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Abstract 

A kind of 2D-layered material, Ti3C2 MXenes, was successfully used as a new and efficient 

co-catalyst to improve the photocatalytic NH3 synthesis performance of P25, due to its large 

surface area/2D-layered structure, large electric capacity, excellent electrical conductivity and 

effective chemisorption/activation of N2 molecules. The generation yield of NH3 was improved by 

5 times on the optimized sample of 6% Ti3C2 MXenes-P25 compared with pure P25 under full 

spectrum light irradiation, consistent with the measured both photocurrent densities and charge 

lifetime. The further mechanistic study showed that Ti3C2 MXenes played an important role in the 

separation of photogenerated electron-hole pairs by accumulating the excited electrons from the 

excited P25. Most importantly, Ti3C2 MXenes could dramatically improve chemisorption and 

activation of N2 as demonstrated by ESR spectra and DFT calculations. In addition, Ti3C2 MXenes 

loading on P25 could introduce oxygen vacancies in P25, also beneficial for photocatalytic NH3 

synthesis. Thus this study provides an efficient and promising co-catalyst for the photocatalytic 

NH3 synthesis process from N2 in air 

 

 

 

 

1. Introduction 

Artificial synthesis of NH3 through low-cost N2 is a matter of cardinal significance for 

modern agricultural production [1]. Haber-Bosch process dominated the industrial production of 

NH3 over the past century. However, this process requires extremely harsh conditions of high 

temperature (400 ℃) and pressure (200 atm) to motivate the transformation of N2 to NH3. 

Meanwhile, it also causes huge energy consumption and greenhouse emission to air in this process 

[2-7]. In principal producing NH3 under mild conditions would address these issues if the 

efficiency is satisfactory [8]. Photocatalytic synthesis of NH3 through fixing N2 under ambient 

conditions is such a process that has attracted scientists’ interests due to its safety, energy-saving, 



economy and environmental friendship [9]. Although various semiconductors like SrTiO3 [10], 

BaTiO3 [11], CdS [2], BiOX [1, 12-15], g-C3N4 [16-19], and WO3 [20, 21], have been developed 

as the photocatalysts for artificial synthesis of NH3, TiO2-based semiconductors are so far still 

considered to be the most stable, economical and robust photocatalysts [8]. Unfortunately, 

TiO2-based photocatalyst suffered from low NH3 synthesis activities because of fast electron-hole 

recombination and poor chemisorption of N2 molecular. To solve these problems, oxygen vacancy 

construction [1, 8, 12, 22] and co-catalyst (eg. Ru [23], Pt [24], Au [25], Fe [26, 27], etc.) loading 

have been developed to promote N2 chemisorption and activation, as well as improve charge 

carrier separations, thus leading to enhanced photocatalytic NH3 synthesis activities.  

In the recent years, Ti3C2 MXenes, a new kind of 2D layered material, without noble metal, 

has been widely used as a co-catalyst for the photocatalytic pollution elimination [28, 29], water 

splitting [30, 31], and CO2 reduction [32, 33]. These reports in part proved that Ti3C2 MXenes are 

efficient and promising co-catalysts for enhancement of photocatalytic activity due to their 

excellent electrical conductivity and special 2D-layered structure with large surface area, which 

are all beneficial for the electron transfer and reactants chemisorption. More interesting, the 

reported DFT calculations pointed out Ti3C2 MXenes could be well combined with N2, and thus 

can be considered as a good candidate to provide activation sites for N2 activation [34].  

Despite such attractive potential of Ti3C2 MXenes, there is no report to use Ti3C2 MXenes as 

a cocatalyst on NH3 synthesis. Hence, this study targeted to immobilize Ti3C2 MXenes on the 

most robust photocatalyst P25 and then fully investigated its effect for photocatalytic NH3 

synthesis. Interestingly, the photocatalytic experiments show that 2D-layered Ti3C2 MXenes 

significantly improved the photocatalytic activity of P25 for NH3 synthesis under ambient 

conditions. The mechanistic study and DFT calculations further reveal that 2D-layered Ti3C2 

MXenes function by three means: i) a co-catalyst, the electro-chemical experiments and 

fluorescence spectra proved that 2D-layered Ti3C2 MXenes functioned as an electron acceptor in 

the separation and transformation of photon-generated carriers, ii) combination of Ti3C2 MXenes 

with P25 introduced the generation of oxygen vacancy on the surface of P25, which further 

facilitated N2 chemisorption and activation, iii) DFT calculations demonstrated that the Ti3C2 

MXenes are also effective chemisorption and activation materials of N2 molecules. Therefore the 



new photocatalyst for the first time demonstrated the function of 2D-layered Ti3C2 MXenes in 

NH3 synthesis which could also be used in the related fields.  

2. Experimental Section 

2.1 Materials 

P25 (composed of 80 % anatase, 20 % rutile, surface area: 50 m2/g) was purchased from 

Degussa. Ti3AlC2 MAX phase powders (> 98 wt% purity) were purchased from Laizhou Kai Kai 

Ceramic Materials Co., Ltd. (Shandong, China). N2 and Ar (both 99.999 %) were obtained from 

Xi 'an tenglong chemical co. LTD. Ultrapure water was used in all experiments.  

2.2 Synthesis of Ti3C2 MXenes 

Ti3C2 MXenes were prepared by etching Ti3AlC2 MAX phase using HF (40%) solution[35]. 

In a typical synthesis, 2g Ti3AlC2 was mixed with 20 ml HF (40%) solution (with extra care) and 

stirred magnetically for 24 hours at room temperature. Then the reaction solution was centrifuged 

and continuously washed with ethanol and water until the supernatant was neutral. The sediment 

obtained was dried in 50 oC in vacuum over night.  

2.3 Synthesis of Ti3C2 MXenes - P25 

Certain amounts of Ti3C2 MXenes and 0.2 g P25 with a weight ratio of 2%, 4%, 6% and 8% 

were added to 30 mL ultra-pure water. After 1 hour’s stirring and subsequent 1 hour’s 

ultra-sonification, the solution was centrifuged and washed with ultra-pure water for several times. 

The obtained sediment was dried in vacuum at 50 oC, being followed by 3 hours’ calcination in a 

tube furnace under N2 atmosphere at 300 oC (heating rate of 5 oC/min). Then the obtained 

products were denoted based on the amounts of MXenes ( 2%, 4%, 6%, 8% Ti3C2-P25 ). 

2.4 Characterization: 

Powder XRD patterns were performed by using Bruker D8 ADVANCE* with Cu-Kα 

radiation (λ = 1.5418 Å). Raman spectra was collected on a Thermo DXR2 Raman spectrometer. 

Scanning electron microscopy (SEM) images were taken using a Hitachi SU8010 field-emission 

electron microscope. TEM and HRTEM images were taken on a Talos F200X field-emission 



high-resolution transmission electron microscope operated at 200 kV. Photoluminescence spectra 

(PL) was measured at room temperature using a FLS-920 fluorescence spectrophotometer 

(Edinburgh Instruments Company, UK). UV-Vis diffuse reflectance spectra were recorded in the 

spectral region of 200-800 nm with a Shimadzu SolidSpec-3700 spectrophotometer, with BaSO4 

as the reflectance standard reference. The low temperature ESR spectra were recorded on a Bruker 

EXM EPR Spectrometer at 77 K. The XPS experiments were carried out by PHI 5000 VersaProbe 

II XPS system. All binding energies were referenced with respect to the C 1s peak (284.6 eV) of 

the surface adventitious carbon. The specific surface areas were determined using a surface 

analyzer (Tristar II3020) through nitrogen adsorption and desorption isotherms at 77 K by 

Brunauer-Emmett-Teller (BET) method. 

2.5 Photocatalytic nitrogen fixation 

The photocatalytic performance of MXenes - P25 samples with different ratios and reference 

samples (pristine P25 and MXenes) were evaluated using a 300 W Xe lamp (CEL, full spectrum) 

as the light source. 50 mg catalysts were dispersed ultrasonically in 70 mL ultrapure water and 

then the dispersion was added into quartz reactor with constant stirring, meanwhile high-purity N2 

was bubbled at a flow of 200 mL/min for 60 minutes in dark to obtain N2 adsorption-desorption 

equilibrium. Subsequently, the Xe lamp was turned on and 1 mL detected sample solution was 

extracted by injection syringe at regular intervals. The ammonia concentrations were detected by 

ion chromatography (IC, SHINE CIC-D120) equipped with an Ionpac CS16 column (4 × 250 mm, 

Dionex), an suppressor (SHY-A/C), and a conductivity detector. The eluent was 30 mM CH4O3S 

solution; the flow rate was 0.5 mL/min; the suppress current was 50 mA. The retention time of 

NH4
+ is at about 11 min. The photocatalytic synthesis of NH3 from N2 molecular using CH3OH as 

the proton source has the same procedure as above except 0.02 M methanol was added in the 

dispersion. Moreover, the content of N2H4 was tested colorimetrically using para-(dimethylamino) 

benzaldehyde [36]. The UV-Vis absorbance spectra of the colored samples formed in the 

colorimetric assays was acquired on a UV-3200 spectrophotometer (Shanghai MAPADA 

Instruments Co., Ltd). The amount of H2 was determined by gas chromatography (GC-9790 Ⅱ, 

FULI). 

2.6 15N2 Isotope labeling experiments 



An isotope labeling experiments were carried out to clarify the source of ammonia, by using 

both 14N2 and 15N2 as the feeding gas [37]. After the photocatalytic NH3 synthesis by 6% Ti3C2 

MXenes - P25 for 1 hour, the obtained 14NH3 and 15NH3 were distinguished by 1H nuclear 

magnetic resonance (NMR, 600 MHz). The typical NMR signals of 1H for 14NH4
+ and 15NH4

+ 

were detected using 14NH4Cl and 15NH4Cl as the standard sample. In this process, the prepared 

NH3 solutions were concentrated before being added to deuterated DMSO.  

2.7 Electrochemical tests 

The electrochemical test was performed using a CHI-660 electrochemical station (Shanghai 

Chenhua, China) with a three-electrode cell. The glassy carbon electrode loaded catalyst was the 

working electrode, and saturated Ag/AgCl electrode and platinum foil were reference electrode 

and counter electrode, respectively. The electrochemical impedance spectroscopy (EIS) 

measurements were conducted over a frequency range 0.01-105 Hz in 0.1M Na2SO4 electrolyte. 

2.8 Photocurrent measurement 

The photocurrent measurements were performed on a CHI 660 electrochemical station 

(Shanghai Chenhua, China) under irradiation of a 300-W Xe lamp (Solaredge 700, China). 5 mg 

as-prepared samples were ultrasonically dispersed in 485 μL ethanol and 500 μL water followed 

by 15 μL 5 wt % Nafion solution added. The suspension was then dip coated on 2 cm*1.5 cm FTO 

glass as the working electrode, and saturated Ag/AgCl electrode and platinum foil were the 

reference electrode and counter electrode, respectively. Photocurrent experiments were carried out 

under chopped light irradiation (light on/off cycles: 50 seconds) within 400 seconds in 0.1 M 

Na2SO4 electrolyte . The electrolyte was saturated with N2 atmosphere during measurements. 

2.9 DFT calculations 

The density functional theory (DFT) calculations were performed using the spin-polarized 

projector augmented wave (PAW) pseudopotentials via the Vienna Ab initio Simulation Program 

(VASP) [38-41]. The crystal structure of TiO2 and Ti3C2 were obtained from ICSD (TiO2: 154610; 

Ti3C2: 95559). The exchange and correlation energies were treated using the generalized gradient 

approximation (GGA) via Perdew-Burke-Ernzerhof (PBE) prescription [42]. The constituted 

atomic valence states adopted were C 2s22p2, N 2s22p3, O 2s22p4, and Ti 3p63d34s1. The plane 



wave cut-off energy was 450 eV. A 7×7×3 grid of Monkhorst-pack points were employed for 

geometry optimization of a 12-atom conventional cell of anatase TiO2 [43], while a 3×3×1 grid of 

Monkhorst-pack points were employed for geometry optimization of an 80-atom supercell of 

Ti3C2 (a hexagonal with an in-plane constant 12.33 Å) [44]. Geometry optimization were obtained 

by minimizing the total energy using a quasi-Newton algorithm to relax ions until it converged 

within 10-4 eV and the forces on each ion were less than 0.05 eV/Å. The Grimme DFT-D2 method 

was adopted to consider the van der Waals interactions (vdW), which is optimized for several DFT 

functional [44]. During the geometry optimization, volume and shape of the cell as well as atomic 

positions were relaxed. 

For the anatase (101) surfaces as well as the surfaces which with an oxygen vacancy (SOV), A 

vacuum region of at least 15 Å was used so that the slabs in neighbouring cells in the vertical 

direction are separated by a sufficiently large distance. For the Ti3C2 surface, a vacuum of at least 

15 Å is included in the supercell to avoid the spurious interaction. During the geometry 

optimization, the first three O-Ti-O-layers of the atoms were allowed to relax until reaching a 10-4 

eV convergence in the total energy and the forces on each ion were less than 0.05 eV/Å, the three 

remaining O-Ti-O-layers were kept fixed (bulk like). To avoid the interaction among adsorbed 

molecules in neighboring cells, supercells with 10.3×15.2 Å units of surfaces are constructed. 

We studied the most plausible N2 adsorption configuration on the anatase (101) surface of 

TiO2 and OV-TiO2. The geometry relaxations were performed in the same way as the perfect 

surface of TiO2 (Figure S1), OV-TiO2 (Figure S2) and Ti3C2 (Figure S3). 

The adsorption energy (Eads) was calculated using the equation: 

Eads (TiO2-N2) = E(N2@slab)− Eslab (TiO2)- E(N2)    (1) 

Eads (Ti3C2-N2) = E(N2@sur)− Esur (Ti3C2)- E(N2)    (2) 

where E(N2@slab) is the total energy of TiO2 (101) surface after N2 adsorption, Eslab (TiO2) is the 

total energy of the TiO2 (101) surface, Esur (Ti3C2) is the total energy of the Ti3C2 and E(N2) the total 

energy of the isolated N2 molecule. 

 



3. Results and discussions 

3.1 Characterization 

 

Figure 1 (A) XRD spectra of x% Ti3C2 MXenes - P25, asterisk indicates Ti3C2; an enlarged XRD 

were provided in Figure S4 and S5 to differentiate one from others, (B) Raman spectra 

of x% Ti3C2 MXenes -P25, (C) SEM image of 6% Ti3C2 MXenes - P25, (D) HRTEM 

image of 6% Ti3C2 MXenes -P25, (E) UV-vis DRS spectra of x% Ti3C2 MXenes - P25, 

(F) ESR spectra of 0% and 6% Ti3C2 MXenes - P25. 

The XRD patterns of the prepared x% Ti3C2 MXenes - P25 samples are shown in Figure 1 

(A). The diffraction peaks at 25.48o, 38.00o, 48.20o, 54.08o, 55.20o, 62.85o, 69.14o, 70.46o and 



75.25o are corresponding to (101), (004), (200), (105), (211), (204), (116), (220), (215) crystal 

planes of anatase TiO2 (JCPDS No. 21-1272) [45]. The peaks at 27.58o, 36.28o, 41.44o and 56.76o 

are consistent with the (110), (101), (111) and (220) facets of rutile TiO2 (JCPDS No. 21-1276) 

[45]. In addition, the tiny peaks at about 61o for 4%, 6% and 8% Ti3C2 MXenes - P25 samples are 

ascribed to the (110) plane of Ti3C2 MXenes (JCPDS No. 32-1383) [46,47]. For more clear 

observation, enlarged image of P25, 8% Ti3C2 MXene-P25 and Ti3C2 MXene in range of 50 - 80o 

is also presented in Figure S4. These results ascertain for the co-existence of anatase TiO2, rutile 

TiO2 and Ti3C2 MXenes in the sample of Ti3C2 MXenes - P25. Further comparing the diffraction 

angles of P25 with the standard data in the range of 20 - 35o, somewhat right shifts are observed in 

these Ti3C2 MXenes - P25 samples (Figure S5). The right shifts point out the oxygen vacancies 

were introduced into the TiO2 particles with the loading of Ti3C2 MXenes [48]. The oxygen 

vacancies may be formed with the migration of partial oxygen from P25, on the interface between 

P25 and Ti3C2 MXene, to Ti3C2 MXene during the calcination process in N2 atmosphere. Figure 1 

(B) shows the Raman spectra of all the x% Ti3C2 MXenes - P25 samples. For the sample of P25, 

the main peaks at about 145 cm-1, 394 cm-1, 512 cm-1 and 638 cm-1 are attributed to Eg, B1g, A1g, 

and Eg band mode of P25, respectively [32]. For Ti3C2 MXenes, the Raman peaks at 1363 cm-1 

and 1557 cm-1 are assigned to D band and G band of carbon atoms [49]. The Raman spectra also 

indicate the composition of P25 and Ti3C2 MXenes in the composite samples. Meanwhile, 

broadening around 1500 cm-1 for the composite samples is also related to the defects [49], 

consistent with the right shift of XRD patterns. 

The morphology of composite samples are represented in Figure 1(C), 2D-layered structure 

of Ti3C2 MXenes can be clearly observed. Besides, we can also see that TiO2 nanoparticles are 

anchored to 2D-layered Ti3C2 MXenes. The d-spacing of 0.187 nm in HRTEM image [Figure 1(D)] 

is corresponding to (200) plane of anatase TiO2, which is somewhat smaller than the standard 

d-spacing (0.189 nm) of anatase TiO2 (JCPDS No. 21-1272), indicating the introduction of oxygen 

vacancies [50]. The TEM also proves P25 particles embodied on 2D-layered Ti3C2 MXenes. The 

light absorption spectra of the prepared samples are compared in Figure 1 (E), the absorption 

edges at about 400 nm of all the samples are attributed to the intrinsic light absorption of TiO2 [51]. 

The wide absorption of composite samples at the range of 400 - 650 nm is due to Ti3C2 MXenes 



[32]. Furthermore, the increasing absorption of the composite samples from 400 nm to 800 nm is 

considered to stem from oxygen vacancies [52] and Ti3C2 MXene. The introduction of oxygen 

vacancies by Ti3C2 MXenes loading can also be proved by ESR spectra in Figure 1 (F). After 

loading Ti3C2 MXenes, a significant signal with a g value of 2.003 appears, which is the typical 

signal of oxygen vacancies [53].  

 

Figure 2  (A) C1s, (B) Ti2p, (C) O1s XPS spectra of P25, 6% Ti3C2 MXenes - P25, and Ti3C2 

MXenes, (D) Diagram of the bond connection between TiO2 and Ti3C2 MXenes. 

The chemical states of C, O and Ti atoms in different samples were characterized by X-ray 

photoelectron spectroscopy (XPS). The high resolution XPS spectra of C1s in P25, 6% Ti3C2 

MXenes - P25 and Ti3C2 MXenes are displayed in Figure 2 (A), while those of Ti2p and O1s in 

these samples are displayed in Figure 2 (B) and Figure 2 (C) , respectively. For C1s XPS spectra, 

the peaks located at 284.6 eV in Figure 2 (A) are attributed to C1s of the amorphous C adsorbed 

on the surface of the prepared samples. The peaks at 288.0 eV and 287.1 eV in Figure 2 (A) are 

assigned to C-O-Ti bond of TiO2 [48], while the peak at 287.9 eV is given to the C1s of C-F bond 



in Ti3C2 MXenes [29]. The peaks of C1s at 283.3 eV and 281.8 eV [Figure 2 (A)] are ascribed to 

Ti-C bond of Ti3C2 MXenes. Then for Ti2p XPS spectra, two peaks at 464.2 eV and 458.6 eV in 

Figure 2 (B) are confirmed to Ti 2p1/2 and Ti 2p3/2 of typical Ti-O bond in P25 [49], while they are 

463.5 eV (Ti 2p1/2 ) and 457.7 eV (Ti 2p3/2 ) in 6% Ti3C2 MXenes - P25. In addition, Ti2p1/2 (462.5 

eV) and Ti 2p3/2 (457.0 eV) of Ti-C bond are also observed in the XPS spectra of Ti2p for 6% 

Ti3C2 MXenes - P25 [49], different from those (Ti2p1/2, 460.4 eV and Ti2p3/2, 455.2 eV) existed in 

Ti3C2 MXenes [49]. The peaks at 462.8 eV and 456.7 eV are derived from Ti2p1/2 and Ti2p3/2 of 

Ti-O bond on the surface of Ti3C2 MXenes [49], and the peak at 465.9 eV are identified to Ti2p3/2 

of Ti-F bond [29]. Lastly for O1s XPS spectra, the peaks at 531.6 and 529.8 eV in Figure 2 (C) are 

corresponding to the O1s of Ti-O-H and Ti-O-Ti bond of P25, while they shift to 529.5 and 528.5 

eV in the Ti3C2 MXenes - P25, respectively.  

Significantly, the bonding energy of Ti-O in 6% Ti3C2 MXenes - P25 decreases compared 

with pure P25. On the other hand, the bonding energy of C-Ti in 6% Ti3C2 MXenes-P25 increases 

compared with that in Ti3C2 MXenes. These changes are originated from the O-Ti-C bond 

formation between TiO2 and Ti3C2 MXenes, due to the larger electronegativity of O atom than that 

of C atom. Compared with O-Ti-O and C-Ti-C, the binding energies of all the atoms (O, Ti and C) 

in O-Ti-C have large shifts, as described in Figure 2. These XPS results in Figure 2 strongly 

indicate bonding between Ti3C2 MXenes and P25 occurred as described in Figure 2 (D).  

3.2 Photocatalytic generation of NH3 

The photocatalytic synthesis of NH3 from N2 molecular by the as-prepared samples, with 

both H2O and CH3OH as proton sources, were carried out under full spectrum light irradiation. 

The experimental results, with H2O as the proton source, are shown in Figure 3 (A). Upon full 

spectrum light irradiation for 1 hour, all samples with different loading amounts of Ti3C2 MXenes 

produce much more NH3 than the parent samples pure P25 (2.11 μmol/g) and Ti3C2 MXenes (0.47 

μmol/g). With the increase of Ti3C2 MXenes loading amount, the yield of NH3 increases gradually 

(2%: 2.89 μmol/g and 4%: 4.32 μmol/g). Subsequently, the highest is achieved when Ti3C2 

MXenes loading amount reaches 6% (10.74 μmol/g), and then decreased when it is further 

increased to 8% (7.27 μmol/g). The highest NH3 generation amount over 6% Ti3C2 MXenes - P25 

is about 5 times higher than that over pure P25 and more than 20 times higher than Ti3C2 MXenes. 



The BET surface area of 6% Ti3C2 MXenes was measured to be 34 m2/g, lower than pure P25 (50 

m2/g), but much higher than Ti3C2 MXenes (0.6 m2/g). Therefore such enhancement is attributed 

to the function of the cocatalsyt other than surface area increase. This activity is also higher than 

that achieved by a Ru, a popular co-catalyst for photocatalytic NH3 synthesis we reported before 

[54]. It is known that increasing loading amount of a co-catalyst can’t always improve the 

photocatalytic activity of photocatalyst, as the excess co-catalyst will cover the surface of a 

photocatalyst and diminish its light absorption [55]. Meanwhile, the control experiments were also 

carried. As we can see in Figure S6, NH3 is either hardly produced or negligible in the absence of 

full spectrum light, N2 or the photocatalyst. These results in part suggest that N atoms in the 

produced NH3 come from N2 molecules we added in the reaction system. Moreover, the cycling 

experiments were also conducted to prove the stability and repeatability of the photocatalyst, 

which are of great significance for practical applications. Figure 3 (B) shows that little decrease of 

NH3 generation yields occurred after three cycles. This small change of the activity between 

cycles is believed to be due to the loss of the mass of the photocatalyst when recycling the 

photocatalyst. Regarding the selectivity of NRR, we tested the production of N2H4 and H2, the 

results show that there is no N2H4 (Figure S7) and H2 produced during photocatalytic nitrogen 

fixation, indicating good selectivity of the catalyst for N2 reduction reaction over H2. This 

excellent selectivity is due to two reasons. One is much stronger adsorption of N2 (ΔGN2 < -1.35 

eV) [34] than that of H atom (ΔGH* > -0.927 eV) [30] on the surface of Ti3C2 MXene. The other is 

because the photoelectrons on Ti3C2 MXe have a weak reduction potential, very close to H+/H2 

potential, while much more negative than N2/NH3 [56] as indicated in Scheme 1, so they could 

reduce N2 to NH3 but hard to reduce proton to H2 gas. These results suggest that Ti3C2 MXenes - 

P25 possesses a reasonable stability and selectivity for photocatalytic NH3 synthesis from N2 

under present conditions.  

Then the photocatalytic synthesis of NH3 over the as-prepared Ti3C2 MXenes - P25 using 

CH3OH as the proton source and a hole scavenger were also performed, under full spectrum light 

irradiation. Similar trends are observed in Figure 3 (C) - (D) while all samples behave much better. 

Obviously, 6% Ti3C2 MXenes - P25 produces 4 times higher activity (43.44 μmol/g) than that 

using water as the proton source. This enhancement is due to higher efficiency of methanol as a 



hole scavenger than water (10.74 μmol/g). Again the photocatalytic generation of NH3 by P25 is 

efficiently improved by Ti3C2 MXenes loading. Enhanced by Ti3C2 loading, our Ti3C2 MXenes - 

P25 catalyst exhibits excellent photocatalytic performance for N2 fixation (Table S1). 

  

Figure 3 (A) Yields of NH3 on different samples of x% Ti3C2 MXenes - P25 after 1 hour 

irradiation, with H2O as the proton sources, (B) Cycling experiments of NH3 synthesis 

over 6% Ti3C2 MXenes -P25 for 1 hour irradiation, with H2O as the proton source, (C) 

Yields of NH3 by different samples of x% Ti3C2 MXenes - P25 after 1 hour irradiation, 

with CH3OH as the proton source, (D) Cycling experiments of NH3 synthesis over 6% 

Ti3C2 MXenes -P25 for 1 hour irradiation, with CH3OH as the proton source. 

3.3 Mechanism 

Furthermore, we compared the NH3 yields by P25 and 6% Ti3C2 MXenes - P25 with H2O or 

CH3OH as the hole scavenger, respectively. One can see in Figure 4 (A), the NH3 yield in 1 hour 

over 6% Ti3C2 MXenes - P25 is 5 times higher than that over P25 in the presence of H2O, while it 

is only 1.4 times higher when CH3OH was as the proton source and hole scavenger. With H2O as 

the proton source and the hole scavenger, Ti3C2 MXenes is proposed to help charge separation and 

promote N2 adsorption as discussed later. With CH3OH as the proton source, Ti3C2 MXenes acts 

only to promote N2 adsorption as CH3OH is a well known hole scavenger to facilitate efficient 



electron-hole separation. When photogenerated electrons and holes are produced under 

illumination, the holes will be fast trapped by methanol and consumed, resulting in a better charge 

separation and then a more efficient photocatalytic performance of NH3 synthesis. These results 

indicate that Ti3C2 MXenes likely not only enhance the separation of photogenerated electron-hole 

pairs generated in P25, but also promote the N2 chemisorption and activation during the 

photocatalytic synthesis of NH3 under full spectrum light irradiation. 

To give a more powerful evidence of the N source, isotope labeling experiments were further 

performed with 14N2 and 15N2 as the feeding gas, respectively. The products were identified by 

NMR spectra of 1H. According to earlier literature [37], H atoms would be divided to several 

peaks by N atom, and the number of peaks is decided by the statement of 2nI + 1. Here, n is the 

number of N atom, and I represents the spin quantum number of isotope N, herein I = 1 for 14N 

and I = 1/2 for 15N. The reference sample shown in Figure S9 presents that the peak of H in NMR 

spectra is divided to 3 peaks by 14N, while it is 2 peaks by 15N. In addition, the coupling constant 

of the triple peaks is 52.3 HZ for 14NH4
+, while that of double peaks is 73.2 Hz for 15NH4

+. 

Significantly, both similar number of peaks and the coupling constants results were obtained in 

Figure 4 (B) when we used 14N2 and 15N2 as the feeding gas, strongly supporting that N2 molecular 

we fed in the solution is indeed the N source of NH3 synthesis by photocatalysis in this work. 

 

Figure 4 (A) Yields of NH3 in 1 hour on 0% and 6% Ti3C2 MXenes - P25 with H2O and CH3OH 

as the proton source; (B) 1H NMR spectra of 15NH4
+ and 14NH4

+ ions produced by 6% 

Ti3C2 MXenes - P25 using 15N2 and 14N2 as the feeding gas.  

In order to investigate the generation and migration of photoinduced charge carriers, 

photocurrent densities and electrochemical impedance of all the samples were measured. As 



displayed in Figure 5 (A), all Ti3C2 MXenes - P25 samples have higher photocurrent densities than 

pure P25. Significantly, the photocurrent density of 6% Ti3C2 MXenes - P25 is nearly 6 times 

larger than P25, almost consistent with the 5 times enhancement in NH3 synthesis.. For 

electrochemical impedance spectra, smaller diameter of the semi-circle in a Nyquist plot 

represents smaller charge-transfer resistance for a photocatalyst. Thus, the data in Figure 5 (B) 

shows that the semi-circle diameter of 6% Ti3C2 MXenes - P25 sample is the smallest among all 

the samples, indicating the smallest resistance and most efficient charge carrier migration.  

 

Figure 5 (A) Photocurrent responses of x% Ti3C2 MXenes - P25; (B) Electrochemical impedance 

spectra Nyquist plots of x% Ti3C2 MXenes - P25; (C) Transient state fluorescence 

spectra of 0% and 6% Ti3C2 MXenes - P25; (D) Steady state fluorescence spectra of 0% 

and 6% Ti3C2 MXenes - P25. 

To further rationalize the charge transfer, the promoting effect of Ti3C2 MXenes on P25 was 

also investigated by the transient and steady state fluorescence spectra. The transient state 

fluorescence spectra of 0% and 6% Ti3C2 MXenes - P25 were measured and displayed in Figure 5 

(C). In Table S2, τ1 and τ2 are the decay time, while B1 and B2 are the corresponding coefficient. τ1, 

τ2, B1 and B2 were obtained by fitting the decay time curve by a double - exponential mode. Of 



which, fast attenuation component τ1 represents the radiative emission via direct inter-band 

exciton recombination, while low attenuation component τ2 involves the radiative emission of 

indirect recombination of trapped electrons with valence band holes [1]. In detailed, higher 

proportion of long-living component (B2τ2: 49.57% for P25; 43.62% for 6% Ti3C2 MXenes - P25) 

suggests that indirect recombination of trapped electrons with the valence band holes dominates 

the exciton recombination process. Based on these data, we calculated the average lifetimes (τ) of 

0% and 6% Ti3C2 MXenes - P25 by the equation of τ = (B1τ1
2+B2τ2

2)/(B1τ1+B2τ2), respectively. 

The photocarriers’ lifetime of 6% Ti3C2 MXenes - P25 (4.14 ns) is also significantly longer than 

that of pure P25 (3.72 ns). This result suggests that the photocarriers in 6% Ti3C2 MXenes - P25 

have longer time than those in pure P25, resulting in a lower recombination rate. Then, broad 

emission peaks centered at about 523 nm were observed over both 0% and 6% Ti3C2 MXenes - 

P25 samples in Figure 5 (D). These peaks are considered to be arisen from the radiative emission 

of indirect recombination of the trapped electrons with the valence band holes, according to the 

conclusion obtained from the above transient state fluorescence spectra. Compared to pure P25, 

6% Ti3C2 MXenes - P25 shows 5 times lower fluorescence intensity, indicating a higher separation 

rate of electron-hole pairs.   

 

Figure 6 Schematics of slab model after relaxation for N2@5-fold-Ti (A) and N2@4-fold-Ti (B). 

(C) Schematics of slab model after relaxation for N2@Ti3C2 MXenes. 

It is worth to note that the chemisorption of N2 molecular on the surface of photocatalyst is 

crucial for the symmetric molecules’ activation. Accordingly, DFT calculation was used to 

evaluate the adsorption energy and the length of N≡N on the surface of different samples, which 

are critical considerations during the synthesis process of NH3. Notably, the adsorption energies of 

N2 on the surface of TiO2, VO-TiO2 and Ti3C2 MXenes, corresponding to the optimized adsorption 



structures, are shown in Figure 6. The calculated adsorption energies are ranked as Ti3C2 MXenes 

(2.731 eV) > VO-TiO2 (0.342 eV) > TiO2 (0.170 eV), meaning that much stronger chemisorption 

effect occurs between N2 and Ti3C2 MXenes, compared to VO-TiO2 and TiO2. Furthermore, higher 

adsorption energies should weaken the N≡N triple bond, resulting in elongated N≡N bond and 

shorter distances between Ti and N atoms. As proved in Figure 6, the length sequence of N≡N 

triple bond is consistent with the adsorption energy, which is Ti3C2 MXenes (1.351 Å) > VO - TiO2 

(1.156 Å) > TiO2 (1.113 Å). Correspondingly, the distances sequence of Ti-N is reversed: N2-Ti3C2 

MXenes (2.125 Å, 2.136 Å, 2.075 Å, 2.072 Å, 2.155 Å, 2.155 Å) < N2-VO - TiO2 (2.235 Å, 2.311 

Å) < N2-TiO2 (2.492 Å). These results mean that the activation of N2 molecular on the surface of 

Ti3C2 MXenes is thermodynamically much readily than those on the surface of VO-TiO2 and pure 

TiO2, strongly supporting Ti3C2 MXenes as an efficient co-catalysts for the photocatalytic NH3 

synthesis from N2 molecules. Meanwhile, oxygen vacancies introduction is also a useful strategy 

for the photocatalytic NH3 synthesis although it is not as useful as the cocatalyst.  

 

Scheme 1 Schematic illustration for the promotion effect of 2D-layered Ti3C2 MXenes on P25 for 

photocatalytic NH3 synthesis from N2 molecular. 

The photocatalytic activity is closely related to the surface interfacial properties because the 

photocatalytic reaction mainly occurs on the surface of photocatalysts. Based on the discussions 

above, oxygen vacancies were successfully introduced in P25 by Ti3C2 MXenes loading process, 

and defect states induced by oxygen vacancies would in part retard the electron-hole 



recombinations reported [52]. To further verify this hypothesis, ESR spectra of 6% Ti3C2 MXenes 

- P25 were further performed in Ar and N2 atmosphere, respectively. As observed in Figure S10, 

the characteristic signal of oxygen vacancies in N2 is obviously weaker than that in Ar, indicating 

a reaction of N2 molecules with the photocatalyst. Furthermore the Fermi level of Ti3C2 MXenes (- 

0.04 V vs. NHE) is obviously less negative than the conduction band of TiO2 (- 0.25 V vs. NHE) 

and we believe that MXene and MXene/TiO2 heterocatalyst have similar work function, 

determined by the Fermi lever of MXene. This suggests that the photogenerated electrons on the 

conduction band of TiO2 are feasible to migrate to Ti3C2 MXenes (Scheme 1). Sequentially, Ti3C2 

MXenes can effectively hold the free electrons from P25 due to its high electric capacity, excellent 

electrical conductivity, and 2D-layered structure. As a result, the separation of electron-hole pairs 

is efficiently promoted, resulting in a long lived photoelectrons for the subsequent chemical 

reaction. Next, Ti3C2 MXenes are important for chemisorption and activation of N2 molecules, 

according to the results of DFT calculations. The redox potential for nitrogen reduction reaction to 

produce ammonium is 0.55V vs NHE according to the earlier review [56]. Theoretically, the work 

function of one photocatalyst should be more negative than standard redox potential of NRR 

(0.55V vs NHE) as an overpotential is also required. Our current results indicate that a work 

function of nearly 0 V vs. NHE is enough for the NRR reaction. Overall, Ti3C2 MXenes are 

efficient co-catalysts for the photocatalytic synthesis of NH3.  

4. Summary  

In summary, Ti3C2 MXene was successfully used as a new co-catalyst in the photocatalytic 

synthesis of NH3 from N2 under ambient conditions. The production of NH3 by P25 was 

efficiently promoted by Ti3C2 MXenes loading under light irradiation. The highest photocatalytic 

activity was achieved on 6% Ti3C2 MXenes-P25 sample, resulting into 5 times higher than pure 

P25 although the former has a much smaller surface area. This is consistent with 5 times 

enhancement in photocurrent densities experiments. The important roles of Ti3C2 MXenes have 

been thoroughly investigated. Ti3C2 MXenes loading process introduced oxygen vacancies doped 

in P25, which not only decrease the recombination of excited electron-hole pairs, but also promote 

the adsorption N2 molecules on the photocatalyst. More importantly, Ti3C2 MXenes play an 

important role for the separation of photogenerated electron-hole pairs by storing the electrons 



from the excited P25 substrate and for chemisorption and activation of N2 molecules. Finally 

Ti3C2 MXenes can accelerate the reaction between the adsorbed N2 and stored photoelectrons. In 

total this study provides an efficient and promising co-catalyst for photocatalytic NH3 synthesis 

process from N2 in air either using water or methanol as the proton source and the hole scavenger. 
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