemical

groups of the samples. Figure 3a shows the FT-IR

spectra of g-C3N4, NaTaO3/BM-C, and g-C3N4/

NaTaO3/BM-C. In the FT-IR spectrum of g-C3N4, the

peak at 815 cm–1 is assigned to the stretching vibra-

tion of the triazine units [40], the peaks at around

1200–1700 cm–1 are attributable to aromatic C–N

stretching and C=N stretching vibration modes [41].

The peak at 2900 cm–1 is related to the N–H stretch-

ing vibrations [42]. As for NaTaO3/BM-C, a strong

absorption peak around 650 cm–1 is assigned to Ta–O

J Mater Sci: Mater Electron (2020) 31:19613–19622 19615



stretching and Ta–O–Ta bridging stretching modes

[38]. The peak at 3400 cm–1 is observed due to

adsorbed H2O molecules on the surface of the sample

[43]. All characteristic peaks of NaTaO3 and g-C3N4

are observed in g-C3N4/NaTaO3/BM-C hybrid

nanocomposite samples, which confirms the con-

struction of ternary composites. In addition, it is seen

in Fig. 3b that the characteristic absorption peaks

belonging to g-C3N4 are enhanced with the increase

of g-C3N4 content.

XPS has been performed to analyze the chemical

composition and the chemical state of the resulting

samples. The survey spectrum of g-C3N4/NaTaO3/

BM-C-4 exhibits distinct peaks of Ta, Na, O, C, and N.

In Fig. 4b, the high-resolution Ta 4f spectrum can be

deconvoluted into two peaks at binding energies of

26.6 eV and 28.4 eV, corresponding to the character-

istic peaks of Ta 4f5/2 and Ta 4f7/2, respectively, from

NaTaO3 [43]. The C 1 s spectrum of g-C3N4/BM-C/

NaTaO3-4 is shown in Fig. 4c. The wide peak of C 1 s

can be fitted to two distinct peaks at binding energies

of 288.4 and 284.8 eV, ascribed to the C–N–C bond

and C–C bond, respectively [42]. It can be seen from

Fig. 4d that the N 1 s spectrum of g-C3N4/BM-C/

NaTaO3-4 exhibits peaks at binding energies of 398.8,

400.5, and 404.7 eV, which are related to sp2-hy-

bridized N atoms to C (C=N–C), tertiary nitrogen (N–

(C)3) groups, and the charging effects or positive

charge localization in the heterocycles, respectively

[44].

Fig. 1 SEM images of BM-C (a), NaTaO3/BM-C (b), g-C3N4/NaTaO3/BM-C-2 (c), g-C3N4/NaTaO3/BM-C-3 (d), g-C3N4/NaTaO3/BM-

C-4 (e), and g-C3N4/NaTaO3/BM-C-5 (f)

Fig. 2 XRD patterns of the g-C3N4, NaTaO3/BM-C and g-C3N4/

NaTaO3/BM-C composites
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The light-absorption properties of NaTaO3,

NaTaO3/BM-C, and g-C3N4/NaTaO3/BM-C were

investigated using UV–vis diffuse reflectance spec-

troscopy (as shown in Fig. 5a). Although the pure

NaTaO3 sample exhibits obvious absorption property

in the UV-light region, it shows almost no absorbance

of visible light due to its large band gap. BM-C

exhibits superior adsorption capacity and efficient

electron transfer and has been used as an ideal pho-

tocatalyst support. After coupling BM-C and

Fig. 3 FT-IR spectra of a g-C3N4, NaTaO3/BM-C, g-C3N4/NaTaO3/BM-C composites and b g-C3N4/NaTaO3/BM-C composites with

different weight of g-C3N4

Fig. 4 XPS surveys of g-C3N4/NaTaO3/BM-C-4 (a), Ta4f spectra (b), C1s spectra (c), and N1s spectra (d)

J Mater Sci: Mater Electron (2020) 31:19613–19622 19617



NaTaO3, it is noted that the binary catalyst shows

distinct intense absorption in the visible-light region

in contrast to pure NaTaO3. Moreover, with the

introduction of g-C3N4, the ternary catalyst shows an

expanded visible-light-absorption range compared

with that of NaTaO3/BM-C. It can be seen that the

absorption edges are at around 310 and 475 nm in the

spectrum. Furthermore, the characteristic absorption

band edge of the ternary catalyst extends gradually

with the increased proportion of g-C3N4.

In addition, the band-gap energies (Eg) of various

as-prepared photocatalysts were determined using

the following equation:

ahmð Þ2¼ A hm�Eg

� �
; ð1Þ

where hm, a, and A represent the photon energy, the

absorption coefficient, and a constant, respectively.

The band gaps of NaTaO3 and g-C3N4 are, respec-

tively, calculated to be 3.54 eV and 2.49 eV, as shown

in Fig. 6. The valence band and conduction band (CB)

potential position of the g-C3N4/NaTaO3/BM-C

composite is estimated combining the DRS results

with the following formulas:

EVB ¼ v� Ee þ 0:5Eg; ð2Þ

ECB ¼ EVB � Eg; ð3Þ

where EVB, ECB, and v denote the valence band

potential, the CB potential, and the electronegativity.

The electronegativity values of sodium tantalate and

carbon nitride are 5.497 and 4.730 eV [45], respec-

tively. Ee is a hydrogen potential of 4.500 eV, where

NHE represents the electrode potential of a standard

hydrogen electrode. As a result, the valence potential

can be calculated to be 2.767 eV for sodium tantalate

(NaTaO3) and 1.475 eV for carbon nitride (g-C3N4),

while the CB potential of those in the composites can

be calculated to be - 0.773 eV and –1.015 eV,

respectively. Room-temperature PL spectroscopy

was also performed for the g-C3N4/NaTaO3/BM-C.

The PL emission spectra of g-C3N4/NaTaO3/BM-C

photocatalyst are shown in Fig. 5b. In Fig. 5b, an

obvious PL signal at ca. 484 nm can be observed.

Combining the results of UV–Vis DRS and PL, it can

be believed that the heterojunction of g-C3N4/

NaTaO3 and the addition of biomass carbon may

effectively prevent charge recombination, resulting in

the enhancement of photocatalytic reactivity [46, 47].

Fig. 5 UV–vis diffuses reflectance spectra of the NaTaO3, NaTaO3/BM-C, g-C3N4/NaTaO3/BM-C composites (a), PL emission spectra of

g-C3N4/NaTaO3/BM-C photocatalyst (b)

Fig. 6 Plot of (ahm)2 versus energy hm for the Eg of g-C3N4/

NaTaO3/BM-C-4
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4 Photocatalytic activity of the g-C3N4/
NaTaO3/BM-C

Before illumination, the as-prepared photocatalysts

were continuously stirred in a dark room for 60 min

to achieve adsorption–desorption equilibrium, the

adsorption properties of which were discussed as

shown in Fig. 7a. It can be seen that the g-C3N4/

NaTaO3/BM-C showed excellent adsorption perfor-

mance. Among them, the adsorption extent of

g-C3N4/NaTaO3/BM-C-5 reached 56.69%, and the

adsorption capacity increased slightly with the

increase of melamine content. The photocatalytic

activity of the as-prepared g-C3N4/NaTaO3/BM-C

photocatalysts was further evaluated by photocat-

alytic degradation of Rh B as a model reaction under

visible-light irradiation. The results are shown in

Fig. 7b. For comparison, the photocatalytic activities

of pure g-C3N4, g-C3N4/NaTaO3, and NaTaO3/BM-C

were also tested under identical experimental con-

ditions. The concentration of Rh B solution in the

blank test changed little, indicating that irradiation

without the photocatalyst has little effect on the

degradation process. After 60 min of visible-light

illumination, the photocatalytic conversion extents of

Rh B for pure g-C3N4, g-C3N4/NaTaO3, NaTaO3/

BM-C, and g-C3N4/NaTaO3/BM-C-4 were 32.21%,

44.87%, 54.39%, and 95.85%, respectively. Remark-

ably, the photocatalytic activity of g-C3N4/NaTaO3/

BM-C composite was much higher than that of

NaTaO3/BM-C and g-C3N4/NaTaO3. This confirmed

that the presence of g-C3N4 could facilitate the visi-

ble-light catalytic activity of NaTaO3/BM-C.

Subsequently, it was noted that the photocatalytic

activity of g-C3N4/NaTaO3/BM-C was significantly

improved as the amount of melamine added

increased. This result clearly showed that there

existed a significant synergistic effect between g-C3N4

and NaTaO3/BM-C for photocatalytic degradation of

Rh B under visible-light irradiation. Because the mass

ratio of melamine to binary NaTaO3/BM-C is 4:1, the

composite photocatalytic material exhibited the

highest visible-light catalytic activity. Nevertheless,

when the mass ratio of melamine to binary NaTaO3/

BM-C continued to increase, the photocatalytic

activity of the composite was decreased. This is

mainly because the excess g-C3N4 covering the sur-

face of NaTaO3/BM-C decreased the synergistic

effect between g-C3N4 and NaTaO3/BM-C. On the

one hand, the adsorption active site of the BM-C in

the material system is covered, thus limiting the

adsorption performance. On the other hand, a large

component of g-C3N4 disrupted the transport sepa-

ration of charge carriers, resulting in a decrease in

photocatalytic activity. In a word, the g-C3N4/

NaTaO3/BM-C has eminent visible-light catalytic

performance.

It is known from previous reports that the photo-

catalytic degradation of Rh B follows first-order

kinetics, and the integrated rate law of the first-order

kinetic model can be expressed as follows:

�ln Ct=C0ð Þ ¼ kt; ð4Þ

where Ct is the concentration at time t, C0 is the initial

dye concentration in solution, k is the first-order rate

constant, and t is the illumination time. As presented

Fig. 7 Photocatalytic activity of g-C3N4/NaTaO3/BM-C composites on degrading RhB (a), and the adsorption rates of all samples in

adsorption–desorption equilibrium after continuous stirring for 60 min under dark room conditions (b)

J Mater Sci: Mater Electron (2020) 31:19613–19622 19619



in Fig. 8, the first-order rate constants over NaTaO3/

BM-C, g-C3N4/NaTaO3, and g-C3N4/NaTaO3/BM-

C-4 are 0.0014, 0.0133, and 0.0407 min–1 for degra-

dation of Rh B, respectively. The results clearly

demonstrate that the photocatalytic capacity of

g-C3N4/NaTaO3/BM-C-4 has reached optimum

under visible-light illumination, which is superior to

NaTaO3/BM-C and g-C3N4/NaTaO3. Furthermore,

the radicals and holes trapping experiments were

carried out at the same time to identify the reactive

species of the degradation process. Isopropyl alcohol

(IPA), ammonium oxalate (AO), and benzoquinone

(BQ) were employed as the scavenger of hydroxyl

radicals (•OH), photogenerated holes (h?), and

superoxide radicals (•O2
–), respectively. The result

demonstrates that superoxide radicals play a major

role in the reaction system.

Based on the above experimental results, a possible

photocatalytic mechanism of the g-C3N4/NaTaO3/

BM-C photocatalyst is proposed, as shown in Fig. 9.

Under visible-light irradiation, the photogenerated

electrons in the CB of the g-C3N4 injected directly into

that of NaTaO3, which led to the accumulation of

holes on the surface of g-C3N4, effectively inhibiting

the recombination of electrons and holes. Because the

CB edge potential of NaTaO3 (- 0.773 eV) was more

negative than the reduction potential of O2 to •O2
-

radical, the electrons accumulated in the CB of

NaTaO3 could be transferred to the surface of BM-C

and •O2
- formed. As a strong oxidizing substance,

superoxide radicals •O2
- were able to promote the

oxidative degradation of Rh B and other organic

pollutants. At the same time, the oxidation reaction of

the holes h? of NaTaO3 could oxidize organic dyes

directly. Moreover, dyes could be absorbed by BM-C,

thus could assist the degradation of Rh B. As a result,

dramatic photocatalytic activity is generated over

g-C3N4/NaTaO3/BM-C hybrid nanocomposite under

proper experimental conditions.

5 Conclusions

In summary, we have successfully synthesized visi-

ble-light-responsive g-C3N4/NaTaO3/BM-C

nanocomposites through a solvothermal method

combined with a high-temperature sintering method.

The addition of melamine (the g-C3N4 precursor) has

been demonstrated to have a significant influence on

the morphology, composition, and photocatalytic

activity of the composite. In this ternary composite

structure, the good synergistic effect between g-C3N4

and NaTaO3 can effectively promote the migration

efficiency of photoinduced electron–hole pairs. The

introduction of BM-C can accelerate the electron-

transfer rate and expand the range of light absorp-

tion, enhancing photocatalytic activity. The photo-

catalytic activity test of the composites revealed that

the g-C3N4/NaTaO3/BM-C composite showed the

highest photocatalytic activity when the mass ratio of

melamine to binary NaTaO3/BM-C is 4:1, and the

degradation extent of Rh B reached 95.85% in 60 min

under visible-light irradiation. Compared with

NaTaO3/BM-C and g-C3N4/NaTaO3, theFig. 8 Kinetic fit for the photodegradation of RhB by g-C3N4/

NaTaO3/BM-C composites

Fig. 9 Photocatalytic mechanism of the g-C3N4/NaTaO3/BM-C

composites
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degradation extent of g-C3N4/NaTaO3/BM-C com-

posite increased by 73% and 66.86%, respectively.

Overall, this work provides useful insights for pro-

moting the practical process of sodium tantalate

photocatalytic materials.
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