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Photocatalytic NO removal is regarded as an attractive strategy to reduce NO pollution in the air, but

the lack of efficient and stable catalysts impedes its applications. Herein, we report on developing Ti3C2

supported on N-defective g-C3N5 nanosheets (CNX/TC) as an efficient photocatalyst toward NO removal.

It is noteworthy that TC changed from crystal structure to amorphous structure during the photocatalytic

process. Due to the existence of N vacancies and amorphous structure, the designed CNX/TC composites

possess abundant unsaturated sites for adsorption and activation of O2 and NO, thus facilitating the re-

moval of NO and inhibiting the generation of NO2. The as-prepared CNX/TC-2% shows the best activity

for NO removal and inhibits toxic NO2 generation. The removal rate of NO is up to 48%, which is about

2 and 4 times higher than those of pure CNX and CN, respectively. In addition, the in situ diffused re-

flection Fourier transform infrared spectroscopy was used to investigate the NO transfer pathway during

the photocatalytic process. This work might provide new insights into the catalytic role of N-defect and

amorphous, inspiring the rational design of catalysts in the field of photocatalytic NO removal.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Nitric oxide (NO) is recognized as one of the typical gas pol-

lutants which are harmful to human health and the environment.

Several common methods have been proposed for NO removal in-

cluding physical adsorption [1], biological filtration [2,3], thermal

catalytic reduction [4], photocatalysis [5–7]. In these technologies,

photocatalysis is the most promising and environmentally friendly

approach to removal of ppb-grade NO [8,9]. Nowadays, photocat-

alytic purification of NO is faced with various challenges, such as

low efficiency of NO removal and higher byproduct generation. In

particular, the toxic NO2 by-products produced during photocat-

alytic oxidation are even more harmful than NO. To address these

problems, the design and construction of efficient catalysts are cru-

cial for the photocatalytic oxidation of NO.

Currently, C3N5 with a narrow band gap (∼2.2 eV) has been

successfully synthesized for efficient hydrogen production and

photocatalytic degradation of organic pollutants [10,11]. Compared

to the widely used g-C3N4 with only a triazine structure, C3N5 con-

sisting of triazole and triazine increases the π-π conjugate and

the pyrrole N position, leading to an increase in the number of

electrons and redox activity [12]. However, C3N5 still suffers from

photo charge carrier recombination and lack of active sites, limit-

ing its photocatalytic performance and practical applications.
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Vacancy engineering has been recognized as one of the most

effective strategies to improve the activity of photocatalysts [13].

This is because the vacancy cannot only extend the light absorp-

tion range, but also improve the electrical conductivity of g-C3N5

[10–12,14–17]. Unfortunately, the limited active sites available for

adsorption and activation reaction molecules still affect the pho-

tocatalytic performance. Therefore, further modification methods

are needed to perfect g-C3N5. Reasonable loading of cocatalyst is

another effective method to improve the activity of photocatalyst,

where the built-in electric field formed at the two-phase interface

drives the separation and transfer of photogenerated carriers, ad-

ditionally, the cocatalyst can also serve as the active site for pho-

tocatalytic reaction. Ti3C2 is an emerging two-dimensional layered

material, showing great potential in the field of photocatalysis [18–

20]. Some studies have shown that amorphous structures with a

large number of unsaturated electronic sites can provide abundant

active sites for the adsorption and reaction of reactants [21,22]. It

is speculated that amorphous Ti3C2 may facilitate the adsorption

of NO and O2, thus promoting the photocatalytic removal of NO.

Herein, we used an efficient and facile reaction route to syn-

thesize g-C3N5 nanosheets with N vacancy. Then, the CNX/TC com-

posite was fabricated via self-assembly of TC on N-vacancy g-C3N5

nanosheets. Interestingly, TC in CNX/TC hybrid transforms into an

amorphous state under visible light irradiation. The removal rate

of NO in the optimal CNX/TC-2% catalyst is up to 48%, which is

https://doi.org/10.1016/j.cclet.2024.110086
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Fig. 1. (a) NO removal rate of synthesized samples. (b) NO2 generation rate (initial

concentration of NO stabilized at 780 ppb, λ > 420 nm). (c) Photocatalytic cycle

test. (d) NO2 generation rate of photocatalytic cycle test.

about 2 and 4 times higher than those of pure CNX and CN, re-

spectively. This can be attributed to the high-speed distribution of

photoproduced electrons from CNx to amorphous TC and the abun-

dant active sites in amorphous TC for the reactant adsorption and

reaction. This work reveals the catalytic role of N-defect and amor-

phous on photocatalysts during the removal of NO.

The NO removal performance of the photocatalysts were eval-

uated under visible light irradiation (Figs. 1a and b). As shown in

Fig. 1a, the NO concentration in the cavity was stable at about 780

ppb (0.78 mg/m3) after adsorption-desorption equilibrium in dark

conditions. After 20 min photocatalytic reaction, NO concentration

did not change in the presence of TC, indicating that TC had no

photocatalytic removal effect on NO. The CN exhibited limited pho-

tocatalytic NO removal activity (11%) and produced 80 ppm toxic

by-product NO2 (Fig. 1b), which means that almost all of the re-

moved NO converted into NO2. The NO removal rate of the pho-

tocatalyst was enhanced along with NaBH4 treatment (23%), but

it did not reduce the production of the toxic byproduct NO2. The

photocatalytic activity of CNX was significantly improved with the

addition of TC. The optimized catalyst (CNX/TC-2%) achieved the

highest NO removal rate of 48% after 6 min of visible light irra-

diation and maintained the dynamic equilibrium state for the rest

of the time (Fig. S1 in Supporting information). The generation of

toxic by-product NO2 decreased to around 40 ppm (around 5%).

The DeNOx index of each photocatalyst was calculated to reflect

the relative toxicity, As shown in Fig. S2 (Supporting information),

the DeNOx index values for all catalysts are positive. Notably, too

much TC in the composite catalysts resulted in decreased photo-

catalytic performance because it blocks the absorption of light by

carbon nitride.

The photocatalytic cycle test was performed to investigate the

stability of CNX/TC-2% (Figs. 1c and d). After 4 cycles, the photo-

catalytic NO removal rate of CNX/TC-2% decreased slightly, while

the NO2 generation rate increased from 5% to 8%, which can be at-

tributed to the resulting oxidation products (such as nitrate) cover-

ing active sites on the catalyst surface. After the removal of these

adsorbed nitrates with deionized water washing, the photocatalytic

performance of CNX/TC-2% was effectively restored.

The morphology of the sample was characterized by SEM and

TEM. As shown in Figs. 2a and b, the MXene after Al stripping

shows a loose accordion shape, and the CNX with sheet structure

Fig. 2. (a, b) SEM and (c, d) TEM images of CNX/TC-2%. (e, f) Selected area elec-

tron diffraction of TC in CNX/TC. (g) XRD patterns of TC, CNX, CNX/TC-2%. (h) XRD

patterns of CNX/TC-2% before and after light irradiation.

is absorbed on the surface of TC [23]. The morphology was further

investigated by TEM. As expected, Fig. 2c shows that CNX sheets

are dispersed on the TC sheets and there is abundant contact be-

tween them. It is noteworthy that the lattice fringes of TC quickly

disappear under HRTEM, and ultimately neither CNX nor TC sheets

exhibit lattice fringes (Fig. 2d). Figs. 2e and f shows the selected

area electron diffraction of TC in the CNX/TC nanocomposites. In

the beginning, the TC exhibits an electron diffraction pattern, but

it quickly disappears under electron irradiation, leaving only three

bright diffraction rings, indicating that the TC shifted from a crys-

tal structure to an amorphous structure. The amorphous structure

means that there is a lack of long-range atomic order and has

many defects, which could offer more active sites and promote

charge transfer and thus lead to an enhanced photocatalytic ac-

tivity of NO removal.

The phase structures of the CNX, TC and CNX/TC-2% photocat-

alysts were characterized by X-ray diffraction (XRD). As shown

in Fig. 2g, the two diffraction peaks at 2θ values of 18.1° and

60.7° indexed to the (004) and (110) facets of TC, respectively. The

peak located at 27.3° with the highest intensity corresponds to the

(002) plane of the aromatic structure of CNX. The XRD patterns of

CNX/TC-2% exhibited all the diffraction peaks of CNX and TC, indi-

cating the successful preparation of the composite catalysts. Fig. 2h

shows XRD patterns of CNX/TC-2% before and after light irradia-

tion. The diffraction peak at the 2θ values of 60.7° is significantly

smaller and broader, indicating a decrease in the crystallinity of TC

[24].

The surface chemical composition and elemental valence states

of CN, CNX and CNX/TC-2% were investigated by X-ray photoelec-

tron spectroscopy (XPS). Fig. 3a shows the XPS survey spectra of

the samples. The corresponding binding energies of C 1s (Fig. 3b)

at 288.4, 286.1 and 284.8 eV are attributed to the nitrogen-

containing aromatic ring (N-C=N), adsorbed water (C-OH), and ad-

sorbed carbon species (C-C) [11]. The corresponding binding en-

ergies of N 1s at about 403, 400, 398.4, and 397.5 eV are at-

tributed to the π-π ∗, C–NH2, C–N=N–C and C=N-C bonds, respec-

tively (Fig. 3c). After NaBH4 treatment, the ratio of C–N=C to C–

N=N–C decreased from 2.98 to 1.55, manifesting that nitrogen va-
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Fig. 3. (a) The XPS survey spectra and (b-d) the XPS spectra of CN, CNX and

CNX/TC-2%.

cancy (Nv) was preferentially engineered in C–N=C group. Accord-

ing to the formation energy data, the possible structure of N de-

fective C3N5 is proposed in Fig. S3 (Supporting information). Com-

pared with CNX, the peak area of C-NH2 in CNX/TC-2% increased,

which can be attributed to the newly formed C-NH2 bond by the

interaction between CNX and TC. The peaks of C–N=N–C and C-

NH2 in CNX/TC-2% shift toward the low-binding energy direction.

This is because the Fermi level (EF) of CN is lower than that of

TC, electrons are transfer from TC to CN until the EF in TC and CN

are equal. Fig. 3d shows the O 1s XPS spectrum of CNX/TC-2%, the

peak can be deconvoluted into two peaks at about 528.4 eV and

529.7 eV, which correspond to C=O and C-O, respectively. In addi-

tion, the content of Ti in the composite is too small to be detected

in the fine spectrum (Fig. S4 in Supporting information).

Surface functional groups of the prepared samples were deter-

mined by Fourier transform infrared (FTIR) spectroscopy. As shown

in Fig. 4a, there is a distinct peak around 808 cm−1, which can be

attributed to the stretch of the triazine ring [19]. The tensile vi-

bration of 1200 to 1600 cm−1 belongs to the stretching of the tri-

azine ring. The broad peak at ca. 3200 cm−1 is due to the tensile

vibration of the -OH and –NH groups [25]. CNX reveals a similar

infrared spectrum to CN, indicating that the structure integrity of

CN remains intact after sodium borohydride treatment. Compared

with CNX, the peaks of CNX/TC nanocomposites are basically un-

changed, possibly due to the low content of TC and the overlap of

peak position.

The optical response ability of TC, CN, CNX and CNX/TC was

measured using UV-visible diffuse reflection spectroscopy (Fig. 4b).

Both CN and CNx exhibit good absorption in the visible light range.

The TC shows a characteristic of full-spectrum absorption from

300 nm to 800 nm [24]. Although TC cannot generate the pho-

toinduced carriers after absorbing photons, the photothermal effect

from black TC is beneficial for photocatalytic NO removal. Com-

pared with CNX, the CNX/TC-2% exhibits absorption in the broad

spectrum from UV to visible light, this phenomenon is related to

the full spectrum absorption of TC. The band gap energy (Eg) of

CNX is obtained from its corresponding Tauc plot, which is derived

from the UV-vis spectrum. As shown in Fig. 4c, the calculated Eg
of CNX is 2.28 eV.

Considering that the specific surface area is an important fac-

tor affecting the photocatalytic performance of the material, we

measured the nitrogen adsorption isotherm of the photocatalyst.

Fig. 4d shows the N2 adsorption and desorption curves of TC, CN,

CNX and CNX/TC-2% composite, all the catalysts exhibit type IV

isotherms. The calculated specific surface area value of the TC,

CN, CNX and CNX/TC-2% composite was 2.3789, 1.4883, 8.0609 and

19.5750 m2/g, respectively. The increased specific surface area is

beneficial for the adsorption and conversion of NO. The aperture

distribution curve was obtained on the basis of the N2 desorption

curve (Fig. 4e), as shown, the pore size distribution reveals a broad

range of 1–200 nm, and the highest pore concentration of TC, CN,

CNX, CNX/TC-2% are 1.6, 3.1, 2.35 and 11.9 nm, respectively. The

large specific surface area CNX/TC-2% composite can provide more

transport channels to adsorb gas molecules, thus improving the gas

removal performance.

The flat potential of CNx was determined by Mott–Schottky. As

depicted in Fig. 4f, CNx shows a positive slope, indicating that it is

an n-type semiconductor. The flat band potential of CNX relative to

SCE is −1.10 V, which was converted to −0.86 V vs. normal hydro-

gen electrode (NHE). Generally, the flat band potential calculated

using Mott–Schottky is 0.1–0.3 V higher than the conduction band

(CB) potential [19,26]. So, the CB potential of CNX is about −1.06 V.

Combining the data of diffuse reflectance spectroscopy (DRS) and

Mott–Schottky, the valence band (VB) potential of CNX is 1.22 V.

Fig. 4. (a) Fourier transform infrared (FTIR) spectrometry, (b) UV-vis DRS, (d) nitrogen adsorption/desorption isotherms and (e) distribution of pore size of TC, CN, CNX and

CNX/TC-2%. (c) The plot of (αhv)2 vs. photon energy based on UV–vis DRS spectra and (f) Mott–Schottky plots of CNX.
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Fig. 5. (a) Transient photocurrent responses, (b) electrochemical impedance spectra, (c) PL spectra, (d) time-resolved transient PL decay spectra and (f) EPR spectra of CN,

CNX and CNX/TC-2%. (e) Capture experiments on CNX/TC-2%.

Electrochemical tests were performed to further understand the

electron transfer kinetics of the synthesized catalysts. As shown

in Fig. 5a, transient photocurrent response curves were obtained

by switching the light on and off. All the photocatalysts pos-

sess high photo-sensitivity and efficient spatial charge separation.

Compared to CN and CNX, CNX/TC-2% nanocomposite exhibited

the maximum charge separation efficiency, indicating that the TC

can effectively accelerate the charge separation on the photo-

catalyst. The Nyquist plots of the electrochemical impedance are

shown in Fig. 5b, the half-circle of CNX/TC-2% is smaller than that

of CN and CNX, indicating the minimum surface charge transfer

resistance.

Photoluminescence (PL) spectroscopy is used to identify the

separation efficiency of photogenerated electron/hole pairs [20]. As

can be seen from Fig. 5c, the fluorescence intensity decreased after

introducing N vacancy, and further with the addition of TC indi-

cating that the photoexcited electron-hole pair is more easily sep-

arated on CNX/TC-2%, thus facilitating the photocatalytic removal

of NO. Fig. 5d shows the time-resolved transient PL decay spectra

of CN, CNX, and CNX/TC-2%. The resulting lifetime values and their

fractional components are shown in Table S2 (Supporting informa-

tion). The average lifetime of CN, CNX and CNX/TC-2% are 22.28,

13.04, and 7.19 ns, respectively. Compared with CN and CNX, the

PL lifetime of CNX/TC-2% is remarkably reduced, this phenomenon

is probably due to the existence of the more efficient nonradiative

decay pathway, which is caused by the electron transfer process

from CNX to TC.

To identify the active species, radical scavenging experiments

were performed in photocatalytic reactions with CNX/TC-2%. The

photocatalyst (50 mg) containing different capture agents (1 mmol)

was dispersed in absolute ethanol (10 mL) and evenly mixed by ul-

trasonic. The catalyst ink was evaporated in a 60 °C oven to form

a uniform film. Ascorbic acid (AA), tert-butanol (TBA), potassium

dichromate (K2Cr2O7), and potassium iodide (KI) are used as scav-

engers to capture superoxide radicals, hydroxyl radicals, electrons

and holes, respectively. As shown in Fig. 5e, NO removal efficien-

cies decreased to 1.2%, 5.8%, 8.1% and 18.1% corresponding to the

addition of K2Cr2O7, KI, AA and TBA, respectively.

Electron paramagnetic resonance (EPR) spectra of CN, CNX, and

CNX/TC-2% were collected to analyze the unpaired electrons gen-

erated from the structural defects. As shown in Fig. 5f, all of the

samples exhibit a strong Lorentz EPR signal at a g-factor of 2.003,

resulting from the unpaired electrons on carbon atoms in π con-

jugated rings. The signal intensity of CNX and CNX/TC-2% were sig-

nificantly stronger than that of CN, which implies more structural

defects and unpaired electrons. After the photocatalytic reaction,

there is a slight decrease in the signal of CNX/TC-2% (Fig. S5 in

Supporting information).

As shown in Figs. 6a–c, the CNX/TC-2% did not generate any

signals in dark conditions. By contrast, the characteristic signals

of DMPO-•OH, DMPO-•O2
− and TEMP-1O2 adduct were detected in

the photocatalytic system under visible light irradiation, suggesting

the presence of •OH, •O2
− and 1O2.

The photocatalytic NO removal in CNX/TC-2% was investigated

using in situ diffused reflection Fourier transform infrared spec-

troscopy (in-situ DRIFTS) (Fig. 6d). Under visible light irradiation,

various characteristic peaks belonging to NO derivatives appeared.

NO3
− bands were observed at 1268, 1337, 1499 and 2354 cm−1,

the bands at 1073 and 1717 cm−1 are assigned to NO2
−, the peak

at 1196 cm−1 was attributed to the NO+ band, and its reaction

products are related to the nitrate and nitrite species [27–29].

The premise of photocatalytic removal of NO is the adsorption

of target molecules on the catalyst surface. The adsorption state of

NO and O2 on the catalyst surface was studied by NO and O2 tem-

perature programmed desorption (NO-TPD, O2-TPD) method [30].

The position of the peak indicates the adsorption strength, and the

area of the peak represents the adsorption capacity. As shown in

Fig. 6e, there are two distinct peaks at 142 °C and 340 °C over CNX,

the peak at 142 °C is attributed to the physical adsorption or weak

chemisorption of NO, and the other peak is attributed to strong

chemisorption. Compared with CNX, all the peaks in CNX/TC-2%

were shifted toward a higher temperature, which suggests an in-

crease in the adsorption strength of NO. Additionally, the area of

the peak at 399 °C decreased, indicating a decrease in the number

of NO molecules that were strongly chemisorbed with the cata-

lyst. CNX/TC-2% possesses a moderate adsorption strength for NO,

which is beneficial for reactant molecules to participate in the sub-

sequent reactions and desorption.

Based on the above experiment results, the possible photocatal-

ysis mechanisms for NO removal were proposed, as illustrated in

Fig. 6f. Under visible light irradiation, charge carriers are separated

in CNX, part of excited electrons is captured by nitrogen vacancies,

and the rest of excited electrons are transferred to TC due to the

lower Fermi level. The adsorbed O2 or H2O molecules reacted with

separated charges in the TC layer to generate •O2
– or •OH radicals,

which participate in the photocatalytic NO removal process [31].

The speculated reaction process of NO removal by CNX/TC-2% are

described as follow (Eqs. 1–8):
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Fig. 6. (a) EPR spectra of •O2
− , (b) •OH, (c) 1O2 signal, (d) in-situ DRIFTS spectra during adsorption and photocatalytic NO. (e) NO-TPD curves of different samples. (f)

Photocatalytic mechanisms for NO removal in CNX/TC.

O2 + e– → •O2
– (1)

h+ +OH– → •OH (2)

NO+ +2•OH+2 OH−→ H2O+NO3
− (3)

2NO2
− + 1O2 +4h+ →2NO3

− (4)

NO+O2 →NO2 (5)

NO2 + e− →NO2
− (6)

2NO+ 1O2 +3h+ →2NO2
− (7)

2NO2
− + •O2

− +h+ →2NO3
− (8)

In this work, TC modified N-defective g-C3N5 photocatalysts

were synthesized successfully. The NO removal rate of CNX/TC-2%

was the highest (48%) and the photocatalytic activity could be re-

covered by washing after the cyclic test. The greatly improved pho-

tocatalytic performance may be due to the existence of N vacancies

and TC inhibiting the charge carrier’s recombination. In particular,

the catalyst structure was reconstructed during the photocatalytic

process, changing from crystal to amorphous structure, thanks to

the long-range atomic disorder, amorphous TC possesses abundant

unsaturated edge sites, which are conducive to the removal of NO.

Furthermore, the possible photocatalytic pathways of NO removal

were proposed. This study brings new insights into the role of

amorphous TC in promoting activity and byproduct inhibition dur-

ing NO photocatalytic oxidation, expanding the application of TC

and g-C3N5 in the field of photocatalysis.
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