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Abstract 

The unique C@Ti4O7/g-C3N4 photocatalyst was synthesize via wet chemical and 

calcining method, which was gifted both the intrinsic oxygen vacancies as well as 

Z-scheme heterojunction nature in structure. Such a unique three-dimensional 

structure exhibited exceptional photodegradation performance for the dye simulations 

system (Rhodamine B (RhB), methylene blue (MB) and methyl orange (MO)) under 

visible light irradiation, which is better than a single component and Anatase-TiO2. 
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Subsequently, a possible photocatalytic Z-scheme mechanism was proposed to further 

illustrate the effective separation of photogenerated electron-hole pairs in 

C@Ti4O7/g-C3N4 based on structure and electrochemical characterizations results, 

which will help to better understand the nature of Z-scheme heterojunctions. 

Keywords: C@Ti4O7/g-C3N4, specific surface area, adsorption capacity, 

photogenerated carriers, photodegradation 

1. Introduction 

Today, a lot of attentions are focused on serious water pollutions, [1-3] 

particularly the noxious, carcinogenic and mutagenic dyestuffs. [4-6] For the sake of 

solving this tough challenge, many technologies have emerged. Common sewage 

treatment methods include gravity sedimentation, [7] SBR, [8] neutralization, [9] 

chemical precipitation, [10] etc. However, these traditional methods always have the 

disadvantages of low removal and decolorization rates towards organic pollutions. In 

addition to these methods, in recent years, semiconductors have been effectively 

employed in degrading dyes by using sunlight, which are considered as an efficient, 

feasible and green method. [11-13] Till now, metal oxide photocatalysts, for instance, 

ZnO, [14, 15] WO3, [16, 17] Bi2O3 [18, 19] have been extensively discussed by 

researchers. Yet the small surface area, low adsorption capacity and easy 

photo-combination of charge carriers result in poor photocatalyst photocatalytic 

efficiency, which greatly limit their technical implementation. [20] In this respect, 

various composite semiconductors have gradually become the focus to solve the 

above problems. 
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Substoichiometric titanium oxide, called the Magnéli phase, contains a train of 

compound materials. The structural is represented by: TinO2n-1 (n value ranges from 4 

to 10). Among these compounds, Ti4O7, which has a wide band gap (2.9 eV) and rich 

oxygen vacancies, has many advantages such as high electrical conductivity, high 

chemical stability, excellent dispersibility, high thermal stability, corrosion resistance 

and non-toxicity. Therefore, Ti4O7 is widely used as an advanced oxidation treatment 

material for sewage, [21] a load material in a battery, [22] and catalyst coating 

material [23] and so on. You et al. employed Ti4O7 as an electrode to electrochemical 

oxidation of refractory industrial dyeing wastewater and the electrode exhibited 

excellent degradation activity and stability. [24] Qu and coworkers reported that Ti4O7 

was made into electrodes for oxygen reduction. [25] However, the pristine Ti4O7 has 

limited surface area, poor adsorption as a photocatalyst. To counter the problems 

above, it is a sensible strategy to coat the material with a modifier layer, which will 

change the surface properties of the material. Therefore, coating a layer of carbon on 

the outside of the catalyst might effectively increase the surface area and adsorption 

properties. [26] 

For more than a decade, polymer graphite phase carbonitride (g-C3N4) is 

supposed to be the most stable allotrope in all kinds of carbonitrides, [27] and has 

been used as a new organic non-metallic catalyst provided with cramped band gap of 

approximately 2.7 eV. Besides, it has a visible light response, which is capable of 

harvesting the blue portion of the solar spectrum. [28] Generally, g-C3N4 is easily 

manufactured by thermal polycondensation of cheap precursors embodying C and N. 
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Of course many merits of g-C3N4 endows itself excellent performance such as low 

cost, good thermal stability, suitable band gap, etc., which make g-C3N4 a competent 

candidate widely applied in carbon dioxide reduction, [29] photocatalytic hydrogen 

production, [30] and selective organic synthesis, [31] and so on. [32-36] Yu et al. 

studied that photocatalytic CO2-reduction performance of S-containing g-C3N4 was 

evaluated in visible light. [37] Cao et al. pointed out that the graphitic carbon 

nitride-based photocatalysts showed enhanced photocatalysis hydrogen production 

through the high carrier mobility. [38] Nevertheless, compared with conventional 

photocatalysts, the photocatalytic degradation of a single g-C3N4 is feeble due to the 

high recombination rate of carriers. [39] It has been reported that the construction of 

heterostructure photocatalysts may significantly enhance the separation efficiency of 

photogenerated carrier. [40-42] In particular, the Z-scheme heterojunction has better 

photo-generated carrier separation efficiency and is superior to single-component 

analogs. For the traditional Z-scheme heterogeneous system, it usually requires an 

appropriate shuttle mediator (for example: IO3-/I-, Fe2+/Fe3+) [43, 44] to achieve 

improved light trapping capability originated from high charge separation efficiency 

and strong redox capability. Nonetheless, the redox medium might cause an adverse 

reverse reaction, hindering the light absorption of the photocatalyst. [45] Therefore, it 

is necessary to design a direct Z-scheme photocatalytic system to solve the problems 

caused by redox medium and to promote photocatalytic quantum efficiency, 

simultaneously. Compared to a single component photocatalytic platform, Z-scheme 

system usually utilizes a semiconductor with more positive valence band and another 
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semiconductor with more negative conduction band to achieve stronger oxidation and 

reduction capabilities. 

Based on the above considerations, in this work, a unique photocatalytic system 

of carbon layer coated Ti4O7 with g-C3N4 composite (C@Ti4O7/g-C3N4) has been 

successfully synthesized. C@Ti4O7/g-C3N4 with large specific surface area and 

adsorption properties was synthetic via a facile wet chemical method with annealing. 

The photocatalytic activities for all samples were investigated in the photocatalytic 

degradation of Rhodamine B (RhB), methylene blue (MB) and methyl orange (MO) 

under visible light conditions. According to the characterization and testing of the 

experiment, the possible mechanism of catalyst catalytic degradation of three dyes 

was proposed. It can be used as a reference for further photocatalytic degradation of 

wastewater. 

2. Experimental section 

2.1 Materials 

Ethanol, sodium sulfate, sodium carbonate, titanium sulfate, barium sulfate, 

hydrochloric acid, terephthalic acid, sodium hydroxide, tertiary butyl alcohol and 

ammonium oxalate were gained from Beijing Chemical Reagent Co., Ltd. Melamine 

and Nafion were obtained from Alfa Aesar. Rutile TiO2, tris (hydroxymethyl) 

aminomethane and dopamine hydrochloride (PDA) were purchased from Shanghai 

Aladdin Biochemical Technology Co., Ltd. All chemical reagents were used directly 

without further purification unless otherwise specified. The laboratory aqueous 

solution was prepared using 18.25 MΩ deionized water (DIW). All glass and 
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porcelain test vessels were soaked and washed with aqua regia before use and then 

rinsed several times with DIW. 

2.2 Experimental procedure 

2.2.1 Preparation of Ti4O7 

5 g of rutile TiO2 powder was sintered in air at a temperature of 1050 ℃ for 24 h, 

then transferred to a tube furnace and reduced at 1050 ℃ for 4 h under an H2 

atmosphere. 

2.2.2 Preparation of C@Ti4O7 

First, tris(hydroxymethyl) aminomethane (12.1140 g) was dissolved in DIW (1 L), 

and the pH was adjusted to 8.5 with hydrochloric acid to obtain Tris. Then, Ti4O7 (1.0 

g) was dispersed into Tris (1 L) and sonicated for 30 min. 1.0 g of dopamine 

hydrochloride was introduced into the mixture with magnetic stirring for 1 day. The 

suspension was then centrifuged (8000 rpm, 10 min) and washed 5 times with DIW 

and absolute ethanol, respectively. The precipitate was transferred into a vacuum oven 

at 50 °C and kept for 6 h. Furthermore, it was annealed in a tube furnace with the 

increasing temperature rate of 2 ℃/min till 650 ℃. After maintaining at 650 ℃ for 4 

h, the tube furnace was cooled to room temperature naturally. During the reactions, a 

mixture of 5% hydrogen and 95% argon was passed through, and the obtained powder 

was collected and placed in a sample tube. 

2.2.3 Preparation of C@Ti4O7/g-C3N4 

Melamine (2.0 g) and C@Ti4O7 (0.5 g) were ground in a mortar for half an hour, 

and then the ground powder was transferred to a clean porcelain boat sealed with tin 
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foil, and some small holes were put in the surface of the tin foil. Subsequently, the 

sample was placed in a muffle furnace at a heating rate of 5 ℃/min. It was maintained 

at 520 ℃ for 2 h and then heated to 550 °C and kept for 2 h. After naturally cooled to 

room temperature, the sample was placed into a mortar to be ground into a fine 

powder.  

2.2.4 Preparation of Anatase-TiO2 

Under magnetic stirring, 150 mL of sodium carbonate solution (1 mol L-1) was 

added dropwise to 36 mL of a titanium sulfate solution (1 mol L-1), and the pH was 

adjusted to 5 by hydrochloric acid to obtain a sodium titanate precursor. 40 mL of the 

above solution was placed in a 50 mL autoclave with a Teflon liner, sealed in a 

constant temperature oven, heated to 180 °C and maintained for 4 h. After naturally 

cooling to room temperature, the resulting solution was vacuum filtered and washed 

alternately with water and ethanol. The obtained filter cake was dried in an electric 

blast drying oven at 80 °C to obtain white powder. 

2.2.5 Preparation of Anatase-TiO2/g-C3N4 

Except that 0.5 g C@Ti4O7 was replaced by 0.5 g Anatase-TiO2, the others were 

the same as the Preparation of C@Ti4O7/g-C3N4. 

2.3 Material characterization 

Powder X-ray diffraction (XRD) was carried out to study crystal type and related 

parameters on a D8 Advance (Bruker) system with the copper target (Cu Kα, λ = 1.54 

Å.) The 2θ test range is from 10 to 80 degrees with the sweep speed of 0.2 °C min-1. 

X-ray photoelectron spectroscopy (XPS, Al Ka: 1486.6 eV) was detected using VG 
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ESCALABMK II spectrometer to determine the main element types and valence 

states in the three samples. Scanning electron microscope (SEM) images recording 

using XL 30 ESEM FEG field emission system (Acceleration voltage: 15 kV) were 

conducted to deliberate the morphology and structure of the prepared specimens. The 

morphology, lattice fringe type and material composition of the specimen were 

executed by Transmission electron microscopy (TEM, Tecnai G2 microscope, 

Acceleration voltage: 200 kV). The sample powder was ultrasonically dispersed in an 

ethanol solution (0.1 mg mL-1), and the subsequent dispersion was then dropwise 

added to a carbon-covered copper grid and dried at ambient temperature. 

Ultraviolet-visible absorption spectroscopy (UV-Vis) and Ultraviolet-visible diffuse 

reflectance spectra (DRS) (barium sulfate as a reference) were in progress by Hitachi 

U-3900. The nitrogen absorption and desorption isothermal curves (using Autosorb 

Station 1) were applied to illustrate the specific surface area and pore size distribution 

of the materials. Photoluminescence spectroscopy was measured using a fluorescence 

spectrophotometer (Hitachi, F-4600) with an optical filter, which has a xenon lamp as 

an excitation source. 

2.4 Photoelectrochemical Measurements 

Transient photocurrent measurement was performed using an electrochemical 

workstation (CHI 660C) using a three-electrode system in simulated sunlight 

(PerfectLight-LED100B) with an ultraviolet (UV) (λ= 365 nm) cutoff filter and 100 

mW cm-2 power density. The sample loaded to fluorine-doped tin oxide (FTO) was 

employed as working electrode. Platinum wire was utilized as counter electrode and 
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Ag/AgCl as reference electrode. The slurry was prepared by adding 50 mg of sample 

to a mortar, grinding with 100 μL of Nafion (5%) and 1.5 mL of ethanol to produce a 

photoelectrode. The obtained paste was coated on the FTO with the fixed area of 1.5 

cm-2. Then it was placed in a petri dish and sealed with a tin foil before drying at 

60 °C for 1 h to obtain a uniform film. Electrochemical impedance spectroscopy (EIS) 

was operated by using frequency response analyzer (Solartron 1255 B) with the 

frequency ranging from 0.01 Hz to 100 kHz in 0.5 M sodium sulfate electrolyte. 

2.5 Photocatalytic performance test 

First, C@Ti4O7/g-C3N4 (50 mg) was dispersed in the dye solutions (RhB, MB, MO, 

50 mL, 10 mg L-1), respectively. The suspension was stirred for 1 h in dark to obtain 

the adsorption equilibrium of the dye on the surface of the photocatalyst. 500 W 

xenon lamp with UV filter (λ > 420 nm) was for photocatalytic degradation (100 mW 

cm-2). The C@Ti4O7/g-C3N4 suspension was taken out with a pipette (2 mL) for 

measurement every 30 minutes. Usually, the above solution was centrifuged and the 

supernatant was selected the to be analyzed according to the absorption peak at the 

maximum absorption wavelength (RhB: 553.5 nm; MB: 664.5 nm; MO: 463.5 nm). 

C@Ti4O7, Ti4O7, Anatase-TiO2 and Anatase-TiO2/g-C3N4 were then exchanged for 

parallel control testing. In addition, the products were analyzed using ACCELA 

1250-LTQX high performance liquid chromatography-ion trap mass spectrometer 

(Thermo, USA). 

2.6 Detection of reactive species 

First, various scavengers were added to the dye solution (50 mL, 10 mg L-1), 
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respectively, and afterwards the photocatalyst was introduced. Photoluminescence (PL) 

spectroscopy was further applied to reveal the formation of ·OH on the surface of the 

photocatalyst under visible light irradiation by terephthalic acid (TA). Generally, 

C@Ti4O7/g-C3N4 (0.1 g) was ultrasonically dispersed into 50 mL of TA solution 

(5×10-4 mol L-1) mixed with sodium hydroxide (2×10-3 mol L-1). The dispersion was 

then placed in a photocatalytic degradation system under visible light conditions. 

Hitachi F-4600 instrument was applied for PL intensity performance measurement. 

3. Results and discussions 

C@Ti4O7/g-C3N4 was prepared through a convenient wet chemical method 

assisted by the annealing & calcination strategies, which is illustrated as Scheme 1. 

First, rutile TiO2 was used as a starting material, which was annealed and reduced to 

form Ti4O7 having oxygen vacancies. Secondly, the surfactant Tris was uniformly 

dispersed on the surface of the Ti4O7 by ultrasonic dispersion to facilitate further 

adsorption of organic molecules. Then, polydopamine (PDA) is added and uniformly 

coated on the surface of the Ti4O7 to form a polydopamine@Ti4O7 (PDA@Ti4O7) 

core-shell structure. PDA@Ti4O7 was annealed at 650 °C under H2/N2 atmosphere, 

during which PDA converted to amorphous carbon. Finally, in order to improve the 

photo-carrier separation efficiency, melamine is mechanically mixed with C@Ti4O7 

and further calcined to form C@Ti4O7/g-C3N4. 

3.1 Photocatalyst characterization 

The powder XRD patterns for C@Ti4O7/g-C3N4, Anatase-TiO2/g-C3N4, C@Ti4O7, 

Ti4O7 and Anatase-TiO2 were shown in Fig. 1. For Anatase-TiO2, it is indexed that the 
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characterized peaks at 25.37°, 35.82°, 37.92°, 40.66°, 47.96°, 53.97°, 55.22°, 62.14°, 

62.74° and 68.79° are well coincident to PDF#89-4921 assigned to the (101), (103), 

(004), (112), (200), (105), (211), (213), (204) as well as (116) plane. Further study of 

Ti4O7 with defects can be seen that the main characteristic peaks (26.58°, 36.20°, 

41.34° and 54.46°) are well matched to the standard card (PDF#50-0787). Compared 

with Anatase-TiO2, the diffraction peak position and the number of peaks of the 

defective Ti4O7 change significantly, which can be inferred that the internal structure 

of the material crystal changes obviously during the transition from TiO2 to Ti4O7. 

After coating the carbon layer from PDA precursor, the peak number of Ti4O7 is 

reduced, which should be ascribed to the masking effect of amorphous carbon layer 

from crystal structure expressions of Ti4O7. However, the main diffraction peaks for 

C@Ti4O7 were coincident with those of pristine Ti4O7, which indicated that the 

intrinsic crystal structure of Ti4O7 is not destroyed during the carbon shell cladding. 

[46] In addition, the narrowing of the diffraction peak indicates that the crystallinity of 

the material is improved after the carbon layer is coated and calcined. When C@Ti4O7 

combined with g-C3N4 (PDF#87-1526), two distinct diffraction peaks appeared at 

13.2° and 27.4°, which should be corresponded to (100) plane of the tri-s-triazine 

units interplanar separation of g-C3N4 [47] and (002) plane of interlayer stacking of 

aromatic systems of g-C3N4 [48], respectively. The introduction of g-C3N4 into 

C@Ti4O7 does not evidently change the lattice structure of the composite system. 

Similarly, in the case of Anatase-TiO2, when it is compounded with graphite phase 

carbon nitride, the result is similar to the above C@Ti4O7/ g-C3N4 system.  
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X-ray photoelectron spectroscopy (XPS) was taken to consider the elemental 

chemical state of sample surface composition. Fig. S1a reveals the presence of Ti and 

O in Ti4O7. Four peaks are surveyed in the Ti 2p of Ti4O7 (Fig. S1b), in which two 

peaks around 459.1 and 465.7 eV are corresponding to the characteristic Ti 2p1/2 and 

Ti 2p3/2 peaks of Ti4+, and the other two peaks of about 457.3 and 463.4 eV are 

corresponding to the Ti 2p1/2 and Ti 2p3/2 peaks of Ti3+, respectively. [49] The O 1 s 

spectra of Ti4O7 is displayed in Fig. S1c. The peaks centered at 534.6 and 532.2 eV 

are attributed to the HO-Ti and O-Ti bonds. [50] After coating a layer of carbon on the 

surface of Ti4O7, a distinct C peak other than Ti and O is found in Fig. S2a. High 

resolution Ti and O peaks for C@Ti4O7 were depicted in Fig. S2b-c, which were 

observed similar to Ti4O7. For the high-resolution C-peaks in Fig. S2d, they consist of 

two peaks at 286.5 eV (C-O) and 284.5 eV (C-C). [51] In regard to C@Ti4O7/g-C3N4, 

its XPS survey includes four elements of Ti, O, C and N ( shown in Fig. 2a), which is 

well correspond to the XRD results. Fig. 2b reveals the high resolution of Ti 2p 

spectrum, which contains four deconvoluted peaks corresponding to the valence of +3 

and +4. It indicates that the material changed from +4 valence TiO2 to Ti4O7 with 

oxygen vacancy containing mixed valence state. [49] For the O 1s region (Fig. 2c), it 

shows the existence of C-O at 533.3 eV, [51] HO-Ti at 532.1 eV and O-Ti at 529.6 eV. 

[50] It indicates that the carbon layer was successfully coated on the surface of Ti4O7 

and formed a chemical bond. In C 1s spectrum (Fig. 2d), the carbon element can be 

divided into sp2-bonded carbon in N-C=N (288.7 eV), C-O (286.3 eV) and C-C 

(284.7 eV), respectively. [27] Besides, in the N 1s spectra (Fig. 2e), the peaks at 401.4 
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eV, 399.7 eV and 397.6 eV are assigned to the amino functional groups with 

hydrogen (C-N-H), the tertiary N bonded to carbon atoms (N-(C)3) and sp2 hybridized 

aromatic N bonded to carbon atoms (C-N=C), respectively. [37]  

The surface structures of C@Ti4O7/g-C3N4, C@Ti4O7 and Ti4O7 were analyzed by 

scanning electron microscopy (SEM). SEM images (Fig. 3a and b) show that Ti4O7 

consists of irregular spheres with diameters of about 100 nm. These spheres are 

aggregated and their surface is relatively smooth. After coating the carbon layer, the 

structure does not find significant changes as can be seen from Fig. 3c. However, the 

image is further enlarged (Fig. 3d), which shows that the diameter of the sphere is 

increased. Furthermore, the surface of the pellet becomes rough, further confirming 

that the formed carbon layer is an amorphous structure. Compounding C@Ti4O7 with 

g-C3N4 (Fig. 3e-f), it can be observed that the C@Ti4O7 is tightly bound to g-C3N4. 

For C@Ti4O7, many particles are attached to the surface, which is a small piece of 

g-C3N4 attached to the surface of C@Ti4O7. In addition, there is a larger sheet of 

g-C3N4 as the substrate, on which C@Ti4O7 is supported. Thus, a three-dimensional 

heterojunction structure is formed, which facilitates the effective separation of 

photo-generated carriers after photoexcitation. 

Further examination of the microstructure of the samples was performed by 

transmission electron microscopy (TEM) and high-resolution Transmission 

microscopy (HR-TEM). Fig. 4a shows the small spheres of Ti4O7 are better 

mono-dispersity. The sizes of the small spheres measured from TEM also agree with 

the SEM results very well. The small balls of the core-shell structure were obtained by 
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PDA coating modification and annealing (see TEM and HR-TEM images, Fig. 4b and 

c). The shell thickness of the spheres is about 30 nm. The C layer shows the 

amorphous nature as expected, which is uniformly attached to Ti4O7. It is consistent 

with the analysis of XPS. The lattice spacings of 0.256 and 0.325 nm correspond to 

the Ti4O7 (104) crystal plane and the g-C3N4 (002) crystal plane, respectively. It 

confirms the existence of composite structures. This is consistent with the results of 

XRD. STEM-HAADF and elemental mapping images (EMIs) show the distribution 

of different components in the composite in Fig. 4d. It can be seen that the core 

structure is composed of Ti and O (Ti4O7), and the shell is composed of C, which is 

dispersed in C and N (g-C3N4) to form a C@Ti4O7/g-C3N4. TEM, HRTEM and EMIs 

reveal the formation of the heterojunction interface between C@Ti4O7 and g-C3N4, 

which effectively realizes the separation of carriers.  

Fig. S3 presents the UV-vis diffuse reflectance spectra (DRS) of Anatase-TiO2, 

Anatase-TiO2/g-C3N4, Ti4O7, C@Ti4O7 and C@Ti4O7/g-C3N4 samples, which are 

tested from 300 to 800 nm by Hitachi U-3900. Considering on the Anatase-TiO2 

sample, the absorbance threshold is located at approximately 380 nm, while combined 

with g-C3N4 (Anatase-TiO2/g-C3N4), it is red shifted to 450nm. In C@Ti4O7 and Ti4O7 

samples, at wavelengths less than 420 nm significant adsorption increases occurred, 

which is consistent with the intrinsic energy bandgap of Ti4O7. No significant changes 

in the adsorption edge of C@Ti4O7 is observed compared to Ti4O7. This result 

indicates that the carbon layer is tightly coated on the surface of Ti4O7 without lattice 

bonding with Ti4O7. Further combining C@Ti4O7 with g-C3N4, it is surprisingly found 



15 
 

that the absorption edge is red-shifted, and the adsorption is evidently increased over 

the entire wavelength range of 300 to 800 nm, especially at a wavelength of more than 

480 nm. It shows that C@Ti4O7 is tightly bound to g-C3N4 to form a heterojunction 

structure, which effectively broadens the range of light absorption, and can effectively 

use visible light, thereby improving the utilization of light energy. According to Tauc 

plot (Fig. 6a), the band gap energies (Eg) of Anatase-TiO2 and Anatase-TiO2/g-C3N4 

are 3.2 eV and 2.6 eV respectively, which indicates that Anatase-TiO2 and g-C3N4 

have successfully combined to form a heterojunction. The Eg of C@Ti4O7 and Ti4O7 

are calculated to be 2.9 eV, which are consistent with the literature. [52] The Eg of 

C@Ti4O7/g-C3N4 is 2.6 eV, manifesting that C@Ti4O7/g-C3N4 changes the band gap 

of the material  and should be a potential candidate as visible light response 

sensitizer.  

Nitrogen adsorption and desorption curves were tested to determine specific 

surface area (SBET) and corresponding pore structure. The SBET, pore volume and 

average pore size of Ti4O7, C@Ti4O7, C@Ti4O7/g-C3N4, Anatase-TiO2 and 

Anatase-TiO2/g-C3N4 were computed by MultiPoint BET, BJH method cumulative 

desorption pore volume and Average pore diameter, which are shown in Table 1. It is 

observed from Fig. S4, five samples possess type IV isotherms, suggesting the 

existence of mesopores (2-50 nm). [53] The type H3 hysteresis loop at pressure 

ranging between 0.8 and 1.0, which demonstrates the existence of slit-like mesopores 

as a result of Ti4O7 particle or Anatase-TiO2 particle aggregation and g-C3N4 layer 

stacking. [54, 55] The above results are consistent with the circumstances of SEM and 
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TEM observations. Compared with Ti4O7, the specific surface area (46.83 m2 g-1) of 

sample C@Ti4O7 is increased due to the introduction of carbon layer. It is possible 

that the amorphous carbon has loose pores, which increases the specific surface area. 

Similarly, g-C3N4 is further introduced into C@Ti4O7/g-C3N4, and its specific surface 

area (72.97 m2 g-1) is found further increased to almost 5 times and 1.6 times of 

pristine Ti4O7 and C@Ti4O7. Contrastively, Anatase-TiO2 has a specific surface area 

of 9.68 m2 g-1 and that of Anatase-TiO2/g-C3N4 is 17.28 m2 g-1. Pore size distributions 

(Fig. S4 inset) reveal a wide pore size distribution from 3 to >100 nm, which strongly 

proves the existence of micropores and macropores in the five samples. The large 

surface area and rich pore structure of the photocatalyst not only serve as a transport 

channel for dye molecules and products, but also increase the active sites, which is 

beneficial to the photocatalytic reaction. 

3.2 Adsorption and photocatalytic performance 

The adsorption, photocatalytic degradation and cycle performance of 

C@Ti4O7/g-C3N4 were estimated by removing Rhodamine B (RhB), Methylene blue 

(MB) and Methyl orange (MO) from simulated wastewater, respectively. For the 

purpose of better illustrating the advantages of composite photocatalysts, single 

C@Ti4O7, Ti4O7, Anatase-TiO2 and Anatase-TiO2/g-C3N4 were also subjected to 

parallel control experiments.  

In Fig. 5a-c, adsorption was carried out for one hour under dark and magnetic 

stirring conditions before photocatalytic degradation of RhB. Then, under simulated 

visible light (λ > 420 nm), photodegradation began (set to t=0 in the figure). As is 
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shown in Fig. 5a, it reveals that the adsorption capacity of C@Ti4O7/g-C3N4 is 0.080, 

which has the highest value compared to C@Ti4O7 (0.050), Ti4O7 (0.024), 

Anatase-TiO2 (0.017) and Anatase-TiO2/g-C3N4 (0.047). This phenomenon further 

demonstrates that the combination of amorphous carbon layer, Ti4O7 with oxygen 

vacancies and g-C3N4 performed a synergistic effect to effectively increase the 

adsorption amount. When the visible light source is turned on, the photocatalytic 

degradation reaction proceeds (Fig. 5b). In the light of Lambert Beer's formula, the 

true concentration of the dye solution is proportional to the maximum absorption of 

the adsorption curve during photocatalysis. C expresses the dynamic real-time dye 

solution concentration at the actual degradation time t and C0 represents the initial 

concentration of the dye solution. Consequently, after 2.5 h photodegradation, it can 

be seen that the C/C0 of C@Ti4O7/g-C3N4 composite catalyst reaches 0.087, while 

those of C@Ti4O7, Ti4O7, Anatase-TiO2 and Anatase-TiO2/g-C3N4 are 0.302, 0.436, 

0.672 and 0.561 respectively. The distinct superiority in C/C0 evidences that 

C@Ti4O7/g-C3N4 performs the best degradation efficiency. As shown in Fig. 5c, in the 

four cycles degradation process, the photocatalyst degradation RhB rate of 

C@Ti4O7/g-C3N4 has almost no change, which proves an excellent cycle stability for 

the composite catalyst. Similarly, adsorption as well as the photocatalytic degradation 

of MB and MO were investigated and illuminated as Fig. 5d-f and g-i, respectively. In 

these two photodegradation system, it is found that both the the adsorption capacity 

and the final C/C0 of the C@Ti4O7/g-C3N4 composite reaches the optimal level 

compared with C@Ti4O7, Ti4O7, Anatase-TiO2 and Anatase-TiO2/g-C3N4 (shown in 



18 
 

Fig. 5e and h). For the cycle stability studies, four cycles of photocatalytic 

degradation were performed. It is found that the tendency of C@Ti4O7/g-C3N4 is 

basically unchanged in the degradation curve, which firmly revealed its excellent 

degradation stability (shown in Fig. 5f and i).  

In summary, it is found that different photocatalysts emerge distinct performance 

towards the same dye model system. Apparently, one kind of photocatalyst also 

demonstrates various degradation rates in different dye solutions. As far as we 

concerned, C@Ti4O7/g-C3N4 composite behaves the best photocatalytic activity after 

systematic testing of all of the three dye model systems (RhB, MB, MO), followed by 

C@Ti4O7, Ti4O7, Anatase-TiO2/g-C3N4 and Anatase-TiO2. It further proves that the 

adsorption performance promotes photocatalytic degradation. The stronger the 

adsorption capacity, the stronger the binding capacity for the dye molecules, so the 

better the photocatalytic degradation. [56-60] At the same time, it is observed that the 

stability test of the C@Ti4O7/g-C3N4 catalyst has excellent cycle performance. We 

chose the catalyst after photocatalytic degradation of MO in four cycles because MO 

is the most difficult to photocatalytically degrade, so it is most likely to affect the 

catalyst structure. The above-mentioned catalyst was centrifuged, washed and dried. 

The catalyst obtained was analyzed by XRD and XPS as shown in Fig. S5 and Fig. S6. 

It can be seen that the crystal structure and element valence of the catalyst have not 

changed substantially before and after the reaction, indicating that the catalyst has 

good stability. In addition, we performed high-performance liquid chromatography- 

mass spectrometry on the photocatalytic degradation products (Fig. S7-9), and 
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analyzed the products in conjunction with relevant literature. [61-65] It was found that 

the liquid chromatography peaks of the three dye degradation products are not well 

separated, indicating that the product composition is very complicated. Further 

combined with mass spectrometry, it is concluded that photocatalytic degradation 

produces some small molecules, which need further photocatalytic degradation. 

Specifically, RhB may decompose into 4aH-xanthene-3,6-diamine, Phthalic acid, 

Terephthalic acid, Adipic acid and so on after photocatalytic degradation. MB may 

decompose into phenothiazine 5-oxide, 2,5-diaminobenzenesulfonic acid, 

2-aminobenzenesulfonic acid, benzenesulfonic acid and so on after photocatalytic 

degradation. However, after photocatalytic degradation of MO, a part of them are 

formed into small molecules, such as: benzenesulfonic acid. However, some of them 

have polymerized to form macromolecules. Therefore, these results show that 

although the colours of dyes are effectively faded, the dye molecules are not 

completely degraded. 

3.3 Photocatalytic mechanism 

Generally speaking, the main factors affecting the efficiency of photocatalysis 

should include three aspects: i) the absorption of light which determines the energy 

harvest and solar utilization; ii) the separation, migration and redox ability of 

photogenerated carriers which determines whether the photocatalytic reactions can 

occur; iii) the containment of catalytic active sites and interfacial adsorptive capability 

which greatly affects the photocatalytic efficiency. Based on the above 

characterizations, it can be concluded from UV-vis DRS results that C@Ti4O7/g-C3N4 
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hybrid presents remarkable light absorption properties (especially absorption of 

visible light) and improved photon capture ability to promote overall solar utilization. 

Moreover, the exceptional photocatalytic degradation performance should thank to 

separation efficiency of photogenerated carriers. Here, transient photocurrent response, 

EIS Nyquist plots and photoluminescence spectrum of different photocatalysts have 

been studied to evaluate the direct efficiency of carrier capture, migration and 

separation (shown in Fig. 6b-d). As illustrated in Fig. 6b, as for C@Ti4O7/g-C3N4, it is 

observed that the on-off cycles are almost reversible and carry on via fast and stable 

photocurrent signals (0.85 μA cm-2), suggesting the sample is sensitive to light. The 

transient photocurrent decays to about half (0.52 μA cm−2 and 0.41 μA cm−2) in 

C@Ti4O7 and Ti4O7, respectively. In sharp contrast with above specimens, the 

transient photocurrent of Anatase-TiO2/g-C3N4 is only around 0.36 μA cm−2 and that 

of Anatase-TiO2 is just 0.30 μA cm−2. Thence, it is a powerful explanation that the 

C@Ti4O7/g-C3N4 has rapid migration and efficient separation efficiency of 

photogenerated electrons and holes, which facilitates photoelectric conversion 

efficiency. To further investigate the charge transfer dynamics and the separation 

efficiency of photogenerated carrier, electrochemical impedance spectroscopy (EIS) 

was in progress in Fig. 6c. It is acknowledged that the EIS radius decreases, 

corresponding to reduced electron migration resistance and increased charge mobility. 

It presents that the five samples follow the EIS radius trend of Anatase-TiO2 > 

Anatase-TiO2/g-C3N4 > Ti4O7 > C@Ti4O7 > C@Ti4O7/g-C3N4, which exhibits 

C@Ti4O7/g-C3N4 has the smallest electronic impedance, fastest charge migration and 
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best separation of photogenerated carriers. The above results indicate that the optical 

and electrical properties of the composite are enhanced due to the introduction of 

g-C3N4. This is due to the optimization of the electronic band structure and effective 

interface transmission. This helps to improve the efficiency of the photocatalytic 

reaction. Finally, the photoluminescence (PL) spectroscopy is employed to further 

investigate the electron-hole separation efficiency, which is shown as Fig. 6d. All 

samples exhibited broad peaks with center at about 450 nm. The emission peak is 

originated from direct band-to-band transitions.  After introduction of the carbon 

layer and g-C3N4 component, the PL strength of the C@Ti4O7/g-C3N4 composite 

catalyst exhibited the lowest signal, demonstrating that the recombination of the 

photogenerated charge in the resulting composite has been significantly suppressed, 

which is a forceful evidence for its excellent separation efficiency of photogenerated 

carriers. Furthermore, the physicochemical properties study (shown in Table1) reveals 

that C@Ti4O7/g-C3N4 has the largest surface area, which should be derived from both 

the contribution of carbon shell and the cross-linked g-C3N4 layers. They helped to 

provide improved interfacial attachment points and rich active sites originated from 

Z-scheme structure to further benefit the photocatalytic reaction. 

To survey the degradation reactions in depth, the determination of active species 

during photocatalytical process appeared to be particularly important. Generally, 

several kinds of reactive species might be involved in photocatalytic reactions, among 

which the most predominant should be h+, ·OH and O2
·-. According to previous 

literatures[66, 67], tertiary butyl alcohol (tBuOH), N2, ammonium oxalate (AO) were 
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utilized as the scavenger for ·OH, O2
·- and h+ inspection, respectively. 

For the degradation of MO by C@Ti4O7/g-C3N4 composite, different scavengers 

were employed to detect the active species in this system (shown in Fig. S7a). It is 

observed that when tBuOH, N2 and AO were introduced as scavengers respectively, 

the degradation rates of all these three photocatalytic degradation systems reduced in 

varying degrees. The above results reveal that all of ·OH, O2
·- and h+ active substances 

should participate in the reaction process of MO and affect the degradation rate. 

While for tBuOH scavenger, the photocatalytic activity of the sample is noticed to be 

most inhibited, which indicates that ·OH should be the dominant active species during 

the photocatalytic reaction. The ·OH mainly derived from the capture of the 

photogenerated holes by the water.  

To further illustrate the photocatalytic mechanism of photocatalysis, a kenspeckle 

photoluminescence signal at approximately 425 nm of 2-hydroxy terephthalic acid 

was observed in Fig. S7b. [68] If the photocatalyst mechanism is type Ⅱ, the valence 

band of graphite carbon nitride is used as the oxidized region in which no hydroxyl 

radical will form. But here the terephthalic acid (TA) with hydroxyl groups was 

clearly detected in the PL spectra and as the reaction time increases, the PL peak 

intensity gradually increased, which suggested that ·OH is produced on the surface of 

the photocatalyst with constant illumination. From the above analysis, it can be 

concluded that the mechanism of the photocatalyst should be the all-solid-state direct 

Z-scheme process. Compared with type Ⅱ structure, Z-scheme photocatalysts have 

more advantages. [60, 69-72] For type II photocatalyst materials, the oxidation and 
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reduction reactions occur on different semiconductors, which is beneficial to the 

separation of photo-generated electrons and holes, but the redox capacity of the two 

semiconductor regions is weakened compared to a single semiconductor. In fact, this 

directly affects the potential of generating carriers, and reduces the catalytic activity 

of the composite catalyst. The Z-scheme photocatalysts can not only ensure a wide 

photo-response range, but also improve the oxidation and reduction capabilities of the 

material. 

In order to further clarify the band structure of semiconductors, based on the 

particular characterizations of photocatalyst nature, the band edge positions of valence 

band (VB) and conduction band (CB) can be calculated by the following formula 

(1-2).  

ECB = X – Ec - 0.5Eg                                                                           (1) 

EVB = ECB + Eg                                                                                  (2) 

Where ECB is the conduction band edge potential of the semiconductor, X is the 

semiconductor absolute electronegativity. Ec represents for free electron energy (4.5 

eV). Eg refers to the semiconductor band gap. EVB stands for the valence band edge 

potential of the semiconductor. According to Kubelka-Munk function conversion 

diagram, it can be found that the band gaps of Ti4O7 and g-C3N4 are 2.9 and 2.6 eV, 

the CB positions of Ti4O7 and g-C3N4 are -0.28 and -0.87 V and the VB positions of 

Ti4O7 and g-C3N4 are 2.62 and 1.73 V, respectively. It is noticed that the VB edge 

position of C@Ti4O7/g-C3N4 is more positive than the oxidation potential of OH-/·OH 

(2.40 V vs. NHE). Besides, the CB edge position of C@Ti4O7/g-C3N4 is more 
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negative than the reduction potential of O2/·O2
- (-0.33 V vs. NHE). [73] Just as the 

above interpretations, this heterojunction structure can effectively form active species 

to degrade dyes. A possible photocatalytic mechanism of C@Ti4O7/g-C3N4 

photocatalysts was consequently proposed and illustrated as Figure 7. During the 

photocatalytic process, a fleet carrier separation in homogeneous semiconductor first 

occurred and then followed by a rapid recombination between electrons in CB of 

Ti4O7 and holes in VB of g-C3N4. Photoexcited holes in VB of Ti4O7 will act as 

oxidizing agent candidate to oxidize water to form hydroxyl radicals, while the 

photoexcited electrons in CB of g-C3N4 will reduce oxygen to form superoxide free 

radicals. Thereby, hydroxyl radicals and superoxide free radicals are efficiently 

generated to achieve high-efficiency photodegradation of dye molecules under visible 

light conditions. 

4. Conclusions 

In summary, we have successfully fabricated C@Ti4O7/g-C3N4 by wet chemical 

and high temperature treatment route. The composite catalyst is a nanosphere with a 

core-shell structure, which facilitates the highly efficient photocatalytic reaction for 

RhB, MB, and MO degradation under the visible light. It ascribes to the inherent 

oxygen vacancies, effective light absorption, large specific surface area, and improved 

carrier separation efficiency. Besides, the all-solid-state Z-scheme mechanism of 

C@Ti4O7/g-C3N4 is confirmed and it is expected to be used for dye degradation in 

sewage. 
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Figure captions 

Scheme 1 The schematic diagram of synthesis C@Ti4O7/g-C3N4. 

Fig. 1 XRD patterns of as-prepared C@Ti4O7/g-C3N4, Anatase-TiO2/g-C3N4, 

C@Ti4O7, Ti4O7 and Anatase-TiO2.   

Fig. 2 XPS data of C@Ti4O7/g-C3N4 sample: (a) survey spectrum, high-resolution 

spectra of (b) Ti 2p, (c) O 1s, (d) C 1s and (e) N 1s. 

Fig. 3 SEM of as-prepared Ti4O7 (a-b), C@Ti4O7 (c-d) and C@Ti4O7/g-C3N4 (e-f). 

Fig. 4 TEM images of Ti4O7 (a) and C@Ti4O7/g-C3N4 (b). (c) HR-TEM image of 

C@Ti4O7/g-C3N4. (d) HAADF-STEM and elemental mapping images of Ti, O, 

C, and O of C@Ti4O7/g-C3N4.  

Fig. 5 Dye ((a) RhB, (d) MB, (g) MO) adsorption equilibrium histogram of Ti4O7, 

C@Ti4O7, C@Ti4O7/g-C3N4, Anatase-TiO2 and Anatase-TiO2/g-C3N4 stirred 

under dark condition. Photocatalytic degradation dye ((b) RhB, (e) MB, (h) MO) 

curves of Ti4O7, C@Ti4O7, C@Ti4O7/g-C3N4, Anatase-TiO2 and 

Anatase-TiO2/g-C3N4. Photocatalytic degradation dye ((c) RhB, (f) MB, (i) MO) 

cycle performance of C@Ti4O7/g-C3N4 composite. 

Fig. 6 (a) Tauc plot of C@Ti4O7/g-C3N4, C@Ti4O7, Ti4O7, Anatase-TiO2 and 

Anatase-TiO2/g-C3N4. (b) Transient photocurrent of the C@Ti4O7/g-C3N4, 

C@Ti4O7, Ti4O7, Anatase-TiO2 and Anatase-TiO2/g-C3N4. (c) EIS Nyquist plots 

of C@Ti4O7/g-C3N4, C@Ti4O7, Ti4O7, Anatase-TiO2 and Anatase-TiO2/g-C3N4 

samples. (d) Photoluminescence spectrum of the C@Ti4O7/g-C3N4, C@Ti4O7, 

Ti4O7, Anatase-TiO2 and Anatase-TiO2/g-C3N4. 
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Fig. 7 Schematic diagram of the photocatalytic mechanism of C@Ti4O7/g-C3N4 

photocatalysts. 

Table 1 The physicochemical properties of C@Ti4O7/g-C3N4, C@Ti4O7, Ti4O7, 

Anatase-TiO2 and Anatase-TiO2/g-C3N4. 
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Scheme 1 

 

Scheme 1 The schematic diagram of synthesis C@Ti4O7/g-C3N4.  
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Fig. 1 

 

Fig. 1 XRD patterns of as-prepared C@Ti4O7/g-C3N4, Anatase-TiO2/g-C3N4, 

C@Ti4O7, Ti4O7 and Anatase-TiO2.  
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Fig. 2 

 

Fig. 2 XPS data of C@Ti4O7/g-C3N4 sample: (a) survey spectrum, high-resolution 

spectra of (b) Ti 2p, (c) O 1s, (d) C 1s and (e) N 1s.  
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Fig. 3 

 

Fig. 3 SEM of as-prepared Ti4O7 (a-b), C@Ti4O7 (c-d) and C@Ti4O7/g-C3N4 (e-f). 
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Fig. 4 

 

Fig. 4 TEM images of Ti4O7 (a) and C@Ti4O7/g-C3N4 (b). (c) HR-TEM image of 

C@Ti4O7/g-C3N4. (d) HAADF-STEM and elemental mapping images of Ti, O, 

C, and N of C@Ti4O7/g-C3N4. 
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Fig. 5 

 

Fig. 5 Dye ((a) RhB, (d) MB, (g) MO) adsorption equilibrium histogram of Ti4O7, 

C@Ti4O7, C@Ti4O7/g-C3N4, Anatase-TiO2 and Anatase-TiO2/g-C3N4 stirred 

under dark condition. Photocatalytic degradation dye ((b) RhB, (e) MB, (h) MO) 

curves of Ti4O7, C@Ti4O7, C@Ti4O7/g-C3N4, Anatase-TiO2 and 

Anatase-TiO2/g-C3N4. Photocatalytic degradation dye ((c) RhB, (f) MB, (i) MO) 

cycle performance of C@Ti4O7/g-C3N4 composite. 
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Fig. 6 

 

Fig. 6 (a) Tauc plot of C@Ti4O7/g-C3N4, C@Ti4O7, Ti4O7, Anatase-TiO2 and 

Anatase-TiO2/g-C3N4. (b) Transient photocurrent of the C@Ti4O7/g-C3N4, 

C@Ti4O7, Ti4O7, Anatase-TiO2 and Anatase-TiO2/g-C3N4. (c) EIS Nyquist plots 

of C@Ti4O7/g-C3N4, C@Ti4O7, Ti4O7, Anatase-TiO2 and Anatase-TiO2/g-C3N4 

samples. (d) Photoluminescence spectrum of the C@Ti4O7/g-C3N4, C@Ti4O7, 

Ti4O7, Anatase-TiO2 and Anatase-TiO2/g-C3N4. 
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Fig. 7 

 
 

Fig. 7 Schematic diagram of the photocatalytic mechanism of C@Ti4O7/g-C3N4 

photocatalysts. 
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Table 1 The physicochemical properties of C@Ti4O7/g-C3N4, C@Ti4O7, Ti4O7, 

Anatase-TiO2 and Anatase-TiO2/g-C3N4. 

 

Sample SBET 

(m2 g−1) 

Pore volume 

(cm3 g−1) 

Average pore size 

(nm) 

C@Ti4O7/g-C3N4 72.97 0.0451 4.03 

C@Ti4O7 46.83 0.0445 5.68 

Ti4O7 14.82 0.0324 9.01 

Anatase-TiO2 9.68 0.0649 3.59 

Anatase-TiO2/g-C3N4 17.28 0.0406 3.29 

 

 

 

  

 


