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Abstract
Photocatalytic removal of nitrate in wastewater has attracted wide attention because of its simple operation and environmental 
protection. However, the preparation of photocatalysts with high efficiency and high nitrogen selectivity is still a challenge. 
In this paper, TiO2 is grown in situ on Ti3C2 MXene by a simple calcination method and modified with silver particles. The 
presence of Ti3C2 reduces the recombination rate of photogenerated electrons and generates more photogenerated electrons. 
At the same time, the silver particles also increase the photoelectron density and further improve the carrier separation of 
the catalyst. Due to its unique structure and optical properties, the prepared photocatalyst shows an excellent nitrate removal 
rate under a high-pressure mercury lamp. At 500 mgN/L, the nitrate removal rate reaches 96.1%, and the nitrogen selectivity 
reaches 92.6%. Even after 5 cycles, the prepared photocatalyst still maintains a high nitrate photocatalytic removal efficiency 
(89%). The electron transfer path is verified by density functional theory calculations.

Keywords  TiO2/MXene · Ag/TiO2/Ti3C2 · Photocatalytic · Nitrate · Nitrite · DFT calculation

Introduction

Excessive nitrate levels in wastewater can lead to the 
eutrophication of lakes and rivers (Stevens and Gowing 
2004; Zhao et al. 2021). Excessive nitrate in drinking water 
enters the human body and will be converted into nitrite, 
leading to hypoxia and poisoning of the human body. It can 

also lead to the blue baby syndrome, methemoglobinemia, 
and even cancers such as esophageal cancer and gastric 
cancer (Stevens and Gowing 2004; Zhang et al. 2020a). 
Therefore, the world health organization recommends that 
the concentration of nitrate in water should not exceed 
11.3mgN/L (Karen et al. 2010;Loganathan et al. 2013). The 
concentration of nitrate in drinking water in the USA is set 
not to exceed 10mgN/L (Khan and Aspalding 2004). The 
most commonly used methods for nitrate removal in industry 
are ion exchange, reverse osmosis, biological method, and 
bimetallic catalysts. But ion exchange and reverse osmosis 
only serve to concentrate and transfer nitrate, and the sub-
sequent treatment of the resulting high concentration nitrate 
wastewater remains a serious challenge (Barrabés and Sá 
2011). The removal of nitrate by biological method takes 
a long time, and the reaction conditions are strict, resulting 
in biological sludge (Li et al. 2009). Bimetallic catalysts 
catalyze nitrate to produce nitrogen is a green method, but 
the reaction requires hydrogen as a reducing agent, hydrogen 
storage and transportation is a serious challenge for indus-
trial applications (Gao et al. 2019). In recent years, research-
ers have found that photocatalysis can effectively remove 
nitrate from wastewater. After studying various semiconduc-
tors, such as titanium dioxide (Kim and Pak 2019; Krasae 
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and Wantala 2016; Zhu et al. 2018), cadmium sulfide (Fang 
et al. 2008; Sittinun Tawkaew et al. 2001), barium tetrox-
ide, and zinc sulfide (Bourkeb and Wbaaloudj 2021), Chu 
et al. (2013) and Lucchetti et al. (2017) found that titanium 
dioxide due to its good stability and being non-toxic and 
a low-cost semiconductor in the photocatalytic removal of 
nitrate process has a great potential. However, due to its 
fast complexation of broad-growth charges and relatively 
wide bandgap, titanium dioxide still suffers from quantum 
efficiency and low visible light utilization (Hirayama and 
Kamiya 2014; Xiong et al. 2018). Single photocatalyst has 
a high photoelectron-hole recombination ratio, which affects 
the reaction efficiency of photocatalysis. The use of cocata-
lyst can effectively promote the separation of photogenerated 
electrons and holes (Zhao et al. 2020).

MXene is a new type of 2D transition metal carbide or 
carbonitride, which is produced by HF etching the Al-con-
taining layer of MAX ceramics (Sreedhar and Noh 2021). 
Since it was first reported by Naguib et al. (2011), its gra-
phene-like structure, hydrophilic layered surface, and signifi-
cant conductivity properties have been widely considered as 
good candidates for energy storage, electrochemical sensors, 
and pollutant purification (Zhao et al. 2017). In the field 
of photocatalysis, MXene has many advantages that make 
it an efficient cocatalyst for photocatalysts. First, MXene 
has hydrophilic properties, which facilitate the adsorption 
of water molecules by photocatalysts, thus promoting the 
water separation reaction of photocatalysis (Khadidja et al. 
2021). Secondly, MXene has a large number of hydrophilic 
functional groups (such as -OH) on the surface, which can 
be combined with most semiconductor photocatalysts and 
have a strong interaction with semiconductor photocata-
lysts (Hong et al. 2020). The Gibbs free energy of hydro-
gen adsorption of MXene is close to zero, which is condu-
cive to the reduction of H+ to H2, and has a high activation 
energy of hydrogen precipitation. In addition, Ti3C2 MXene 
highlights specific surface areas and inhibits charge carrier 
recombination during photocatalytic activity (Naguib et al. 
2014). Surprisingly, the carrier separation is enhanced when 
titanium dioxide is in close contact with Ti3C2 (Feng et al. 
2021). In conclusion, Ti3C2 MXene is very beneficial in pho-
tocatalytic applications (Quyen et al. 2021). In addition to 
the addition of cocatalyst, there are the following methods to 
improve the separation of photogenerated electron-hole pairs 
in TiO2: combining with another semiconductor (Sivakumar 
et al. 2013) or a point-based material (Wu et al. 2002), such 
as graphene, doping transition metal ions (Rathinavelu et al. 
2013) or noble metal elements (Tian et al. 2015), or deposit-
ing metal nanoparticles on semiconductor surface (Zhang 
et al. 2009). A certain sacrificial agent is added to the reac-
tion (Shi et al. 2011).

Hence, this paper presents a method to grow TiO2 nano-
particles in situ on MXene surface by simple calcination and 

finds that the loading of TiO2 nanoparticles can be tuned by 
adjusting the calcination temperature. TiO2/Ti3C2 supported 
with silver particles was prepared as an efficient photocat-
alyst for nitrate removal. Under the irradiation of a high-
pressure mercury lamp, the removal effect of the catalyst on 
nitrate was investigated and its mechanism was discussed.

Experimental details

Sample preparation

Materials

Aluminum carbon titanite, hydrofluoric acid, silver nitrate, 
sodium borohydride, potassium nitrate, sodium potassium 
dodecylate, formic acid, and sodium hydroxide were pur-
chased from Sinopagic Chemical Reagent Co. LTD, with-
out further treatment. All the water used for reagents was 
deionized.

Preparation of Ti3C2

Ti3C2 powder was prepared by the reaction of hydrofluo-
ric acid with Ti3AlC2. 1.2 g of Ti3AlC2 powder was slowly 
added into 21 mL, 48% hydrofluoric acid and stirred at room 
temperature with a magnetic stirrer at 500 r/min for 36 h to 
etch the aluminum layer, and finally an accordion-like solid 
powder was obtained. The black precipitate obtained was 
centrifuged and washed with deionized water until its super-
natant was neutral. The obtained solid was dried in an oven 
at 80°C for 12 h to obtain Ti3C2 powder (Huang et al. 2020).

Preparation of TiO2/Ti3C2 composite

TiO2/Ti3C2 composite was prepared by simple calcination. 
0.5g dried and ground Ti3C2 was weighed and put into a 
tubular furnace at a heating rate of 10°C/min. TiO2/Ti3C2 
composite was obtained by calcination at 250 °C, 350 °C, 
450 °C, 550 °C, and 650 °C respectively for 1h, which was 
recorded as tTTiO2, which t stands for calcination tempera-
tures, such as 250 °C, 350 °C, 450 °C, 550 °C, or 650 °C.

Preparation of Ag/TiO2/Ti3C2

Ag/TiO2/Ti3C2 catalyst was prepared by simple chemical 
reduction method (Zhang et al. 2003). 0.5g TiO2/Ti3C2 pow-
der was weighed and put into 10mL water. AgNO3 (0.008g, 
0.016g, 0.024g, 0.032g, 0.04g) was added to the solution 
as Ag source, and then 0.005g sodium dodecyl sulfate was 
added as dispersant, and stirred for 30 min. Then, 0.05g 
solid sodium borohydride was dissolved in 10mL 1M NaOH 
solution, and the solution was added drop by drop into TiO2/
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Ti3C2 solution, stirred for 30 min, centrifuged, cleaned with 
deionized water, and dried to obtain Ag/TiO2/Ti3C2 solid, 
denoted as nTTA, which n represents the mass fraction of 
loaded silver, such as 1%, 2%, 3%, 4%, or 5%.

The synthesis process of TTA is shown in Scheme 1.

Characterization

The crystal structure of the samples was characterized by 
X-ray diffraction (XRD) (Ultima IV, Japan). Scanning elec-
tron microscopy (JEOL JSM-5600L SEM) and transmis-
sion electron microscope (TEM, JEM-2010) were used to 
observe the morphology, microstructure, and elemental 
analysis of the samples. BET analysis of the samples was 
performed using Micromeritics (ASAP 2020). The pore size 
distribution of mesoporous materials was analyzed by using 
Barrett-Joyner-Halenda (BJH) model. BaSO4 was used as 
the background to test the UV-visible diffuse reflectance 
spectrum (UV-VIS DRS) of the sample using Shimadzu 
ULTRAVIOLET visible spectrophotometer (UV 3600, Shi-
madzu). The surface chemical composition was analyzed 
by X-ray photoelectron spectroscopy (XPS) using Mg Kα 
radiation.

Photoelectrochemical measurements

Use 200mL, 0.1M Na2SO4 solution as an electrolyte solu-
tion, use the standard three-electrode system, use sample as 
working electrode, platinum as counter electrode, and Ag/
AgCl (saturated KCl) as a reference electrode. Before the 
start of the test, 2 mg of the sample was added to 0.5 mL of 
water, 0.5 mL of ethanol, and 20 μL of Nafion, and dispersed 
by ultrasound. The suspension was smeared on FTO glass 
with a fixed area of 0.5 cm2. Finally, the FTO glass coated 

with the suspension was placed in an oven at 160 °C over-
night to obtain a working electrode.

Photocatalytic denitrification performance

The photocatalytic reduction of nitrate was carried out in 
a 250mL borosilicate reactor. The light source is a 250W 
high-pressure mercury lamp (the main wavelength is about 
365 nm). The initial nitrate concentration is 500 mgN/L (by 
weight of nitrogen). There is no treatment of dissolved oxy-
gen. Twenty milligrams of the catalyst was added to 50 mL 
water, and the solution was stirred in the dark for 30 min 
to achieve the adsorption-desorption equilibrium of nitrate 
nitrogen. Then, 40 mM formic acid solution was added as a 
cavity cleaner (Soares et al. 2014). Turn on the condensate 
so that the reaction always takes place at room temperature 
during the photocatalytic process. In the photocatalytic reac-
tion process, the liquid is extracted from the reactor regu-
larly, the concentration of nitrate is detected by using the 
lightning ion concentration detector (PXS-270), the nitrite 
and ammonium are detected by using a spectrophotometer 
(UV722), and the total nitrogen is tested by using an ultravi-
olet spectrophotometer (UV-3600). Since nitrite, ammonia, 
and nitrogen are the main products in the photocatalytic pro-
cess, NO and N2O by-products can be ignored, and organic 
nitrogen will not be generated. Therefore, the selectivity of 
N2 is calculated according to the following formula:

where S(N2) represents the selectivity of N2, C(NO3
−)0 rep-

resents the initial concentration of nitrate nitrogen content, 
and C(NO3

−)t, C(NO2
−)t, and C(NH4

+)t represents the nitro-
gen content of each ion after t time reaction.
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Scheme 1   The synthesis pro-
cess of TTA​
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DFT calculation method

In this work, the density functional theory (DFT) calculation 
was performed by the Vienna Ab-initio Simulation Pack-
age (VASP) code, in which a plane wave basis set was used 
(Meng et al. 2017). The exchange and correlation interac-
tions were modeled using the generalized gradient approxi-
mation (GGA) and the Perdew-Burke-Ernzerhof (PBE) 
functional (Zhang et al. 2020b). Grimme’s semi-empirical 
DFT was introduced in the computations to guarantee a bet-
ter description of the electron interaction in a long range. 
The Vanderbilt ultrasoft pseudopotential was used with a 
cutoff energy of 450 eV (Bredas and Lhouk 2014). Geomet-
ric convergence tolerances were set for a maximum force of 
0.02 eV/A° and a maximum energy change of 10−5 eV/ato. 
Density mixing electronic minimization was implemented 
and the self-consistent field (SCF) tolerance was set to the 
high accuracy of 10-5 eV/atom for energy convergence.

Result and discussion

The morphology and element distribution of the samples 
were analyzed by scanning electron microscope (SEM) and 
energy-dispersive X-ray spectrometer (EDS) (Mao et al. 
2021). As shown in Fig. 1a and  b, the etched Ti3C2 has a 
hierarchical accordion-like structure and is smooth. The 
surface of TiO2/Ti3C2 after calcination becomes rough, 
which is due to the formation of TiO2 nanoparticles on 
the surface (Fig. 1c). In addition, with the increase of the 
calcination temperature, the color of TiO2/Ti3C2 became 
whiter and whiter (Fig. S1), and the TiO2 particles formed 
on the surface became more and more dense, like a crispy 
pot (Fig. 1d, Fig. S2a–d). In this paper, TTiO2 calcined at 
550°C was used for the subsequent study of supporting Ag. 
After loading Ag, the morphology of the sample did not 
change significantly (Fig. 1e). The sample was tested by 

Fig. 1   SEM images of a–b Ti3C2, c 350TTiO2, d 550TTiO2, e 3%TTA, HRTEM images of f Ti3C2, e–h 3%TTA, i–l elemental mappings of e 
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TEM. Figure 1f shows the clear layered structure of Ti3C2, 
which also indicates that the transformation of Ti3C2 into 
TiO2 starts from the surface of Ti3C2 and extends to the 
core of Ti3C2. Taking 3%TTA as an example, After Ag 
was loaded, Ag particles were attached to the surface of 
550TTiO2 (Fig. 1g). It can be seen that TiO2 is located on 
the surface of Ti3C2, and Ag particles are supported on the 
surface of TiO2. The lattice and fringe spacing were deter-
mined by high-resolution transmission electron micros-
copy (TEM). The lattice fringes of Ag, TiO2, and Ti3C2 
are visible, indicating the successful preparation of TTA 
(Fig. 1h) (He et al. 2021). Among them, the lattice spac-
ing of 0.24 nm, 0.35 nm, and 0.27 nm is attributed to the 
(101) face of Ag, the (101) planes of anatase TiO2, and 
the (0110) planes of Ti3C2, respectively. In addition, the 
elemental analysis spectrum of TTA was measured. It can 
be seen from Fig. 1i–l that Ag is uniformly distributed on 
550TTiO2.

The X-ray diffractograms of all samples are shown in 
Fig. 2. After HF acid etching, the diffraction line located 
at 39° of (104) plane disappeared in Ti3C2 compared with 
Ti3AlC2, indicating that HF acid etched off the Al layer 
and Ti3AlC2 transformed into Ti3C2 (Yu et al. 2019). After 
HF etching, the Ti3C2 layer spacing increased and the 004 
plane underwent a smaller angle shift, which also proved 
the successful etching of Ti3C2 (Li 2019). After calcina-
tion at 250 °C, the cleanliness of Ti3C2 increased and the 
diffraction lines were enhanced. In addition, the appear-
ance of TiO2 anatase diffraction lines was also observed, 

indicating the generation of TiO2. With the increase of the 
calcination temperature, the content of TiO2 also increased, 
the crystallinity of TiO2 increased, the defect of the sam-
ple decreased, and the intensity of the TiO2 diffraction line 
gradually increased. Shrinkage of surface defects reduces 
the possibility of electron-hole recombination (Fig. 2a). In 
addition, Ti3C2 diffraction lines appeared at 35° and 43° in 
the samples calcined at 250 to 650 °C, confirming the for-
mation of TiO2/Ti3C2 composite materials. Moreover, with 
the increase of calcination temperature, the intensity of the 
Ti3C2 diffraction line gradually decreases, which proves that 
Ti3C2 transforms into TiO2. At 650 °C, the peak of Ti3C2 
completely disappeared, proving that Ti3C2 was completely 
converted to TiO2 (Fig. 2b) (Hou et al. 2021). It is proved 
that the yield of TiO2 can be easily adjusted by changing the 
calcination temperature. With the increase of Ag loading, Ag 
peaks gradually appeared at 44°, 64°, and 78° (Fig. 2c and 
d) (Jia et al. 2016).

Due to the calcination of Ti3C2, the surface composition 
of Ti3C2 changes. To further confirm the changes of sur-
face composition and chemical states of the samples, XPS 
characterization was carried out. The samples were Ti3C2, 
550TTiO2, 650TTiO2, and 3%TTA. Obviously, the binding 
energy peaks of the Ti element were observed in all four 
samples (Fig. 3a). Eight peaks can be seen in the high-reso-
lution Ti 2p, as shown in Fig. 3b. 454.9 eV, 460.8 eV, 455.9 
eV, 461.5 eV, 457.5 eV, 463.5 eV, 459 eV, and 465.7 eV, 
respectively, correspond to the Ti - C 2p3/2, Ti - C 2p1/2, Ti2 + 
2p3/2, Ti2 + 2p1/2, Ti3+ 2p1/2, Ti3+ 2p1/2, TiO2 2p3/2, and TiO2 

Fig. 2   a X-ray diffraction 
(XRD) of TTiO2; b magnified 
XRD patterns of a; c X-ray 
diffraction (XRD) of TTA; d 
magnified XRD patterns of c 
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2p1/2. Consistent with previous reports (Shah et al. 2016). 
Compared with Ti calcined at 550 °C and 650 °C for 1h, 
only the main binding energy peaks of TiO2 2p3/2 and TiO2 
2p1/2 at 459 eV and 464.4 eV were observed in the calcined 
samples, but there was no binding energy peak of Ti3C2 
(Fig. 3c), which was not consistent with the XRD descrip-
tion. This is because XPS can only detect the components 
of the surface layer of the sample, that is, the components 
with a depth of less than 5nm, making it difficult for XPS 
to detect Ti3C2 located in the interior. As shown in Fig. S3 
a, the XPS spectra of C1s of Ti3C2 have peaks at 281.9 eV, 
284.7 eV, 286.4 eV, and 288.7 eV, corresponding to C-Ti-
Txa, C-C, CO-, and COO-, respectively (Halim et al. 2016). 
These are attributed to Ti3C2 and amorphous carbon. In the 
sample calcined at 550 °C for 1h, its C spectrum has four 
peaks. Compared with the peak of Ti3C2, the peak at 281.9 
eV of the sample calcined at 550 °C decreases in intensity, 
indicating that a part of Ti3C2 is converted into TiO2, while 
the sample calcined at 650 °C does not have the peak of 
C-Ti-Ox at 281.9 eV (Ghassemi et al. 2014). It is proved that 
Ti3C2 is completely converted to TiO2, which is consistent 
with XRD results (Fig. S3b–c). For the XPS peak of O1s, 
with the increase of calcination temperature, the peak inten-
sity of C-Ti-(OH)x and C-Ti-Ox decreases, while the peak 
intensity of Ti-O increases, proving that Ti3C2 transforms 
to TiO2 (Fig. S3d–f). For Ag-loaded samples (Fig. 3d–f), 
silver XPS showed two peaks at 367.58 eV and 373.58eV, 

corresponding to Ag 3d5/2 and Ag 3d3/2, respectively. The 
bimodal separation values of Ag 3d5/2 and Ag 3d3/2 are 6 eV, 
which is consistent with the most common values reported 
in the literature (Nila et al. 2019).

The optical bandgap energy (Eg) for the sample can be 
obtained by UV-vis spectra, corresponding to the inter-
cept of the (αhν)1/2 curve. As shown in Fig. 4b, Eg values 
of 1%TTA, 2%TTA, 3%TTA, 4%TTA, and 5%TTA were 
3.18 eV, 3 eV,3.2 eV, 3.17 eV, and 3.16 eV, respectively. 
The detailed band structure of the sample can be obtained 
by testing the Motshott curve and shown in Fig. 4c. The 
X-intercept of the Mott-Schottky diagram represents the 
conduction potential E(CB) of the prepared N-type semicon-
ductor (Baldini et al. 2020). The E(fb) value is estimated from 
the line segment of the X-intercept of the Mott-Schottky 
diagram. According to different reference electrodes, the 
conduction potential E(CB) can be calculated by E(fb). The 
results are shown in Table S1. Therefore, in combination 
with the bandgap energy measured by UV-VIS spectroscopy, 
valence band potential E(VB) can be obtained by formula (2) :

As shown in Fig. 4d, the arrangement diagram of the 
energy band structure of TTA was obtained through calcu-
lation (Fernández-Domene et al. 2016).

(2)E(VB) = Eg + E(CB)

Fig. 3   a X-ray photoelectron spectroscopy (XPS) survey spectra of Ti3C2 and 550TTiO2. High-resolution Ti 2p XPS spectra of b Ti3C2 and c 
550TTiO2 and 650TTiO2. High-resolution C 1s (a), O 1s (b), and Ag 3d (c) XPS spectra of 3%TTA​
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To study the separation and transfer of photogenerated 
electrons, EIS tests were performed on the samples (Zhang 
et al. 2020c). As shown in Fig. 5a, the impedance arc radius 
of the Nyquist plots (TTA) decreased with the increase of Ag 
content, indicating that the Ag loading can reduce the resist-
ance of charge transfer and enhance charge separation in the 

system. To further confirm carrier separation, transient pho-
tocurrent response tests were performed (Fig. 5b). The pho-
toresponse of photocatalyst shows transient stable photocur-
rent when the lamp is turned on, and returns to dark current 
state quickly when the lamp is turned off. The photocurrent 
density of TTA increased first and then decreased with the 

Fig. 4   a UV-Vis DRS spectra; 
b bandgap obtained by Tauc 
schemes of the samples; c Mott-
Schottky curves; d the flat-band 
potential E(fb) estimated by 
Mott-Schottky curves

Fig. 5   a EIS Nyquist plots; b 
transient photocurrent response 
curves; c nitrogen adsorption-
desorption isotherms of the 
samples work
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increase of silver content, and reached the maximum value at 
3%TTA. Through the analysis of electrochemical impedance 
and photogenerated current spectrum, it is concluded that 
silver particles and Ti3C2 can effectively capture and conduct 
photogenerated electrons and inhibit the recombination of 
charge carriers. N2 isotherm adsorption-desorption curve is 
shown in Fig. 5c and Fig. S4. For TTiO2, as the calcination 
temperature increases, the specific surface area of the sample 
increases, proving that more and more TiO2 are generated. 
As silver loading increases, specific surface area decreases. 
According to Brunauer-Deming-Deming-Teller (BDDT) 
classification, the adsorption isotherms of the samples were 
class iv isotherms, indicating the presence of mesopores 
(2–50nm) (Low et al. 2014).

To verify the electron transfer path of samples, density 
functional theory (DFT) calculation was carried out for 
some samples, such as Fig. S5 (TiO2 (101), Ti3C2(001)) 

(Chen et al. 2020; Meng et al. 2018). Obviously, the alternat-
ing arrangement of Ti and C atomic layers forms the layered 
structure of Ti3C2, and the calculated bandgap is TiO2 (3.17 
eV) and TTiO2 (−0.0305 eV). It can be speculated that band 
overlap leads to the disappearance of the bandgap. The total 
and partial state densities of Ti3C2, TiO2, and Ag are shown 
in Figure 6. In order to further explain the electron transfer 
path, the Fermi energy levels of Ag, TiO2, and Ti3C2 are cal-
culated by DFT, which are 1.662eV, 9.149eV, and 3.542eV, 
respectively. The electrons should tend to transfer from the 
material with a high Fermi energy level to the material with 
a low Fermi energy level, that is, the electrons should trans-
fer from TiO2 to Ag and Ti3C2.

TTiO2 calcined at 550 °C was used as the carrier and 
supported with different contents of Ag to carry out photo-
catalytic reactions of nitrate. The photocatalytic reduction 
capacity of the catalysts with different Ag contents for nitrate 

Fig. 6   The band structures and 
DOS for a TiO2, b Ti3C2, c Ag
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was 3%TTA > 4%TTA > 5%TTA > 2%TTA > 1%TTA. 
When the Ag loading does not exceed 3%, it can be seen 
that with the increase of Ag loading, the nitrate removal 
rate also increases. But, when the silver loading exceeds 
3%, the nitrate removal rate decreases rapidly with the 
increase of silver loading. The reason may be that there is 
too much silver on the surface of TiO2, so that the silver 
particles agglomerate, thus reducing the number of active 
sites. After 4 h of reaction time, 3% TTA showed the high-
est nitrate removal rate (96.1%) (Fig. 7a). At the same time, 
kinetic curve fitting was carried out (Mao and X-p 2017). 
As shown in Fig. 7b, it was found that the reaction con-
forms to the reaction kinetic model (-ln(C/C0)= Kt), where 
C0 represents the initial concentration of nitrate, C repre-
sents the concentration of nitrate after t reaction time, and 
K represents the reaction rate constant. 3%TTA shows the 
highest photocatalytic dynamic performance. The kinetic 
rate constant is the highest, which is three times that of 
1%TTA, as shown in Fig. S2. Subsequently, 3%TTA was 
used for further study. The photocatalytic removal of nitrate 
(500mg/L) with 3%TTA was studied, and the nitrate removal 
rate reached 96.1% and nitrogen selectivity reached 92.6% 
within 4h (Fig. 7c). Nitrate is first reduced to N2, NO2

−, and 
NH4

+ in the photocatalytic removal process (Challagulla 
et al. 2017). Nitrite, acting as an intermediate, accumulates 
in the initial stage and is subsequently converted to NH4

+ 
and N2. Although some NO3

− and NO2
− are overreduced to 

form NH4
+, the residual concentration of NH4

+ is very low. 
Cyclic experiments showed that 3%TTA had strong stability, 

and the nitrate removal rate was still 89% after 5 rounds of 
experiments (Fig. 7d).

The photocatalytic mechanism of TTA is shown in 
Scheme.2. Under light irradiation, electrons on the valence 
band (VB) of TiO2 nanocrystals are excited to the conduction 
band (CB), generating photogenerated electrons and holes 
(Fuxiang Zhang et al. 2004a) (Eq. (2)). The photogenerated 

Fig. 7   a Photocatalytic reduc-
tion of low concentration nitrate 
(C0 =500 mgN/L) over different 
photocatalysts, b kinetic curves 
fit by first-order kinetic equa-
tion, c NO3

−, NO2
−, NH4

+, and 
N2 selectivity during the pro-
cess of photocatalytic denitrifi-
cation (C0 =500 mgN/L), d the 
cycling experiment of 3% TTA 
for photocatalytic reduction of 
nitrate (C0 =500 mgN/L)

Scheme 2   The photocatalytic mechanism of TTA​
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electrons further migrate to Ti3C2. This process allows charge 
separation, protects the charge carriers from rapid com-
pounding, and maximizes the electron lifetime (Zhang et al. 
2004b). The electron absorption effect of Ag nanoparticles 
promotes the transfer of photogenerated electrons from the 
conduction band (CB) of TiO2 to Ag nanoparticles, facilitat-
ing the electron-hole separation. The electrons generated by 
TiO2 can react directly with NO3

− to generate NO2
−, NH4

+, 
and N2 (Eqs. (4)–(8)). Because Eθ(NO2

−/NH4
+)=0.9V, 

E θ(NO 3
−/NO 2

−)=0 .94V,  E θ(NO 3
−/NH 4

+) =1 .2V, 
Eθ(NO3

−/N2)=1.25V, Eθ(NO2
−/N2)=1.45V are contained 

in the energy band of the prepared TiO2. The holes gener-
ated by TiO2 can react with the hole cleaner HCOOH to 
generate CO2

− (Eq. (3)). CO2
− has a strong reducing ability 

(Eθ(CO2/CO2
−) =−1.81V), and can directly reduce NO3

− to 
N2 (Eθ(NO3

−/N2)=1.25V), NO2
− (Eθ(NO2

−/N2)=1.45V) or 
NH4

+ (Eθ(NO3
−/NH4

+)=1.2V) (Eqs.(9)–(10)).

Conclusion

In summary, the layered Ti3C2 was successfully prepared by 
the etching method, and the TiO2/Ti3C2 carrier was prepared 
by simple calcination, and the effect of calcination temper-
ature on TiO2/Ti3C2 was explored. A chemical reduction 
method was used to support Ag particles on TiO2/Ti3C2. The 
effect of silver loading on the performance of photocatalytic 
nitrate removal was explored. Proposed related mechanisms. 
Because of the existence of Ti3C2 and Ag, the photoinduced 
electrons quickly migrate to Ti3C2 and Ag, thereby promot-
ing the separation of electrons and holes and improved the 

(3)TiO
2
+ hv → e− + h+

(4)HCOO− + h+ → CO
2
· − + H+

(5)NO
3

− + 2H+ + 2e− → NO
2

− + H
2
O

(6)NO
3

− + 10H+ + 8e− → NH
4

+ + 3H
2
O

(7)2NO
3

− + 12H+ + 10e− → 2N
2
+ 6H

2
O

(8)2NO
2

− + 8H+ + 6e− → N
2
+ 4H

2
O

(9)NO
2

− + 8H+ + 6e− → NH
4

+ + 2H
2
O

(10)2NO
3

− + 12H+ + 10CO
2
· − → N

2
+ 6H

2
O + 10CO

2

(11)2NO
2

− + 8H+ + 6CO
2
· − → N

2
+ 4H

2
O + 6CO

2

catalyst activity, so that the removal rate of nitrate reaches 
96.1%. Nitrogen selectivity reaches 92.6%. It provides a new 
method for the removal of nitrate.
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