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Ti3C2Tx is a 2�dimensional titanium carbide material featuring outstanding electrochemical 

properties. In spite of this, application of Ti3C2Tx as co�catalyst in photo�catalysis is rarely 

under explored probably because of its metallic nature and the hydrophilic surface. Given that 
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Ti3C2Tx with different surface terminations exhibits large differences in catalytic, 

electrochemical and chemical properties, we demonstrate improvement of the photocatalytic 

activity of Ti3C2Tx as a co�catalyst by annealing a composite of carbon nitride and Ti3C2Tx. 

Ti3C2Tx with the oxygen terminated surface improves the separation of electron�hole pairs 

resulting in 105% enhancement in production ratio in hydrogen evolution as compared with 

the control samples. The best hydrogen production performance achieves as high as 88 

;mol/h/g.cat. The apparent quantum yield (AQY) achieves as high as 1.27%. The DFT 

calculations also demonstrate a better hydrogen evolution on Ti3C2 with oxygen surface 

termination.  

	
������: MXenes, photocatalysis, surface termination groups, hydrogen evolution, DFT 

calculation. 

����������� �

The traditional energy sources such as coal, oil and natural gas are unsustainable and will 

leave an energy gap of 14TW by the year of 2050. To fill that energy gap, solar energy is 

considered the only available renewable energy resource with such a potential. Photocatalytic 

hydrogen evolution from water is an effective way to convert solar energy into chemical 

energy that is much easy to store. Semiconductor�based photocatalysts can split water into 

hydrogen and oxygen under the presence of co�catalysts, which are normally noble metals 

such as Pt, Ru, Rh, Pd. Among the semiconductors being developed nowadays, 

2�dimensional (2D) photocatalyst g�C3N4 is promising because of its merits such as high 

stability, large surface area, non�toxicity and suitable band gap.1�3 To improve the 
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photocatalytic activity of g�C3N4, various means are reported, including nanoarchitecture 

design, elemental doping, copolymerization and heterojunction nanostructures design.4 The 

noble�metal�free photocatalytic hydrogen evolution is also investigated such as metal 

chalcogenide, metal phosphide, metal oxide or even graphene to replace the high cost noble 

metal cocatalyst.5�9 Zeng et al achieves 535.7 ;mol/g/ h with Ni12P5 as cocatalyst6 and 474.7 

;mol/g/ h with Ni2P.9 

 MXenes are a new family of 2D nanostructure materials, initially reported in 2011.10 

MXenes are prepared from MAX phase by etching the A�layer (usually Al) with strong acid 

solutions such as HF or LiF/HCl. MXenes have a general formula of Mn+1XnTx (n = 1�3), in 

which M represents an early transition metal, e.g., Ti, V, Nb, Ta, Mo, X is carbon and/or 

nitrogen, and Tx stands for the surface termination groups such as �O, �F and �OH.11, 12 

MXenes have been applied to different fields including energy storage,13�20 electromagnetic 

interference shielding,21�23 ater purification and catalysis for the electronic.24�27 

The photo� and electro�catalytic properties of MXenes were predicted by the density 

functional theory(DFT) calculations.28, 29 Moreover, Mo2CTx and Ti2CTx were already 

investigated in electro�catalytic hydrogen evolution reaction (HER).27 Mo2CTx exhibits good 

performance in stability, hydrogen evolution activity, and lower over potential. 

Nanocomposites of semiconductors and MXene, e.g., TiO2/Ti3C2 were hydro�thermally 

synthesized to study their catalytic activity.30 As a result, methyl orange(MO) is 

photocatalytic degraded in the presence of such composites when NaBF4 is used to control 

the morphology of the composite.31 TiO2/Ti3C2Tx, TiO2/Ti2CTx and TiO2/Nb2CTx composites 

have been tested as photo�catalysts for hydrogen production. Among these, TiO2/Nb2CTx 
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exhibits the best performance.32 Besides, CdS/Ti3C2Tx was also synthesized by hydrothermal 

method, and Ti3C2Tx with small diameter but large surface area gives an excellent 

performance as the co�catalyst in photocatalytic HER.33 Ti2C is also found to exhibit 

co�catalysis in combination with the catalyst of g�C3N4 for HER.34 Moreover, in situ 

oxidation of MXenes is also proved photocatalytic30, 35 and CO2 conversion can also be 

achieved with the cocatalysis of MXenes.36, 37 

Surface terminations greatly affect the physicochemical properties of MXenes. Bare 

MXenes without termination groups have not been synthesized yet. Different synthetic 

methods produce different surface termination groups on MXenes. For example, MXenes 

etched by HF contain mainly �F terminations whereas those etched by LiF/HCl contain more 

�O terminations.38 Post�treatment on as�prepared MXenes, however, alters the composition of 

the surface terminations, e.g., the �F terminations can be replaced gradually by �O 

terminations in the air.39 In view of this, MXenes with �F terminations are much unstable 

compared with that with other terminations. �OH terminations transform into �O terminations 

at 200°C as depicted by the following equation:40 

Ti3C2FOH(s) → Ti3C2FO0.5(s) + 0.5 H2O(g)   (1) 

The DFT calculations suggest that �O terminations may give better Li�ion storage capacity 

or behave as the HER active sites.16, 33, 39 In fact, the free energy of Ti3C2 with �O 

terminations is much lower than that of Pt and thus Ti3C2 with �O terminations may become 

an efficient and low�cost alternative of Pt in HER.33 The composition of surface termination 

groups is not controllable in synthesis, but is controllable with hydrothermal or thermal 
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treatment. The presence of O2 alters the surface termination groups efficiently by oxidizing Ti 

into TiO2 at a high annealing temperature.41 

Herein, we hybridized the composite of g�C3N4/Ti3C2Tx by a scalable process and tuned 

the surface chemistry of Ti3C2Tx by post�annealing in both air and N2 atmospheres. The 

composite is very easily hybridized by the mixing in a mortar without other process such as 

hydrothermal, which was really a fast way. The prepared Ti3C2Tx is employed as co�catalyst 

with g�C3N4 photocatalyst for the HER. The �O surface terminations clearly enhance the 

amount of hydrogen produced at the active sites. This research paves a way to replace the 

high�cost and precious metal co�catalysts in HER and to accelerate the development of HER 

for renewable energy revolution. The DFT calculations are also done to demonstrate the HER 

activity for different surface termination groups. 

���
���
������
�����

2.1 The synthesis of g�C3N4 and Ti3C2 MXenes 

For the synthesis of g�C3N4, NH4Cl is used as a template. Briefly, 2 g of dicyandiamide 

powder and 10 g ammonium chloride are dissolved in 100 ml deionized water and stirred at 

75°C until the mixture is separated out. The mixture is then heated in a muffle furnace at 

550°C for 4 h, and at a rate of 5°C/min.42 A mortar is used to make the bulky g�C3N4 into 

powder. 

Ti3C2Tx MXenes is obtained from etching Ti3AlC2 (Forsman, 98%) in 49% HF. 1 g 

Ti3AlC2 is added into 10 ml 49% HF slowly with stirring at a rate of 200 rpm at room 

temperature for 24 h. The etched suspension is then washed by deionized water and 
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centrifuged until the pH value near 7. The black wet powder is dried in a vacuum oven at 

60°C overnight. 

2.2 The preparation of g�C3N4/Ti3C2Tx composites 

The yellow g�C3N4 powder and the black Ti3C2Tx powder are mixed with a pestle and 

mortar at different ratios. To modify the Ti3C2 surface terminations, the mixtures are then 

annealed for one hour at 200°C either in a tube furnace under N2 protection or in a muffle 

oven in air. The samples with a mass ratio of Ti3C2Tx and g�C3N4 controlled at 3 : 10 were 

selected for further characterization and labelled 30%. 

2.3 Characterizations 

To characterize the g�C3N4, Ti3C2 and the composites powders, the X�ray diffractometer 

(XRD, DX�2700B) is operated at 40 KV and 200mA with Cu Kα radiation(λ = 0.15406 nm). 

Scanning electron microscopy (SEM, JSM�6700F) is used to observe the morphology of the 

samples. X�ray photoelectron spectroscopy (XPS, ESCALAB) analysis is conducted using a 

Mg�Kα light source to confirm the element ratio of the samples. Specific surface area 

measurements (Kubo�X1000) are typically based on N2 sorption with pretreatment at 60°C 

under the Brunauer�Emmer�Teller (BET) model. Photoluminescence emission spectra (PL) 

are determined using a fluorescence spectrometer (Shimadzu RF�5301) at the 340 nm 

excitation and the powder samples are tested directly. Fourier Transform infrared 

spectroscopy (FTIR, Vertex 70, Bruker, Germany) is used in a range of 400 to 4000 cm−1 to 

record the spectra for samples. Ultraviolet�Visible diffuse reflectance spectra (UV�Vis DRS, 

Specord 210 plus, Analytikjena, Germany) are measured for the absorption of samples under 

UV�Vis light with an optics integrating sphere using BaSO4 as the standard. High resolution 
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transmission electron microscopy (HRTEM, FEI Tecnai G2 F20) is used to observe the 

heterojunction interface between g�C3N4 and Ti3C2Tx. 

2.4 Photocatalytic activity measurements 

Photocatalytic H2 evolution is measured under a 350 W xenon lamp (AHD 350, 

ShenzhenAnhongda Opto Technology Co. Ltd., China). A 6 ml photoreactor and a cut�off 

filter (λ > 400 nm) are used. Photocatalyst powder in which g�C3N4 is controlled at 3 mg for 

the same condition is dispersed in 3 mL aqueous solution with 10 vol% triethanolamine as 

the hole sacrificial reagent and a magnetic bar to prevent the sedimentation of the 

photocatalysts during the 6 h measurement. O2 is removed by the purging of Ar gas before 

the photocatalytic activity measurements. H2 evolution is tested by a gas chromatography 

(SP�3420A, Beifen�Ruili, China) with Ar as carrier gas. H2 evolution for Pt as cocatalyst was 

also test in the system. 1%, 2%, 3%, 4% and 5% Pt (H2PtCl6, mass ratio to g�C3N4) were used. 

The apparent quantum yield (AQY) which assesses the efficiency of photons conversion is 

calculated as following6, 9: 

AQY�%� 	= 			
the	number	of	reacted	electrons

the	number	of	incident	photons
	× 100% 

																																			= 			
the	number	of	evolved	��	molecules	 × 2

the	number	of	incident	photons
	× 100% 

 

2.5 DFT calculation method 

Vienna ab initio simulation package (VASP)43, 44 was used in the DFT calculations. 

Generalized gradient approximation (GGA) in the Perdew � Burke � Ernzerhof (PBE)45, 46 

form was used in the calculations. A plane wave cutoff energy of 600 eV is sufficient to 

ensure the convergence of total energies to 1 meV per primitive cell. Supercells were 
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consisted of 2 × 2 × 1 unit cells and the Brillouin zone was sampled using Monkhorst � 

Pack mesh 6 × 6 × 1 for them. The forces were converged to 0.01eV/Å or below for all 

structures and the energy accuracy was set at 10�6 eV. Van der Waals forces were considered. 

The vacuum space at least 30 Å was used to avoid the interaction. Because the increase of 

hydrogen coverage would lead to the decrease of active sites, 25% and 50% monolayer 

atomic H coverage was considered. 

�
��������������������

3.1 Characterization of structures and morphology 

Fig.1A shows the X�ray diffraction (XRD) patterns of raw and composites materials 

studied herein. The Ti3C2Tx is prepared by etching the Al layer of Ti3AlC2 powder with HF. 

�OH, �F and �O surface termination groups spontaneously generate on the surface of Ti3C2 

during the HF etching process resulting in enhanced hydrophilicity of Ti3C2.
33, 38 The XRD 

shifts of the (002) and (004) peaks to lower degrees together with the disappearance of the 

strongest peak of Ti3AlC2 at 39° are the signs of the removal of Al from MAX phase 

Ti3AlC2.
10, 40 The XRD pattern of g�C3N4 shows a pair of typical peaks with high intensity at 

2θ = 27.5° and with low intensity at 2θ = 13.1°, as reported previously.34 The XRD patterns 

of composites samples suggest that the combination of g�C3N4 and Ti3C2 is through physical 

contact. No new XRD peak is generated after mixing them in a pestle and mortar and/or 

followed by annealing in air or N2. These strong peaks at 2θ = 27.5° from g�C3N4 and at 2θ = 

9° from Ti3C2 can be both observed in the composites.  

Fig.1B shows the FT�IR spectra of these raw and composite materials. No peaks are 

observed in Ti3C2Tx FT�IR spectrum though the C�C and C�Ti bonds are contained. As pure 
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Ti3C2 shows no IR peaks, the IR signals in the composites are obviously from g�C3N4. 

Specifically, the peaks between 3500 and 3000 cm-1 are assigned to the N�H stretching (=NH 

or �NH2) and the series peaks near 800 and between 1650 and 1250 cm−1 come from s�triazine 

derivatives.47, 48 The FT�IR spectra of composite samples treated with different annealing 

conditions are nearly identical to that of pure g�C3N4, indicating that g�C3N4 and Ti3C2 are 

not chemically bonded. 

The morphologies of raw and composites samples were observed by the scanning 

electronic microscope (SEM) images (Figure 2). The morphology of g�C3N4 is bulky, as 

shown in Figure 2A, whereas the typical 2D nanosheets stacks structure can be clearly 

observed for the HF etched Ti3C2Tx (Figure 2B). When g�C3N4 and Ti3C2Tx are mixed in a 

pestle and mortar, the specific morphology characteristics of both g�C3N4 and Ti3C2Tx still 

remain, shown Figure 2C, D, E. Although the composites contain more g�C3N4 than Ti3C2Tx, 

Ti3C2Tx particles are not completely covered by g�C3N4 particles. It is noteworthy that 

annealing of g�C3N4/Ti3C2Tx composite at 200°C, in N2 or in air, does not destroy the 2D 

structure of Ti3C2Tx.  

Figure 3 shows the X�ray photoelectron spectroscopy (XPS) results of raw and composites 

materials to study any changes in the surface termination groups of Ti3C2 after annealing. The 

ratio of the peak areas of Ti 2p3/2 and Ti 2p1/2 is controlled 2 : 1 (Figure 3A). Tx represents the 

surface termination groups, such as �F, �O and �OH. The peaks at 456 eV and 461 eV are the 

combinations of the Ti�F bonds, Ti�O bonds and Ti�OH bonds.49, 50 The ratio of Ti�Tx bond 

and Ti�C bond signals varies significantly suggesting the change in the surface termination 

groups. The Ti�C bond signal remains the same while the Ti�Tx bonds decrease after the 
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annealing processes are applied. By comparing the peak fitting results of different samples, 

the increasing signals at 459 eV and 465 eV reflect the decreasing amount of the surface 

termination groups. The fact that the sample annealed in air exhibits less Ti�Tx bonds than the 

the sample annealed in N2 can be attributed to the presence of O2. By comparing the O 1s 

region spectra, the Ti�O�Ti peak at 530 eV and the Ti�OH peak at 532 eV are separated to 

identify the �O termination groups (Figure 3B). The proportion of the Ti�O�Ti structure50�53 as 

a measure of TiO2 phase16 increases after annealing in N2 and air, though crystalline TiO2 

signal is not detected in the XRD patterns (Figure 1A) g�C3N4/Ti3C2Tx annealed in air 

contains the most Ti�O�Ti bonds, g�C3N4/Ti3C2Tx annealed in N2 comes second and 

g�C3N4/Ti3C2Tx without post treatment contains the least, whereas the proportion of Ti�OH 

bonds show an opposite ranking.  

Table 1 shows the contents of different elements extracted from the XPS spectra to monitor 

the change of Ti : F ratio upon the annealing methods. The sample annealed in air displays 

the highest Ti : F ratio confirming the decreasing of the �F terminations after thermal 

treatment. Previously, Li et al40 and Hope et al38 confirmed that the �OH groups on the 

surface of Ti3C2 react as equation (1), when it is heated at 200°C. This reaction mainly takes 

place during the annealing process resulting in the increasing of Ti�O�Ti groups with the 

decreasing of Ti�OH.  

The presence of O2 increased the ratio of Ti�O�Ti during annealing, according to the higher 

Ti�O�Ti content when annealed in air. Meanwhile, the content of �F terminations decreased 

for both annealing processes regardless of the atmosphere, N2 or air, at a relatively low 

temperature (200°C). However, the mechanism corresponding to �F removal was still 
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unclear. The samples annealed in air demonstrate the least �F ratio and the most Ti�O�Ti ratio 

comparing the parallel samples, though the exact ratio of Ti�O�Ti, Ti�OH, and Ti�F cannot be 

identified by the XPS spectra.  

The morphology of g�C3N4 with 30% Ti3C2 annealed in air is assessed via HRTEM in 

Figure S1. Low magnification image demonstrates the hybrid of g�C3N4 and Ti3C2. The 

layered structure of g�C3N4 is clearly shown. The high magnification image displays the 

interface of the hybrid. As g�C3N4 and Ti3C2 layers can be observed obviously, the 

heterojunction interface is considered formed. 

3.2 UV�Vis DRS characterization 

Figure 4 displays the UV�vis diffuse reflectance spectra (UV�vis DRS) of raw and 

composites materials; UV�vis DRS is a widely adopted method in investigating the optical 

absorption in semiconductor�based photo�catalysis. The fact that the Ti3C2Tx exhibits no 

obvious absorption edge is attributed to its metallic nature.33 On the other hand, the pure 

g�C3N4 and the g�C3N4/Ti3C2 composites exhibit an absorption band around the wavelength 

of 460 nm reflecting the bandgap of g�C3N4, and this bandgap is insensitive to the annealing 

process.54 The presence of the black Ti3C2Tx merely increases the absorption baseline in the 

composites as reported previously.33 Though the absorption edges changed slightly, no 

obvious red shift or shoulder absorption are observed. Thus the band gaps of the composites 

do not change. In view of this, light absorption is a negligible factor in discussing the 

resulting HER performance by these g�C3N4/Ti3C2 composites. 

3.3 Photocatalytic performance of g�C3N4/Ti3C2 composites 
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These composite materials were then tested in photocatalysis for water splitting. Figure 6A 

compares HER results using g�C3N4/Ti3C2 composites in which Ti3C2 functions as 

co�catalysis. The photo�catalytic H2 productions by the g�C3N4/Ti3C2 composites are 

evaluated with visible light irradiation (λ > 400 nm). The maximum H2 production rate of the 

composite material without annealing is merely 5.3 ;mol/h/g.cat after optimization the ratio 

of Ti3C2 in the composite to 30%. After annealing this composite at 200°C in N2, the H2 

production increased to 7.8 ;mol/h/g.cat, which is 45.2% higher than without annealing at the 

same ratio of g�C3N4 to Ti3C2. Moreover, the H2 production of g�C3N4 with 30% Ti3C2 after 

annealing in air can achieve 10.9 ;mol/h/g.cat, which is further 41.06% higher than that of 

the sample annealed in N2 and 104.84% higher than without annealing. However, the best 

HER performance is achieved at different mass ratios for these composites samples (Figure 

S2).The best performance for g�C3N4/Ti3C2 composites annealed in N2 is achieved at a ratio 

of 70%, with an HER reaching 14.2 ;mol/h/g.cat, which is 166% higher than the best 

performance of non�annealed composite. Importantly, the HER performance of the composite 

of g�C3N4 with 190% Ti3C2 annealed in air gives the best performance among all, with a H2 

production as high as 88 ;mol/h/g.cat, which is a 15�fold increasing compared the best 

non�annealed composite, compared with 53.3;mol/h/g.cat using Co2P as cocatalyst.7 

Meanwhile, the highest AQY achieves 1.27%, the same order of magnitude as reported.6 

What is more, the Pt cocatalyst is also compared in the system (Figure S3), g�C3N4 with 3% 

Pt demonstrates the best performance for 56.2 ;mol/h/g.cat, which is lower than that of 

g�C3N4 with 190% Ti3C2 annealed in air. The stability of the hybrid is also considered, there 

is a 64% decrease of hydrogen evolution rate for g�C3N4 with 30% Ti3C2 annealed in air after 

Page 22 of 69Journal of Materials Chemistry A



 

13 

4 cycles and 24 h of tests. This is mainly caused by the separation of g�C3N4 and Ti3C2. The 

heterojunction interface disappears though the XRD spectra (Figure S4) show no obvious 

differences before and after the photocatalytic activity tests. 

Figure 6B shows the photoluminescence (PL) spectra of the samples used in HER 

measurements. These PL spectra exhibit an identical emission peak at 463 nm. The bare 

g�C3N4 shows the strongest PL signal due to the spontaneous recombination of the 

photogenerated electron�hole pairs. The composites of Ti3C2/g�C3N4 containing 30% Ti3C2 

exhibit reduced PL intensity owing to the prevention of recombination of the photogenerated 

electron�hole pairs by Ti3C2, which is one of the reasons of enhanced HER activity. 

Table 2 lists the specific surface area obtained from the BET measurements of the g�C3N4 

with 30% Ti3C2 samples. The surface area of these samples are coincident with their HER 

performance. Specifically, the annealed samples have higher specific surface area than 

without annealing, and the performances of photocatalysis activity of the formers are also 

better than that of the latter. The higher specific surface area provides more active sites for 

the HER reactions including the depleting of the photogenerated holes by the triethanolamine 

on the surface of g�C3N4 and/or the H2 production on the surface of Ti3C2Tx. 

3.4 Photocatalytic and HER mechanism 

The photocatalyst g�C3N4 is excited by the white light and then electron�hole pairs are 

generated. The electrons gather on Ti3C2 through the ohmic contact between g�C3N4 with the 

semiconductor nature and the metallic MXenes, resulting in a negative shift of the Fermi 

level,33, 34 and this will improve the separation of the electron�hole pairs. The holes left on the 

semiconductor are reduced by the electron donor or electron scavenger, triethanolamine. As 
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shown in Table 1, the increasing specific surface area provides more active sites to sacrifice 

the holes and separates the electron�hole pairs as well.  

We consider the reaction mechanism of the HER on the surface of the MXenes is the same 

as the one in electrocatalysis because of the same active sites and electron with high energy. 

Thus, the H2 production react as the following Equation(2), (3) and (4) as the three main steps 

as reported:55, 56 

H3O
+ + e� + *   → H* + H2O    (2) 

H3O
+ + e� + H*  → H2 + H2O    (3) 

H* + H* → H2      (4) 

  The * represent the active sites for the HER and are considered to be the �O surface 

termination groups on the surface of Ti3C2 here.33, 57 Thus H3O
+ ion can be adsorbed on the 

�O surface terminations and combine with an electron to form an H atom, which is known as 

the Volmer reaction. At the same active site, H atom combines another H3O
+ ion from water 

and an electron from Ti3C2 to form a H2 molecule as in equation (2), which is called the 

Heyrovsky mechanism. Two H atoms on the active sites form a H2 molecule which is 

considered the Tafel mechanism in equation (3). Hydrogen molecules form with the presence 

of photogenerated electrons and H3O
+ ions at the active sites, the �O surface terminations. 

Therefore more �O surface terminations improve the HER performance and the g�C3N4/Ti3C2 

composite annealed in the air exhibits the best photocatalytic activity. 

3.5 DFT calculations 

 Figure 7A showed the top and side views of the Ti3C2 structure. a, b and c represent the 

space sites for termination groups on the surface of Ti3C2. a were on top of C atoms, b were 
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over the surface Ti atoms and c were over the mid�layered Ti atoms. The �O and �F 

terminations occupied the c sites and �OH termination groups were not considered because of 

is indirectly connected to the primary step in HER mechanism.58 Figure 7B, C and D 

demonstrated the Gibbs free energies (TGH) of bare, �O and �F terminated Ti3C2 with the 

atomic H coverage of 25% and 50%, respectively. The near�zero �TGH��which mean the high 

HER catalytic ability was desirable. �TGH� of all structures were exhibited in Table S1 in 

details. �F terminated Ti3C2 demonstrated a high �TGH��value and the best structure for HER 

co�catalyst was Ti3C2 with �O terminations, of which the �TGH� was as low as 0.01 eV. �TGH� 

of typical HER co�catalyst Pt(111) was 0.09 eV and MoS2 was 0.08 eV,59, 60 both were much 

higher than that of Ti3C2 with �O terminations. Thus �O terminated Ti3C2 was a better 

replacement of noble metal Pt as the co�catalyst for HER. The �TGH� of 25% atomic H 

covered Ti3C2 with �O terminations was much lower than that of 50% atomic H covered 

Ti3C2. This was mainly caused by the decrease of the active site for HER, thus 25% atomic H 

coverage of Ti3C2 with �O terminations showed the best catalytic ability for HER. 

���������� �

In summary, the two�dimensional titanium carbide MXene Ti3C2 is investigated as a 

co�catalyst for its HER activity by variation of the mixed ratio of g�C3N4 with Ti3C2 and by 

modifying the surface termination groups on the surface of Ti3C2. The best HER performance 

is obtained at the g�C3N4/Ti3C2 ratio of 190% followed by annealing in air in muffle furnace 

with a high H2 production of 88 ;mol/h/g.cat. The AQY achieves as high as 1.27%. The 

increased HER is attributed to the higher specific surface area providing more active sites and 

the �O surface terminations of Ti3C2, which improved the separation of the electron�hole pairs. 
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Our findings illustrate that Ti3C2 MXene can be used as co�catalyst in g�C3N4–based 

photocatalytic HER, thus paving the way for the commercialization of MXenes for solar 

energy conversion. The DFT calculations showed that the Ti3C2 with �O surface terminations 

and 25% covered H atoms demonstrated the lowest free energy at 0.011eV, and also 

confirmed the experimental result that Ti3C2 with �O surface termination shows the best HER 

activity as co�catalyst in photocatalysis. 
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)����
��.A) The XRD patterns of the two pure materials and the hybrids B) The FTIR 

spectra of the two pure materials and the composites. a) Ti3C2, b) g�C3N4, c) g�C3N4 with 30% 

Ti3C2, d) g�C3N4 with 30% Ti3C2 annealed in N2, e) g�C3N4 with 30% Ti3C2 annealed in air 

and f) Ti3AlC2. 
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)����
�&.The SEM image of A) g�C3N4 B) Ti3C2 C) g�C3N4 with 30% Ti3C2 D) g�C3N4 with 

30% Ti3C2 annealed in N2 E) g�C3N4 with 30% Ti3C2 annealed in air. 

  

Page 31 of 69 Journal of Materials Chemistry A



 

22 

)����
�!.The XPS spectra of O 1s region (A) and Ti 2p region (B) for g�C3N4 with 30% 

Ti3C2, g�C3N4 with 30% Ti3C2 annealed in N2 and g�C3N4 with 30% Ti3C2 annealed in air. 
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)����
�$.The DRS spectra of g�C3N4, Ti3C2, g�C3N4 with 30% Ti3C2, g�C3N4 with 30% Ti3C2 

annealed in N2 and g�C3N4 with 30% Ti3C2 annealed in air. 
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)����
�%*A) The production of g�C3N4, g�C3N4 with Ti3C2, g�C3N4 with Ti3C2 annealed in N2 

and g�C3N4 with Ti3C2 annealed in air at different ratios B) The PL spectra at an excitation 

wavelength of 340 nm. 
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�

)����
�#.A) The top view and side view of Ti3C2, free energy of B) bare, C) �O terminated 

and D) �F terminated Ti3C2 with 25% and 50% coverages of atomic H. 
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+���
��.The XPS surveys of A) g � C3N4 B) g�C3N4 with 30% Ti3C2, C) g�C3N4 with 30% 

Ti3C2 annealed in N2 and D) g�C3N4 with 30% Ti3C2 annealed in air. 

,����
�    �    -    .    )    +�    

g�C3N4 55.7 41 3.3   

g�C3N4 with 30% Ti3C2 54.3 36.5 5.9 2.1 1.2 

g�C3N4 with 30% Ti3C2 annealed in N2 56.2 36.2 4.6 1.5 1.5 

g�C3N4 with 30% Ti3C2 annealed in air 53.9 37.3 5.7 1.2 1.8 
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+���
�&.The specific surface area for different samples. 

,����
�� /�+��
&
0��

g�C3N4 55 

Ti3C2 6 

g�C3N4 with 30% Ti3C2 36 

g�C3N4 with 30% Ti3C2 annealed in N2 50 

g�C3N4 with 30% Ti3C2 annealed in air 49 
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  The images of HRTEM of the composite were showed in supporting information. 

The HER of different ratios and annealing method between g�C3N4 and Ti3C2 and 

7GH (eV) of different terminated Ti3C2 were also demonstrated. 

Figure S1. The HRTEM image of g�C3N4 with 30% Ti3C2 annealed in air for A) low 

and B) high magnification. 

Figure S1 showed the HRTEM image of the hybrid. The interface between g�C3N4 

and Ti3C2 could be observed obviously.
  

Figure S2. The HER of A) g�C3N4 with Ti3C2 annealed in N2 and B) g�C3N4 with 

Ti3C2 annealed in air at different ratios. 
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  As shown in Figure S2, the mass ratio of g�C3N4 with Ti3C2 at 190% annealed in 

air demonstrated the best performance for hydrogen evolution while that at 70% 

annealed in N2 did.  

In Figure S3, g�C3N4 with 3% Pt as cocatalyst demonstrated the best H2 production, 

which achieved 56.2 Amol/h/g.cat and lower than that of g�C3N4 with 190% Ti3C2 

annealed in air.  

Figure S3. The HER of g�C3N4 with Pt at different ratios. 

Figure S4. The XRD spectra of g�C3N4 with 30% Ti3C2 annealed in air before and 

after 4 cycles. 
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 Though the separation of g�C3N4 and Ti3C2 after tests, no obvious differences were 

shown between the XRD spectra of g�C3N4 with 30% Ti3C2 annealed in air before and 

after 4 cycles.  

  Table S1 displayed the 7GH of Ti3C2 with different termination groups. 7GH of �F 

terminations were much higher than that of �O, thus �O terminations showed a better 

photocatalysis activity of hydrogen evolution. 

Table S1. 7GH (eV) of different terminated Ti3C2 with different atomic H coverage 
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Ti3C2Tx is a 2�dimensional titanium carbide material featuring outstanding electrochemical 

properties. In spite of this, application of Ti3C2Tx as co�catalyst in photo�catalysis is rarely 

under explored probably because of its metallic nature and the hydrophilic surface. Given that 
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Ti3C2Tx with different surface terminations exhibits large differences in catalytic, 

electrochemical and chemical properties, we demonstrate improvement of the photocatalytic 

activity of Ti3C2Tx as a co�catalyst by annealing a composite of carbon nitride and Ti3C2Tx. 

Ti3C2Tx with the oxygen terminated surface improves the separation of electron�hole pairs 

resulting in 105% enhancement in production ratio in hydrogen evolution as compared with 

the control samples. The best hydrogen production performance achieves as high as 88 

;mol/h/g.cat. The apparent quantum yield (AQY) achieves as high as 1.27%. The DFT 

calculations also demonstrate a better hydrogen evolution on Ti3C2 with oxygen surface 

termination.  

	
������: MXenes, photocatalysis, surface termination groups, hydrogen evolution, DFT 

calculation. 

����������� �

The traditional energy sources such as coal, oil and natural gas are unsustainable and will 

leave an energy gap of 14TW by the year of 2050. To fill that energy gap, solar energy is 

considered the only available renewable energy resource with such a potential. Photocatalytic 

hydrogen evolution from water is an effective way to convert solar energy into chemical 

energy that is much easy to store. Semiconductor�based photocatalysts can split water into 

hydrogen and oxygen under the presence of co�catalysts, which are normally noble metals 

such as Pt, Ru, Rh, Pd. Among the semiconductors being developed nowadays, 

2�dimensional (2D) photocatalyst g�C3N4 is promising because of its merits such as high 

stability, large surface area, non�toxicity and suitable band gap.1�3 To improve the 
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photocatalytic activity of g�C3N4, various means are reported, including nanoarchitecture 

design, elemental doping, copolymerization and heterojunction nanostructures design.4 The 

noble�metal�free photocatalytic hydrogen evolution is also investigated such as metal 

chalcogenide, metal phosphide, metal oxide or even graphene to replace the high cost noble 

metal cocatalyst.5�9 Zeng et al achieves 535.7 ;mol/g/ h with Ni12P5 as cocatalyst6 and 474.7 

;mol/g/ h with Ni2P.9 

 MXenes are a new family of 2D nanostructure materials, initially reported in 2011.10 

MXenes are prepared from MAX phase by etching the A�layer (usually Al) with strong acid 

solutions such as HF or LiF/HCl. MXenes have a general formula of Mn+1XnTx (n = 1�3), in 

which M represents an early transition metal, e.g., Ti, V, Nb, Ta, Mo, X is carbon and/or 

nitrogen, and Tx stands for the surface termination groups such as �O, �F and �OH.11, 12 

MXenes have been applied to different fields including energy storage,13�20 electromagnetic 

interference shielding,21�23 ater purification and catalysis for the electronic.24�27 

The photo� and electro�catalytic properties of MXenes were predicted by the density 

functional theory(DFT) calculations.28, 29 Moreover, Mo2CTx and Ti2CTx were already 

investigated in electro�catalytic hydrogen evolution reaction (HER).27 Mo2CTx exhibits good 

performance in stability, hydrogen evolution activity, and lower over potential. 

Nanocomposites of semiconductors and MXene, e.g., TiO2/Ti3C2 were hydro�thermally 

synthesized to study their catalytic activity.30 As a result, methyl orange(MO) is 

photocatalytic degraded in the presence of such composites when NaBF4 is used to control 

the morphology of the composite.31 TiO2/Ti3C2Tx, TiO2/Ti2CTx and TiO2/Nb2CTx composites 

have been tested as photo�catalysts for hydrogen production. Among these, TiO2/Nb2CTx 
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exhibits the best performance.32 Besides, CdS/Ti3C2Tx was also synthesized by hydrothermal 

method, and Ti3C2Tx with small diameter but large surface area gives an excellent 

performance as the co�catalyst in photocatalytic HER.33 Ti2C is also found to exhibit 

co�catalysis in combination with the catalyst of g�C3N4 for HER.34 Moreover, in situ 

oxidation of MXenes is also proved photocatalytic30, 35 and CO2 conversion can also be 

achieved with the cocatalysis of MXenes.36, 37 

Surface terminations greatly affect the physicochemical properties of MXenes. Bare 

MXenes without termination groups have not been synthesized yet. Different synthetic 

methods produce different surface termination groups on MXenes. For example, MXenes 

etched by HF contain mainly �F terminations whereas those etched by LiF/HCl contain more 

�O terminations.38 Post�treatment on as�prepared MXenes, however, alters the composition of 

the surface terminations, e.g., the �F terminations can be replaced gradually by �O 

terminations in the air.39 In view of this, MXenes with �F terminations are much unstable 

compared with that with other terminations. �OH terminations transform into �O terminations 

at 200°C as depicted by the following equation:40 

Ti3C2FOH(s) → Ti3C2FO0.5(s) + 0.5 H2O(g)   (1) 

The DFT calculations suggest that �O terminations may give better Li�ion storage capacity 

or behave as the HER active sites.16, 33, 39 In fact, the free energy of Ti3C2 with �O 

terminations is much lower than that of Pt and thus Ti3C2 with �O terminations may become 

an efficient and low�cost alternative of Pt in HER.33 The composition of surface termination 

groups is not controllable in synthesis, but is controllable with hydrothermal or thermal 
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treatment. The presence of O2 alters the surface termination groups efficiently by oxidizing Ti 

into TiO2 at a high annealing temperature.41 

Herein, we hybridized the composite of g�C3N4/Ti3C2Tx by a scalable process and tuned 

the surface chemistry of Ti3C2Tx by post�annealing in both air and N2 atmospheres. The 

composite is very easily hybridized by the mixing in a mortar without other process such as 

hydrothermal, which was really a fast way. The prepared Ti3C2Tx is employed as co�catalyst 

with g�C3N4 photocatalyst for the HER. The �O surface terminations clearly enhance the 

amount of hydrogen produced at the active sites. This research paves a way to replace the 

high�cost and precious metal co�catalysts in HER and to accelerate the development of HER 

for renewable energy revolution. The DFT calculations are also done to demonstrate the HER 

activity for different surface termination groups. 

���
���
������
�����

2.1 The synthesis of g�C3N4 and Ti3C2 MXenes 

For the synthesis of g�C3N4, NH4Cl is used as a template. Briefly, 2 g of dicyandiamide 

powder and 10 g ammonium chloride are dissolved in 100 ml deionized water and stirred at 

75°C until the mixture is separated out. The mixture is then heated in a muffle furnace at 

550°C for 4 h, and at a rate of 5°C/min.42 A mortar is used to make the bulky g�C3N4 into 

powder. 

Ti3C2Tx MXenes is obtained from etching Ti3AlC2 (Forsman, 98%) in 49% HF. 1 g 

Ti3AlC2 is added into 10 ml 49% HF slowly with stirring at a rate of 200 rpm at room 

temperature for 24 h. The etched suspension is then washed by deionized water and 
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centrifuged until the pH value near 7. The black wet powder is dried in a vacuum oven at 

60°C overnight. 

2.2 The preparation of g�C3N4/Ti3C2Tx composites 

The yellow g�C3N4 powder and the black Ti3C2Tx powder are mixed with a pestle and 

mortar at different ratios. To modify the Ti3C2 surface terminations, the mixtures are then 

annealed for one hour at 200°C either in a tube furnace under N2 protection or in a muffle 

oven in air. The samples with a mass ratio of Ti3C2Tx and g�C3N4 controlled at 3 : 10 were 

selected for further characterization and labelled 30%. 

2.3 Characterizations 

To characterize the g�C3N4, Ti3C2 and the composites powders, the X�ray diffractometer 

(XRD, DX�2700B) is operated at 40 KV and 200mA with Cu Kα radiation(λ = 0.15406 nm). 

Scanning electron microscopy (SEM, JSM�6700F) is used to observe the morphology of the 

samples. X�ray photoelectron spectroscopy (XPS, ESCALAB) analysis is conducted using a 

Mg�Kα light source to confirm the element ratio of the samples. Specific surface area 

measurements (Kubo�X1000) are typically based on N2 sorption with pretreatment at 60°C 

under the Brunauer�Emmer�Teller (BET) model. Photoluminescence emission spectra (PL) 

are determined using a fluorescence spectrometer (Shimadzu RF�5301) at the 340 nm 

excitation and the powder samples are tested directly. Fourier Transform infrared 

spectroscopy (FTIR, Vertex 70, Bruker, Germany) is used in a range of 400 to 4000 cm−1 to 

record the spectra for samples. Ultraviolet�Visible diffuse reflectance spectra (UV�Vis DRS, 

Specord 210 plus, Analytikjena, Germany) are measured for the absorption of samples under 

UV�Vis light with an optics integrating sphere using BaSO4 as the standard. High resolution 
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transmission electron microscopy (HRTEM, FEI Tecnai G2 F20) is used to observe the 

heterojunction interface between g�C3N4 and Ti3C2Tx. 

2.4 Photocatalytic activity measurements 

Photocatalytic H2 evolution is measured under a 350 W xenon lamp (AHD 350, 

ShenzhenAnhongda Opto Technology Co. Ltd., China). A 6 ml photoreactor and a cut�off 

filter (λ > 400 nm) are used. Photocatalyst powder in which g�C3N4 is controlled at 3 mg for 

the same condition is dispersed in 3 mL aqueous solution with 10 vol% triethanolamine as 

the hole sacrificial reagent and a magnetic bar to prevent the sedimentation of the 

photocatalysts during the 6 h measurement. O2 is removed by the purging of Ar gas before 

the photocatalytic activity measurements. H2 evolution is tested by a gas chromatography 

(SP�3420A, Beifen�Ruili, China) with Ar as carrier gas. H2 evolution for Pt as cocatalyst was 

also test in the system. 1%, 2%, 3%, 4% and 5% Pt (H2PtCl6, mass ratio to g�C3N4) were used. 

The apparent quantum yield (AQY) which assesses the efficiency of photons conversion is 

calculated as following6, 9: 

AQY�%� 	= 			
the	number	of	reacted	electrons

the	number	of	incident	photons
	× 100% 

																																			= 			
the	number	of	evolved	��	molecules	 × 2

the	number	of	incident	photons
	× 100% 

 

2.5 DFT calculation method 

Vienna ab initio simulation package (VASP)43, 44 was used in the DFT calculations. 

Generalized gradient approximation (GGA) in the Perdew � Burke � Ernzerhof (PBE)45, 46 

form was used in the calculations. A plane wave cutoff energy of 600 eV is sufficient to 

ensure the convergence of total energies to 1 meV per primitive cell. Supercells were 
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consisted of 2 × 2 × 1 unit cells and the Brillouin zone was sampled using Monkhorst � 

Pack mesh 6 × 6 × 1 for them. The forces were converged to 0.01eV/Å or below for all 

structures and the energy accuracy was set at 10�6 eV. Van der Waals forces were considered. 

The vacuum space at least 30 Å was used to avoid the interaction. Because the increase of 

hydrogen coverage would lead to the decrease of active sites, 25% and 50% monolayer 

atomic H coverage was considered. 

�
��������������������

3.1 Characterization of structures and morphology 

Fig.1A shows the X�ray diffraction (XRD) patterns of raw and composites materials 

studied herein. The Ti3C2Tx is prepared by etching the Al layer of Ti3AlC2 powder with HF. 

�OH, �F and �O surface termination groups spontaneously generate on the surface of Ti3C2 

during the HF etching process resulting in enhanced hydrophilicity of Ti3C2.
33, 38 The XRD 

shifts of the (002) and (004) peaks to lower degrees together with the disappearance of the 

strongest peak of Ti3AlC2 at 39° are the signs of the removal of Al from MAX phase 

Ti3AlC2.
10, 40 The XRD pattern of g�C3N4 shows a pair of typical peaks with high intensity at 

2θ = 27.5° and with low intensity at 2θ = 13.1°, as reported previously.34 The XRD patterns 

of composites samples suggest that the combination of g�C3N4 and Ti3C2 is through physical 

contact. No new XRD peak is generated after mixing them in a pestle and mortar and/or 

followed by annealing in air or N2. These strong peaks at 2θ = 27.5° from g�C3N4 and at 2θ = 

9° from Ti3C2 can be both observed in the composites.  

Fig.1B shows the FT�IR spectra of these raw and composite materials. No peaks are 

observed in Ti3C2Tx FT�IR spectrum though the C�C and C�Ti bonds are contained. As pure 
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Ti3C2 shows no IR peaks, the IR signals in the composites are obviously from g�C3N4. 

Specifically, the peaks between 3500 and 3000 cm-1 are assigned to the N�H stretching (=NH 

or �NH2) and the series peaks near 800 and between 1650 and 1250 cm−1 come from s�triazine 

derivatives.47, 48 The FT�IR spectra of composite samples treated with different annealing 

conditions are nearly identical to that of pure g�C3N4, indicating that g�C3N4 and Ti3C2 are 

not chemically bonded. 

The morphologies of raw and composites samples were observed by the scanning 

electronic microscope (SEM) images (Figure 2). The morphology of g�C3N4 is bulky, as 

shown in Figure 2A, whereas the typical 2D nanosheets stacks structure can be clearly 

observed for the HF etched Ti3C2Tx (Figure 2B). When g�C3N4 and Ti3C2Tx are mixed in a 

pestle and mortar, the specific morphology characteristics of both g�C3N4 and Ti3C2Tx still 

remain, shown Figure 2C, D, E. Although the composites contain more g�C3N4 than Ti3C2Tx, 

Ti3C2Tx particles are not completely covered by g�C3N4 particles. It is noteworthy that 

annealing of g�C3N4/Ti3C2Tx composite at 200°C, in N2 or in air, does not destroy the 2D 

structure of Ti3C2Tx.  

Figure 3 shows the X�ray photoelectron spectroscopy (XPS) results of raw and composites 

materials to study any changes in the surface termination groups of Ti3C2 after annealing. The 

ratio of the peak areas of Ti 2p3/2 and Ti 2p1/2 is controlled 2 : 1 (Figure 3A). Tx represents the 

surface termination groups, such as �F, �O and �OH. The peaks at 456 eV and 461 eV are the 

combinations of the Ti�F bonds, Ti�O bonds and Ti�OH bonds.49, 50 The ratio of Ti�Tx bond 

and Ti�C bond signals varies significantly suggesting the change in the surface termination 

groups. The Ti�C bond signal remains the same while the Ti�Tx bonds decrease after the 
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annealing processes are applied. By comparing the peak fitting results of different samples, 

the increasing signals at 459 eV and 465 eV reflect the decreasing amount of the surface 

termination groups. The fact that the sample annealed in air exhibits less Ti�Tx bonds than the 

the sample annealed in N2 can be attributed to the presence of O2. By comparing the O 1s 

region spectra, the Ti�O�Ti peak at 530 eV and the Ti�OH peak at 532 eV are separated to 

identify the �O termination groups (Figure 3B). The proportion of the Ti�O�Ti structure50�53 as 

a measure of TiO2 phase16 increases after annealing in N2 and air, though crystalline TiO2 

signal is not detected in the XRD patterns (Figure 1A) g�C3N4/Ti3C2Tx annealed in air 

contains the most Ti�O�Ti bonds, g�C3N4/Ti3C2Tx annealed in N2 comes second and 

g�C3N4/Ti3C2Tx without post treatment contains the least, whereas the proportion of Ti�OH 

bonds show an opposite ranking.  

Table 1 shows the contents of different elements extracted from the XPS spectra to monitor 

the change of Ti : F ratio upon the annealing methods. The sample annealed in air displays 

the highest Ti : F ratio confirming the decreasing of the �F terminations after thermal 

treatment. Previously, Li et al40 and Hope et al38 confirmed that the �OH groups on the 

surface of Ti3C2 react as equation (1), when it is heated at 200°C. This reaction mainly takes 

place during the annealing process resulting in the increasing of Ti�O�Ti groups with the 

decreasing of Ti�OH.  

The presence of O2 increased the ratio of Ti�O�Ti during annealing, according to the higher 

Ti�O�Ti content when annealed in air. Meanwhile, the content of �F terminations decreased 

for both annealing processes regardless of the atmosphere, N2 or air, at a relatively low 

temperature (200°C). However, the mechanism corresponding to �F removal was still 
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unclear. The samples annealed in air demonstrate the least �F ratio and the most Ti�O�Ti ratio 

comparing the parallel samples, though the exact ratio of Ti�O�Ti, Ti�OH, and Ti�F cannot be 

identified by the XPS spectra.  

The morphology of g�C3N4 with 30% Ti3C2 annealed in air is assessed via HRTEM in 

Figure S1. Low magnification image demonstrates the hybrid of g�C3N4 and Ti3C2. The 

layered structure of g�C3N4 is clearly shown. The high magnification image displays the 

interface of the hybrid. As g�C3N4 and Ti3C2 layers can be observed obviously, the 

heterojunction interface is considered formed. 

3.2 UV�Vis DRS characterization 

Figure 4 displays the UV�vis diffuse reflectance spectra (UV�vis DRS) of raw and 

composites materials; UV�vis DRS is a widely adopted method in investigating the optical 

absorption in semiconductor�based photo�catalysis. The fact that the Ti3C2Tx exhibits no 

obvious absorption edge is attributed to its metallic nature.33 On the other hand, the pure 

g�C3N4 and the g�C3N4/Ti3C2 composites exhibit an absorption band around the wavelength 

of 460 nm reflecting the bandgap of g�C3N4, and this bandgap is insensitive to the annealing 

process.54 The presence of the black Ti3C2Tx merely increases the absorption baseline in the 

composites as reported previously.33 Though the absorption edges changed slightly, no 

obvious red shift or shoulder absorption are observed. Thus the band gaps of the composites 

do not change. In view of this, light absorption is a negligible factor in discussing the 

resulting HER performance by these g�C3N4/Ti3C2 composites. 

3.3 Photocatalytic performance of g�C3N4/Ti3C2 composites 
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These composite materials were then tested in photocatalysis for water splitting. Figure 6A 

compares HER results using g�C3N4/Ti3C2 composites in which Ti3C2 functions as 

co�catalysis. The photo�catalytic H2 productions by the g�C3N4/Ti3C2 composites are 

evaluated with visible light irradiation (λ > 400 nm). The maximum H2 production rate of the 

composite material without annealing is merely 5.3 ;mol/h/g.cat after optimization the ratio 

of Ti3C2 in the composite to 30%. After annealing this composite at 200°C in N2, the H2 

production increased to 7.8 ;mol/h/g.cat, which is 45.2% higher than without annealing at the 

same ratio of g�C3N4 to Ti3C2. Moreover, the H2 production of g�C3N4 with 30% Ti3C2 after 

annealing in air can achieve 10.9 ;mol/h/g.cat, which is further 41.06% higher than that of 

the sample annealed in N2 and 104.84% higher than without annealing. However, the best 

HER performance is achieved at different mass ratios for these composites samples (Figure 

S2).The best performance for g�C3N4/Ti3C2 composites annealed in N2 is achieved at a ratio 

of 70%, with an HER reaching 14.2 ;mol/h/g.cat, which is 166% higher than the best 

performance of non�annealed composite. Importantly, the HER performance of the composite 

of g�C3N4 with 190% Ti3C2 annealed in air gives the best performance among all, with a H2 

production as high as 88 ;mol/h/g.cat, which is a 15�fold increasing compared the best 

non�annealed composite, compared with 53.3;mol/h/g.cat using Co2P as cocatalyst.7 

Meanwhile, the highest AQY achieves 1.27%, the same order of magnitude as reported.6 

What is more, the Pt cocatalyst is also compared in the system (Figure S3), g�C3N4 with 3% 

Pt demonstrates the best performance for 56.2 ;mol/h/g.cat, which is lower than that of 

g�C3N4 with 190% Ti3C2 annealed in air. The stability of the hybrid is also considered, there 

is a 64% decrease of hydrogen evolution rate for g�C3N4 with 30% Ti3C2 annealed in air after 
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4 cycles and 24 h of tests. This is mainly caused by the separation of g�C3N4 and Ti3C2. The 

heterojunction interface disappears though the XRD spectra (Figure S4) show no obvious 

differences before and after the photocatalytic activity tests. 

Figure 6B shows the photoluminescence (PL) spectra of the samples used in HER 

measurements. These PL spectra exhibit an identical emission peak at 463 nm. The bare 

g�C3N4 shows the strongest PL signal due to the spontaneous recombination of the 

photogenerated electron�hole pairs. The composites of Ti3C2/g�C3N4 containing 30% Ti3C2 

exhibit reduced PL intensity owing to the prevention of recombination of the photogenerated 

electron�hole pairs by Ti3C2, which is one of the reasons of enhanced HER activity. 

Table 2 lists the specific surface area obtained from the BET measurements of the g�C3N4 

with 30% Ti3C2 samples. The surface area of these samples are coincident with their HER 

performance. Specifically, the annealed samples have higher specific surface area than 

without annealing, and the performances of photocatalysis activity of the formers are also 

better than that of the latter. The higher specific surface area provides more active sites for 

the HER reactions including the depleting of the photogenerated holes by the triethanolamine 

on the surface of g�C3N4 and/or the H2 production on the surface of Ti3C2Tx. 

3.4 Photocatalytic and HER mechanism 

The photocatalyst g�C3N4 is excited by the white light and then electron�hole pairs are 

generated. The electrons gather on Ti3C2 through the ohmic contact between g�C3N4 with the 

semiconductor nature and the metallic MXenes, resulting in a negative shift of the Fermi 

level,33, 34 and this will improve the separation of the electron�hole pairs. The holes left on the 

semiconductor are reduced by the electron donor or electron scavenger, triethanolamine. As 
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shown in Table 1, the increasing specific surface area provides more active sites to sacrifice 

the holes and separates the electron�hole pairs as well.  

We consider the reaction mechanism of the HER on the surface of the MXenes is the same 

as the one in electrocatalysis because of the same active sites and electron with high energy. 

Thus, the H2 production react as the following Equation(2), (3) and (4) as the three main steps 

as reported:55, 56 

H3O
+ + e� + *   → H* + H2O    (2) 

H3O
+ + e� + H*  → H2 + H2O    (3) 

H* + H* → H2      (4) 

  The * represent the active sites for the HER and are considered to be the �O surface 

termination groups on the surface of Ti3C2 here.33, 57 Thus H3O
+ ion can be adsorbed on the 

�O surface terminations and combine with an electron to form an H atom, which is known as 

the Volmer reaction. At the same active site, H atom combines another H3O
+ ion from water 

and an electron from Ti3C2 to form a H2 molecule as in equation (2), which is called the 

Heyrovsky mechanism. Two H atoms on the active sites form a H2 molecule which is 

considered the Tafel mechanism in equation (3). Hydrogen molecules form with the presence 

of photogenerated electrons and H3O
+ ions at the active sites, the �O surface terminations. 

Therefore more �O surface terminations improve the HER performance and the g�C3N4/Ti3C2 

composite annealed in the air exhibits the best photocatalytic activity. 

3.5 DFT calculations 

 Figure 7A showed the top and side views of the Ti3C2 structure. a, b and c represent the 

space sites for termination groups on the surface of Ti3C2. a were on top of C atoms, b were 
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over the surface Ti atoms and c were over the mid�layered Ti atoms. The �O and �F 

terminations occupied the c sites and �OH termination groups were not considered because of 

is indirectly connected to the primary step in HER mechanism.58 Figure 7B, C and D 

demonstrated the Gibbs free energies (TGH) of bare, �O and �F terminated Ti3C2 with the 

atomic H coverage of 25% and 50%, respectively. The near�zero �TGH��which mean the high 

HER catalytic ability was desirable. �TGH� of all structures were exhibited in Table S1 in 

details. �F terminated Ti3C2 demonstrated a high �TGH��value and the best structure for HER 

co�catalyst was Ti3C2 with �O terminations, of which the �TGH� was as low as 0.01 eV. �TGH� 

of typical HER co�catalyst Pt(111) was 0.09 eV and MoS2 was 0.08 eV,59, 60 both were much 

higher than that of Ti3C2 with �O terminations. Thus �O terminated Ti3C2 was a better 

replacement of noble metal Pt as the co�catalyst for HER. The �TGH� of 25% atomic H 

covered Ti3C2 with �O terminations was much lower than that of 50% atomic H covered 

Ti3C2. This was mainly caused by the decrease of the active site for HER, thus 25% atomic H 

coverage of Ti3C2 with �O terminations showed the best catalytic ability for HER. 

���������� �

In summary, the two�dimensional titanium carbide MXene Ti3C2 is investigated as a 

co�catalyst for its HER activity by variation of the mixed ratio of g�C3N4 with Ti3C2 and by 

modifying the surface termination groups on the surface of Ti3C2. The best HER performance 

is obtained at the g�C3N4/Ti3C2 ratio of 190% followed by annealing in air in muffle furnace 

with a high H2 production of 88 ;mol/h/g.cat. The AQY achieves as high as 1.27%. The 

increased HER is attributed to the higher specific surface area providing more active sites and 

the �O surface terminations of Ti3C2, which improved the separation of the electron�hole pairs. 
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Our findings illustrate that Ti3C2 MXene can be used as co�catalyst in g�C3N4–based 

photocatalytic HER, thus paving the way for the commercialization of MXenes for solar 

energy conversion. The DFT calculations showed that the Ti3C2 with �O surface terminations 

and 25% covered H atoms demonstrated the lowest free energy at 0.011eV, and also 

confirmed the experimental result that Ti3C2 with �O surface termination shows the best HER 

activity as co�catalyst in photocatalysis. 
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)����
��.A) The XRD patterns of the two pure materials and the hybrids B) The FTIR 

spectra of the two pure materials and the composites. a) Ti3C2, b) g�C3N4, c) g�C3N4 with 30% 

Ti3C2, d) g�C3N4 with 30% Ti3C2 annealed in N2, e) g�C3N4 with 30% Ti3C2 annealed in air 

and f) Ti3AlC2. 
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)����
�&.The SEM image of A) g�C3N4 B) Ti3C2 C) g�C3N4 with 30% Ti3C2 D) g�C3N4 with 

30% Ti3C2 annealed in N2 E) g�C3N4 with 30% Ti3C2 annealed in air. 
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)����
�!.The XPS spectra of O 1s region (A) and Ti 2p region (B) for g�C3N4 with 30% 

Ti3C2, g�C3N4 with 30% Ti3C2 annealed in N2 and g�C3N4 with 30% Ti3C2 annealed in air. 
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)����
�$.The DRS spectra of g�C3N4, Ti3C2, g�C3N4 with 30% Ti3C2, g�C3N4 with 30% Ti3C2 

annealed in N2 and g�C3N4 with 30% Ti3C2 annealed in air. 
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)����
�%*A) The production of g�C3N4, g�C3N4 with Ti3C2, g�C3N4 with Ti3C2 annealed in N2 

and g�C3N4 with Ti3C2 annealed in air at different ratios B) The PL spectra at an excitation 

wavelength of 340 nm. 

 

  

Page 66 of 69Journal of Materials Chemistry A



 

25 

�

)����
�#.A) The top view and side view of Ti3C2, free energy of B) bare, C) �O terminated 

and D) �F terminated Ti3C2 with 25% and 50% coverages of atomic H. 
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+���
��.The XPS surveys of A) g � C3N4 B) g�C3N4 with 30% Ti3C2, C) g�C3N4 with 30% 

Ti3C2 annealed in N2 and D) g�C3N4 with 30% Ti3C2 annealed in air. 

,����
�    �    -    .    )    +�    

g�C3N4 55.7 41 3.3   

g�C3N4 with 30% Ti3C2 54.3 36.5 5.9 2.1 1.2 

g�C3N4 with 30% Ti3C2 annealed in N2 56.2 36.2 4.6 1.5 1.5 

g�C3N4 with 30% Ti3C2 annealed in air 53.9 37.3 5.7 1.2 1.8 

 

  

Page 68 of 69Journal of Materials Chemistry A



 

27 

+���
�&. The specific surface area for different samples. 

,����
�� /�+��
&
0��

g�C3N4 55 

Ti3C2 6 

g�C3N4 with 30% Ti3C2 36 

g�C3N4 with 30% Ti3C2 annealed in N2 50 

g�C3N4 with 30% Ti3C2 annealed in air 49 
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