
Chemical Engineering Journal 440 (2022) 135910

Available online 22 March 2022
1385-8947/© 2022 Elsevier B.V. All rights reserved.

Shell inspired heterogeneous membrane with smaller bandgap toward 
sunlight-activated sustainable water purification 

Yangyang Feng a, Chunjia Luo a, Xushuai Chen a, Jincui Gu b,c,*, Yanmei Zhang a, Min Chao a, 
Mengru Li a, Tao Chen a,b,c,*, Xi Chen a, Xun Wang d,*, Luke Yan a,* 

a Polymer Materials & Engineering Department, School of Materials Science & Engineering, Chang’an University, Xi’an 710064, PR China 
b Key Laboratory of Marine Materials and Related Technologies, Zhejiang Key Laboratory of Marine Materials and Protective Technologies, Ningbo Institute of Material 
Technology and Engineering, Chinese Academy of Science, Ningbo 315201, PR China 
c School of Chemical Sciences, University of Chinese Academy of Science, Beijing 100049, PR China 
d Key Lab of Organic Optoelectronics and Molecular Engineering, Department of Chemistry, Tsinghua University, Beijing 100084, PR China   

A R T I C L E  I N F O   

Keywords: 
MXene heterojunction 
g-C3N4 

Bandgap 
Self-cleaning 
Water purification 

A B S T R A C T   

MXene attracts extensive interest due to its unique physicochemical properties and adjustable transmission 
channels. However, severe membrane fouling has made the separation performance below the theoretical pre
diction. Introducing solar energy into membrane filtration is fascinating to address this issue. Inspired by nature, 
here, we constructed an advanced 0D/2D/2D MXene-based heterogeneous layered membrane by coupling the 
graphitic carbon nitride (g-C3N4) and Ti3C2Tx (MXene) nanosheets. The titanium dioxide nanoparticles (TiO2 
NPs) and oxygen vacancies were in-situ generated due to the thermodynamical metastability of the Ti3C2Tx 
nanosheets. The produced TiO2 NPs can broaden the transmission channel and endow this membrane with anti- 
fouling capacity. Meanwhile, the oxygen vacancy can capture the photogenerated electron and promote effective 
electron-hole pairs separation. The 0D/2D/2D heterojunction presented a broader light-absorption capacity. 
Notably, the designed membrane endowed a smaller bandgap (~2.27 eV), which was lower than most previous 
reports. These features granted it superior self-cleaning ability. Hence, it kept its excellent separation and cat
alytic degradation capacity with flux recovery ratio greater than 98% after cyclic experiment. The remarkable 
self-cleaning capability of this membrane manifests its attractive potential application in low-energy and sus
tainable water purification.   

1. Introduction 

The freshwater shortage has exerted severe challenges to modern 
societies.[1] Membrane separation technology is viewed as a promising 
solution to get clean water.[2] Mainly, two-dimensional (2D) separation 
membranes have presented great potential for water purification. To 
date, numerous 2D membranes have been fabricated, such as MXene[3], 
boron nitride (BN)[4], graphene oxide (GO)[5], graphite phase carbon 
nitride (g-C3N4)[6], covalent organic frameworks (COF)[7], molybde
num disulfide (MoS2)[8], metal–organic framework (MOF) nanosheets 
[9], and so forth. Generally, these 2D membranes have ultrathin 
parallel-stacked structures, and numerous nanochannels were produced 
among these nanosheets, which serve as the screening channel for ul
timate separation efficiency. 

Ti3C2Tx (MXene), as a fast-growing 2D material, has received 

comprehensive attention to building advanced separation membranes, 
benefiting from its rich surface chemistry and unique physicochemical 
property.[10–11] For one thing, abundant functional components, for 
example, hydroxyl and terminal oxygen groups, can be introduced onto 
the surface of the MXene during the etching process. These functional 
groups can enhance hydrophilicity and provide a reaction platform for 
secondary functionalization.[10–11] For another, the MXene-based 
membranes have controllable transmission channels to achieve on- 
demand separation.[12–13] Until now, the research on MXene-based 
separation membranes has brought inspiring achievements. However, 
these membranes are highly susceptible to irreversible membrane 
fouling because of the severe interfacial adsorption or deposition of 
contaminations.[14] Similarly, their separation flux decreases with 
prolonged arising from high mass transfer resistance. Hence, it remains a 
critical issue to construct MXene-based membranes with self-cleaning 
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performance for water purification.[10–13]. 
Photocatalysis is a green and sustainable technology for environ

mental remediation.[14–15] Coupling membrane filtration and photo
catalysis have become a research hotspot for wastewater treatment.[16] 
Besides, the titanium dioxide nanoparticles (TiO2 NPs) can be generated 
on the Ti3C2Tx nanosheets, and the heterojunction can be formed.[13] It 
is anticipated that the TiO2 NPs can endow the Ti3C2Tx nanosheets with 
hydrophilicity and anti-fouling ability.[17] Based on these appealing 
properties, almost all the efforts are devoted to fabricating advanced 
MXene-based separation membranes with synergistically overall per
formances. For instance, Li et al. reported a 2D MXene/bismuth sub
carbonate membrane for water purification.[3] The bismuth 
subcarbonate provided more channels for separation layers to enhance 
permeation flux and endowed this membrane with photocatalytic ca
pacity. Sun et al. prepared a MXene-based lamellar membrane with high 
flux, self-cleaning (10 cycles), and stable separation ability under harsh 
conditions.[18] Lin et al. designed a TiO2@MXene membrane with a 

flux recovery ratio of 80.2%~99.56% and an excellent self-cleaning 
function under UV irradiation.[19] However, the TiO2 NPs usually 
have a wide bandgap, and their absorption of sunlight is limited to the 
UV range, so the energy utilization is insufficient. In addition, their 
photogenerated carrier migration process is usually prone to the com
pounding of electron-hole pairs. Hence, the photocatalytic efficiency 
will be decline. Therefore, achieving a wide range of sunlight absorption 
is crucial for efficient and sustainable wastewater purification. g-C3N4 
nanosheets have received tremendous attention to design advanced 
membranes attributing their inherent merits. Recently, we presented an 
advanced g-C3N4-based membrane with excellent self-cleaning ability. It 
can realize continuous water purification with stable separation per
formance, catalytic degradation ability and antibacterial capacity, sug
gesting its potential value for optimizing the water environment.[16] 
Combining photocatalysis with specific structures will effectively solve 
the above problem. 

Shells are the masterpiece of nature. They present 2D layered 

Fig. 1. Schematic illustration of the 0D/2D/2D MXene-based heterogeneous membrane fabrication through the solvothermal reaction and subsequent interface self- 
assembly. (A) Shells exhibit a stable structure and good self-cleaning ability due to the cross-stacked laminar structure and surface secretion of dopamine. (B) The 0D 
TiO2 NPs and abundant oxygen vacancies were generated on the Ti3C2Tx (MXene) nanosheets. (C) The MXene@TiO2 nanosheets were combined with the g-C3N4 
nanosheets through the interface self-assembly and hydrogen bonding. (D) Under the synergy of the oxygen vacancies, TiO2 NPs, and g-C3N4 nanosheets, the ob
tained 0D/2D/2D MXene-based heterogeneous membrane presented excellent self-cleaning performance under sunlight for wastewater purification. 
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structures to give themselves good mechanical property. Moreover, they 
show good self-cleaning ability due to dopamine secretion.[20] Inspired 
by nature, here, by combining the advantages of the g-C3N4 and MXene 
nanosheets, we constructed an advanced 0D/2D/2D MXene-based het
erogeneous layered membrane through solvothermal reaction and sub
sequent interface self-assembly (Fig. 1A-1C). Because of their 
thermodynamical metastability, the 0D TiO2 nanoparticles (NPs) can be 
produced on the Ti3C2Tx nanosheets (Fig. 1B). The TiO2 NPs can 
broaden the transmission channel and endow the 0D/2D/2D heteroge
neous membrane with anti-fouling ability. Meanwhile, abundant oxygen 
vacancies can be created on the Ti3C2Tx nanosheets, trapping the pho
togenerated carriers, restraining charge recombination, and facilitating 
the effective spatial separation of electron-hole pairs (Fig. 1B).[21] 
Furthermore, the 0D/2D/2D heterojunction showed a broader sunlight- 
absorption ability than the origin g-C3N4 nanosheets and the Ti3C2Tx 
nanosheets. Hence, the obtained 0D/2D heterojunction can increase the 
lifetime of the electron-hole pairs and expand the wavelength range of 
light response. Moreover, due to the synergy of the oxygen vacancies, 
TiO2 NPs, and g-C3N4 nanosheets, the obtained heterogeneous mem
brane was endowed with a smaller bandgap (~2.27 eV) than most 
previous reports. This superior feature gives this membrane an excellent 
self-cleaning performance under sunlight. Therefore, it can maintain its 
original separation and photocatalytic degradation abilities with a more 
than 98% flux recovery ratio after the 45-times filtration experiment 
(Fig. 1D). Besides, it presented outstanding environmental stability 
under harsh water conditions. This work may provide a platform for 
building an advanced separation membrane with an excellent self- 
cleaning property for practical water purification. 

2. Experimental 

2.1. Materials 

Ti3AlC2 (MAX) powder (~98%) was obtained from Jilin 11 Tech
nology Co., Ltd. Lithium fluoride (LiF) was provided by Aladdin 
(Shanghai) Co., Ltd. Melamine and phosphorous acid were got from 
Tianjin Kemiou Chemical Reagent Co., Ltd. Hydrochloric acid (HCl) was 
provided by Tianjin Fengchuan Chemical Reagent Technology (Tianjin) 
Co., Ltd. Different contaminants molecules, including methylene blue 
(MB), p-nitrophenol (4-NP), tetracycline (TC), and rhodamine B (RhB) 
were bought from Aladdin (Shanghai) Co., Ltd. Different oils, including 
chloroform, toluene, was purchased from Aladdin Bio-Chem Technology 
Co., LTD. Benzoquinone (BQ), isopropanol (IPA), disodium EDTA 
(EDTA-2Na), bovine albumin (BSA), humic acid (HA), and alginic acid 
(AA) were bought from Aladdin (Shanghai) Co., Ltd. PVDF (pore: ~220 
nm) was obtained from Millipore Industrial & Lab Chemicals. Others 
were got from Aladdin (Shanghai) Co., Ltd. 

2.2. Fabrication of the Ti3C2Tx (MXene) nanosheets. 

Ti3C2Tx (MXene) nanosheets were prepared based on the etching 
methods reported previously.[3] Firstly, LiF (1.6 g) was poured into HCl 
(9 mol/L, 20 ml) to prepare the etching solution. Secondly, the 1.0 g of 
Ti3AlC2 (MAX) powder was slowly added into the LiF-HCl etching so
lution in an ice bath and continued to stir for 36 h at 45 ℃. The Ti3C2Tx 
(MXene) suspension was repeatedly washed with deionized water to pH 
greater than 6. The residue was diluted and sonicated under argon at
mosphere for 2 h to peel the stacked nanosheets. The multilayer product 
was further removed by centrifugation at the suspension at 3500 rpm for 
20 min. Finally, the Ti3C2Tx (MXene) nanosheets were got by discarding 
the precipitate and freeze-drying for 20 h. 

2.3. Fabrication of the g-C3N4 nanosheets. 

The g-C3N4 nanosheets were fabricated by combining solvothermal 
and high-temperature sintering methods.[22] Firstly, 1.2 g of 

phosphorous acid and 1.0 g of melamine were dissolved in 100 ml DI 
water and stirred vigorously under 80℃ for 1 h. Secondly, the reaction 
solution was transferred to 150 ml of Teflon-lined autoclave under 
180℃ for 10 h. Thirdly, the reactor was cooled to room temperature to 
release the pressure, and the product was washed with DI water and 
dried. The precursor (0.6 g) was placed in a mixture of glycerol (6 ml) 
and ethanol (18 ml), refluxed at 90℃ for 4 h with stirring. Finally, the g- 
C3N4 powders were heated at 500℃ in the air for 2 h. The g-C3N4 
nanosheets were obtained as yellow powders. 

2.4. Fabrication of the MXene@TiO2 heterojunction and MXene@TiO2/ 
g-C3N4 heterojunction. 

The Ti3C2Tx (MXene) nanosheets and g-C3N4 nanosheets were added 
into water/ethanol (volume ratio = 1:1) mixed solution (60 ml) with 
varying mass ratios (1:0, 1:0.5, 1:1, 1:1.5). The mixture was sonicated 
and transferred to the Teflon-lined autoclave and hydrothermally reac
ted at 160℃ for 20 h. Lastly, the product was centrifuged, washed, and 
dried to obtain MXene@TiO2 (Ti3C2Tx: g-C3N4 = 1:0), MXene@TiO2/g- 
C3N4 (Ti3C2Tx: g-C3N4 = 1:0.5, 1:1, 1:1.5) heterojunctions, respectively. 

2.5. Fabrication of the M, MC, MT, and MTC membranes. 

The MXene, MXene/g-C3N4, MXene@TiO2, and MXene@TiO2/g- 
C3N4 membranes were prepared via vacuum-assisted self-assembly. 
Specifically, the MXene, MXene/g-C3N4, MXene@TiO2, and MXene@
TiO2/g-C3N4 nanosheets were dispersed into the DI water (0.5 mg/ml) 
and ultrasound for 4 h, respectively. Then, the MXene, MXene/g-C3N4, 
MXene@TiO2, and MXene@TiO2/g-C3N4 dispersions with the same 
volume and concentration (0.5 mg/ml) were vacuum filtered onto the 
PVDF substrate under 0.2 bar. They were dried at room temperature for 
15 h. The MXene membrane, MXene/g-C3N4 membrane, MXene@TiO2 
membrane, MXene@TiO2/g-C3N4 membrane (Ti3C2Tx: g-C3N4 = 1:0.5, 
1:1, 1:1.5) were marked as M membrane, MC membrane, MT mem
brane, MTC-0.5 membrane, MTC-1 membrane, MTC-1.5 membrane, 
respectively. 

3. Results and discussion 

The Ti3C2Tx nanosheets were obtained by etching the Al layer of the 
Ti3AlC2 (MAX) in the LiF-HCl mixture.[4] Scanning electron microscopy 
(SEM) was performed to investigate the micromorphology change. As 
shown in Figure S1, the precursors Ti3AlC2 (MAX) presented a multi
layer stacking state. However, after being etched, the interaction be
tween the layers was weakened, and the Ti3C2Tx nanosheets were 
obtained. The produced Ti3C2Tx nanosheets presented an accordion-like 
structure and were split from each other, indicating the successful 
etching of the Ti3AlC2 (MAX) (Fig. 2A). Transmission electron micro
scopy (TEM) image revealed that the single-layer Ti3C2Tx nanosheets 
were thin and almost transparent (Fig. 2B). At the same time, the lattice 
fringes with an interplanar space of 0.26 ± 0.001 nm can be observed 
from the high-resolution TEM (HRTEM), which was due to the (110) 
crystal face of Ti3C2Tx nanosheets (Fig. 2C).[23]. 

Furthermore, the overall crystallinity of the Ti3AlC2 and Ti3C2Tx 
nanosheets was studied through X-ray diffraction (XRD). The diffraction 
peak of the Ti3AlC2 (MAX) at 38.8◦ (104) disappeared, indicating the 
etching of Al (Fig. 2D).[24] Meanwhile, the (002) crystal plan shifted 
from 9.5◦ to 6.3◦, intimating that Ti3AlC2 nanosheets had been suc
cessfully peeled off.[24] The average thickness of these Ti3C2Tx nano
sheets was ~ 1.67 nm, and their average lateral size was ~ 1.5 μm 
(Fig. 2E-2F). The high aspect ratio of the Ti3C2Tx nanosheets reduced the 
meso- and macropores’ presence and ensured the uniformity in the 
MXene-based membranes.[25]. 

The marginal titanium atoms can assume the role of the nucleating 
sites to generate the titanium dioxide nanoparticles (TiO2 NPs).[26] 
Thereby, a Ti3C2Tx-based heterojunction can be facilely formed. As 
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shown in Figure 2D, a new peak at 25.4◦ was observed on the MXe
ne@TiO2 (MT) heterojunction, which was resulted from the (101) 
crystal face of the TiO2 NPs phase.[26] Besides, the TiO2 NPs uniformly 
loaded on the Ti3C2Tx nanosheets (Fig. 2G, Figure S2). The lattice 
fringes with a space of 0.35 ± 0.003 nm can be observed in the HRTEM, 
which was ascribed to the (101) plane of anatase TiO2 NPs (Fig. 2H). 
[27] These results proved the co-existence of anatase TiO2 and Ti3C2Tx 
nanosheets. The introduction of TiO2 NPs can effectively inhibit the 
individual Ti3C2Tx nanosheets from stacking and accelerate the electron 
excitation.[28]. 

The growth mechanism of the formations of TiO2 NPs may be as 
follows. During the wet chemical exfoliation process of MXene, Ti va
cancy defects can be formed. Positively charged Ti vacancies can pro
mote carbon oxidation in MXenes, resulting in producing more electron- 
hole pairs. Due to the high conductivity of the MXene, electrons easily 
aggregate on the MXene nanosheets unevenly, forming an internal 
electric field. Due to the accumulation of electrons, O2 gains electrons to 
create ⋅O2

– into the lattice. Meanwhile, driven by the internal electric 
field, the Ti ions diffuse to the negative electrode and react with ⋅O2

– to 
form TiO2 (Fig. 2I).[28] Moreover, the introduction of oxygen vacancies 
may be attributed to two reasons. On the one hand, the TiO2 is reduced 

by the unoxidized Ti, resulting in oxygen absence and oxygen vacancies 
formation. On the other hand, the surface groups of MXene are changed 
during the solvothermal process. Partial –OH groups are removed, and 
vacancy defects at the O atoms are created.[29]. 

The microstructure of the g-C3N4 nanosheets was characterized 
through AFM and SEM. As displayed in Figure S3, the average lateral 
size of the g-C3N4 nanosheets was ~ 500 nm, much smaller than the 
Ti3C2Tx nanosheets. The amorphous g-C3N4 nanosheets were anchored 
between MT layers, and the MXene@TiO2/g-C3N4 (MTC) hetero
junction was built. Moreover, the TiO2 NPs evenly decorated on the MTC 
heterojunction. Furthermroe, the introduction of g-C3N4 nanosheets 
formed hydrogen bonding (H-bonding) with the MT heterojunction, and 
did not alter the original lamellar structure of the Ti3C2Tx nanosheets 
(Fig. 3A). The lattice distribution in the HRTEM image further demon
strated the tight interfacial contact of g-C3N4 with the MT (Fig. 3B-3C). 
Besides, there were two different lattices with 0.26 ± 0.001 nm and 0.35 
± 0.003 nm stripe widths. The former was representative of the (110) 
crystal plane of the MXene, and the latter was assigned to the (101) 
crystal plane of the TiO2 (Fig. 3C).[23,27] In addition, a distinct 
amorphous structure can be observed (Fig. 3C), corresponding to the 
presence of g-C3N4 (Figure S4). The co-existence of the two lattice 

Fig. 2. (A) SEM image of the Ti3C2Tx nanosheets. (B) TEM image of the Ti3C2Tx nanosheets and its responding HRTEM image (C). (D) XRD patterns of Ti3AlC2 
(MAX), single-layer Ti3C2Tx (MXene), MXene@TiO2 powers. (E) AFM image of the Ti3C2Tx nanosheets and their responding thickness distribution. (F) The size 
distribution of the Ti3C2Tx nanosheets. (G) TEM image of the MXene@TiO2 nanosheets and the responding HRTEM image (H). (I) Schematic diagram of the gen
eration process of the 0D TiO2 NPs and abundant oxygen vacancies on the surface of the Ti3C2Tx nanosheets due to the thermodynamical metastability of the 
Ti3C2Tx nanosheets. 
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fringes and the amorphous state confirmed the successful fabrication of 
the MTC heterojunction, benefiting from the H-bonding between the 
Ti3C2Tx nanosheets and g-C3N4 nanosheets (Fig. 3D).[30] Fourier- 
transform infrared spectroscopy (FTIR) was used to prove the H- 
bonding formation. There was an apparent absorption peak at ~ 3300 
cm− 1, attributed to the stretching vibrations of –OH (Figure S5A).[31] 
Compared with the MT membrane, the –OH stretching vibration peak of 
the MTC membrane became wider. A significant redshift occurred, 
indicating the generation of H-bonding between the MT and g-C3N4 
nanosheets (Figure S5B).[32]. 

The MXene-based membranes were obtained through the vacuum- 
assisted interface assembly with an effective radius of ~ 2 cm 
(Figure S6). Fig. 3E and Figure S7 showed the cross-section SEM image 
of the MTC membrane with a shell-like structure and a thickness of 1.8 
± 0.05 μm, which was higher than that of the MXene (M) membrane (0.8 
± 0.06 μm), MT membrane (1.0 ± 0.03 μm), MXene/g-C3N4 (MC) 
membrane (1.4 ± 0.09 μm) (Figure S8). Moreover, the Ti3C2Tx nano
sheets were stacked with g-C3N4 nanosheets in a well-aligned manner. 
Besides, the Energy Dispersive Spectroscopy (EDS) results proved the 
homogeneous distribution of the Ti, C, O, N elements in the MTC 
membrane (Fig. 3F), indicating the uniform combination of the Ti3C2Tx 
nanolayers and g-C3N4 nanosheets. The differentiated lateral size was 
beneficial to build unique micro-pores and nano-pores and create 
additional transport channels for separation.[33] Moreover, the in-situ 
derivatization of TiO2 NPs can support the interlayer between the 
Ti3C2Tx nanosheets and g-C3N4 nanosheets, further improving the 
interfacial contact and extending the transport channels.[34]. 

The microstructure of the MXene-based membranes was further 
characterized through SEM. The MTC membrane was rougher than the 
others (Fig. 4A). This result was consistent with the responding atomic 
force microscopy (AFM) images (Fig. 4B, Figure S9). The enhanced 
roughness can facilitate the effective contact between membrane surface 
and contaminants to expose more active sites for solar energy utiliza
tion.[35,36]. 

X-ray photoelectron spectroscopy (XPS) was further carried out to 
analyze the chemical characterization of these membranes. As shown in 
Fig. 4C, four elements C, Ti, O, and F existed on the M membrane. 
However, the F 1 s peak disappeared in the XPS curves of the other 
membranes, indicating the substitution of Ti-F groups during the het
erojunction formation.[37] Moreover, a clear N 1 s peak appeared in the 
MC membrane and MTC membrane, indicating the successful intro
duction of g-C3N4 (Fig. 4C). Furthermore, the Ti 2p spectrum of the M 

membrane was divided into eight peaks, locating at 464.4 eV, 462.7 eV, 
462.1 eV, 461.0 eV, 458.9 eV, 456.4 eV, 455.4 eV, 454.8 eV, which were 
corresponded to Ti(IV), Ti(III), Ti(II) and Ti-C bonds of 2p1 and 2p3 

orbitals, respectively (Fig. 4D).[38] In addition, compared to the M 
membrane, the intensity of the low-valence Ti peak in the MTC mem
brane weakened, which indicated a redox reaction occurred during the 
formation of heterojunction (Fig. 4D).[39] The lower valence Ti com
pounds were more reductively active, and therefore could be easily 
consumed as an electron donor for the reduction reaction.[39] Besides, 
the Ti(IV) peak of the MTC membrane moved to lower binding energy 
compared to the M membrane (Fig. 4D). This phenomenon confirmed 
the directional migration of electrons from g-C3N4 nanosheets to Ti3C2Tx 
nanosheets.[37] Additionally, the N 1 s spectrum in the g-C3N4 and MTC 
membranes was divided into three peaks assigned to N-NH2, N-(C)3, and 
C-N = C (Fig. 4E).[40] The overall shift of the N 1 s peak in the MTC 
membrane toward the high binding energy further indicated the tight 
interfacial contact and electron transport between g-C3N4 and Ti3C2Tx 
nanosheets.[41] Besides, compared to the g-C3N4 membrane, the N-C =
N bond in the C 1 s XPS spectrum of the MTC membrane shifted posi
tively, confirming the formation of MTC heterojunctions (Figure S10). 
[23]. 

Moreover, the MTC membrane became more affinities to water 
owing to the micro-scale multilayer structure and hydrophilic functional 
groups.[42] Furthermore, the WCA of the MTC membrane attained 36.4 
± 2.26◦ with the mass ratio of the Ti3C2Tx and g-C3N4 being 1:1 
(Fig. 4F). The water droplet quickly passed through the MTC-1 mem
brane within ~ 9 s, which was faster than the M membrane (281 ± 15 s), 
MC membrane (17 ± 2 s), and MT membrane (14 ± 1 s) (Movie S1-S4). 
Meanwhile, the MTC-1 membrane presented underwater super
oleophobicity property toward all the investigated oils with contact 
angles above 150◦ compared with the other membranes (Fig. 4G, 
Figure S11). Therefore, in the dynamic adhesion test, the oil droplet 
quickly detached once being contacted with the surface of the MTC-1 
membrane because of the hydration water layer on the solid/water/oil 
three-phase interface (Figure S12).[43] Besides, the MTC-1 membrane 
displayed corrosion resistance ability if being immersed in the hydro
chloric acid (HCl), sodium hydroxide (NaOH), and sodium chloride 
(NaCl) solutions, respectively. The underwater oil contact angle for the 
MTC-1 membrane was maintained above 150◦ under these strict con
ditions for 24 h, indicating its excellent environmental stability 
(Fig. 4H). 

Oxygen vacancies (OV) can also be generated along with the TiO2 

Fig. 3. (A) TEM image of MTC heterojunction. (B) TEM image of MTC heterojunction and its responding HRTEM image (C). (D) Schematic diagram of the interaction 
of the MT nanosheets and g-C3N4 nanosheets. (E) SEM image of a cross-section of the MTC membrane. (F) EDS maps of the MTC membrane. 
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NPs due to the thermodynamical metastability of the Ti3C2Tx nano
sheets.[21] As shown in Figure 5A, a distinct characteristic peak can be 
observed at ~ 531.6 eV, indicating the presence of OV in the MTC 
membrane.[44] The binding energies at ~ 532.8 eV and ~ 529.8 eV in 
the O 1 s XPS spectrum corresponded to the chemically adsorbed oxygen 
(OC) and lattice oxygen (OL), respectively.[45] Moreover, the room 
temperature electron paramagnetic resonance (EPR) confirmed the 
abundant OV in the MTC membrane.[15] As shown in Fig. 5B, the MTC 
membrane rather than the M membrane and MT membrane displayed a 
distinctive sign with the g value of 2.004, which was related to the 
unpaired electrons’ typical signals OV in the MTC membrane.[44,46] 
Furthermore, there was almost no change, even changing the content 
ratio of the g-C3N4 in the MTC membrane. The introduction of OV was 
also proved through the UV–vis diffuse reflectance. The M and MC 
membranes exhibited plateauing optical absorption from 230 to 700 nm 
because of the unique optical absorption properties of MXene (Fig. 5C). 
[47] The MT membrane revealed a significant absorption threshold ~ 
400 nm, attributing to the intrinsic absorption of TiO2 NPs.[46] In 
addition, the oxygen atoms were removed from the crystal lattice after 
OV formation. The excess electrons were captured by the surrounding 

metal atoms, thereby changing the orbital structure, narrowing the 
bandgap width of the material, and improving light absorption. There
fore, the MTC membrane displayed extended absorption in the 400 ~ 
700 nm range.[15] These results were consistent with that of the XPS 
and EPR spectrum. Besides, the absorption edge of the MTC membrane 
displayed a redshift compared to the other membrane (Fig. 5C).[26] 
This change endowed the MTC membrane with enhanced visible-light 
absorptive ability. 

Based on the UV–vis diffuse reflectance spectrum, the bandgaps of 
these membranes were calculated through the Kubelka-Munk method. 
As shown in Figure S13, the M membrane exhibited a flat absorption, 
and the bandgap was ~ 0.09 eV, which was consistent with the previous 
report.[48] Moreover, due to the g-C3N4 introduction, the MC mem
brane showed a smaller absorption peak at ~ 400 nm, resulting in a 
bandgap of ~ 0.47 eV. Nevertheless, the electron-hole pairs easily 
recombined among these two membranes.[23] The bandgap of the MT 
membrane was ~ 2.54 eV. After introducing the g-C3N4 nanosheets into 
the MT membrane, the bandgap of the MTC membrane was ~ 2.27 eV, 
which was smaller than the pure g-C3N4 membrane (~2.78 eV) 
(Fig. 5D). The Mott-Schottky curve further investigated the bandgap. 

Fig. 4. (A) SEM images of the M membrane, MT membrane, MC membrane, and MTC membrane, respectively. (B) The roughness results of the M membrane, MC 
membrane, MT membrane, and MTC membrane, respectively. (C) XPS spectra of the M membrane, MC membrane, MT membrane, and MTC membrane, respectively. 
(D) Ti 2p XPS spectra with the fitting results of the M membrane and MTC membrane. (E) N 1 s XPS spectra with the fitting results of the g-C3N4 and MTC membranes. 
(F) Water contact angle (5 s) and wetting time of different membranes (1-M membrane, 2-MC membrane, 3-MT membrane, 4-MTC-0.5 membrane, 5-MTC-1 
membrane, 6-MTC-1.5 membrane). (G) The underwater oil contact of the MTC-1 membrane for various oils. (H) The underwater contact angles of the MTC-1 
membrane for chloroform after immersion in different environments for 24 h. 
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The slope of the linear part was positive, indicating the MTC was an n- 
type semiconductor (Fig. 5E). The flat-band potential of MTC relative to 
the Ag/AgCl electrode was about − 0.32 V, and the conduction band 
(CB) potential of the MTC was about − 0.42 V. According to the standard 
electrode potential of Ag/AgCl, the CB potential of MTC under standard 
hydrogen electrode was about − 0.22 V (ECB). Besides, XPS was applied 
to measure the valence band (VB) of the MTC-1 membrane. As shown in 
Fig. 5F, the VB of MTC was ~ 2.01 eV (EVB). According to Eg = EVB-ECB, 
the Eg of the MTC-1 membrane was ~ 2.23 eV, which was close to the Eg 
obtained by the Kubelka-Munk method (~2.27 eV). The lower bandgap 
of the MTC membrane was due to the optimized electronic band struc
ture and the oxygen vacancies introduction during the formation of the 
MTC heterojunction.[49,50] Moreover, the bandgap of the MTC mem
brane was smaller than the majority of previous works (Fig. 5G). 
[23,34,51–63] These features will endow the MTC membrane with high 
sunlight absorption capacity and excellent photocatalytic degradation 
performance for contaminations under sunlight (Table S1).[63]. 

The electrochemical impedance spectroscopy (EIS) was further 
applied to investigate the electron mobility of each membrane. As 
shown in Fig. 5H, the MXene membrane has the smallest radius, indi
cating that MXene has higher electrical conductivity. The excellent 
electrical conductivity made the MXene membrane a good electron- 
accepting platform, which promoted charge separation.[64] Besides, 
compared with the MC and MT membranes, the MTC-1 membrane has a 

smaller radius, indicating that the heterojunction is beneficial to reduce 
the interfacial charge transfer resistance, accelerate the migration of 
photogenerated carriers, thereby improving the photocatalytic perfor
mance of the MTC-1 heterojunction.[65]. 

The special wettability made the MTC membrane a good choice for 
water purification. As shown in Figure S14A, the MTC-1 membrane 
presented an excellent separation capacity for chloroform-in-water (C/ 
W) emulsion, toluene-in-water (T/W) emulsion, 1, 2-dichloroethane-in- 
water (D/W) emulsion, dichloromethane-in-water (DM/W) emulsion, n- 
hexene-in-water (H/W) emulsion, with the efficiency of 98.4 ± 0.3%, 
99.4 ± 0.4%, 94.4 ± 0.4%, 98.5 ± 1.5%, 96.5 ± 0.9%, respectively. 
Furthermore, the separation flux of the MTC-1 membrane for C/W 
emulsion was higher than that of the other membranes (Figure S14B). 
The M membrane showed a lower separation flux of 36.7 ± 2.9 L m-2h− 1 

bar− 1 because of the tightly stacked and narrow channels of the Ti3C2Tx 
nanosheets. However, after introducing the g-C3N4 nanosheets, a 
“defective” layer stack was created, and thus an effective diffusion path 
for mass transfer was provided.[4] Similarly, the in situ-growth TiO2 
NPs can be acted as a 0D nano-support to construct unique interlayer 
channels with a loose structure.[49] Hence, the separation flux of MC 
and MT membranes increased to 52.1 ± 3.4 L m-2h− 1 bar− 1 and 103.1 ±
10.7 L m-2h− 1 bar− 1, respectively. Furthermore, by coupling the TiO2 
NPs and g-C3N4 nanosheets, the separation flux of the MTC-1 membrane 
attained 231.8 ± 27.2 L m-2h− 1 bar− 1 (Figure S14B). In addition, 

Fig. 5. (A) O1s XPS spectra of the MTC membrane. (B)EPR spectra of the M, MT, MTC-0.5, and MTC-1 membranes. (C) UV–vis absorption spectra of M membrane, g- 
C3N4 membrane, MC membrane, MT membrane, and MTC membrane. (D) Plots of (Ahν)1/2 versus hν of the g-C3N4 membrane, MT membrane, and MTC-1 membrane. 
(E) Mott-Schottky plots of MTC-1 membrane. (F) XPS valence band spectrum of MTC-1 membrane. (G) Bandgap comparison of different MXene-based and g-C3N4 
based heterojunctions previously reported and this work. (H) EIS spectra of the M, MT, MC, MTC-1 membrane. 
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optical microscopy and dynamic light scattering measurement (DLS) 
were also performed to evaluate the separation ability of the MTC-1 
membrane. As displayed in Figure S15, the filtration was almost 
transparent and different from the milky-white feed with a size larger 
than 100 nm. In addition, the cyclic separation performance of the MTC- 
1 membrane was evaluated. There was no remarkable change after the 
45-times cycles separation process, indicating the excellent separation 
performance of the MTC-1 membrane (Fig. 6A). 

The self-cleaning performance was also studied through the 
sequential “water-C/W emulsion-water-water” process. The initial water 
fluxes (J0) of the M, MC, MT and MTC-1 membranes were 859 ± 46 L m- 

2h− 1 bar− 1, 986 ± 43 L m-2h− 1 bar− 1, 4479 ± 332 L m-2h− 1 bar− 1, 
13016 ± 2494 L m-2h− 1 bar− 1, respectively (Fig. 6B). However, the C/W 
emulsion fluxes (J1) of these membranes decreased sharply into 39.3 ±
0.6 L m-2h− 1 bar− 1, 54.0 ± 1.0 L m-2h− 1 bar− 1, 121.3 ± 8.3 L m-2h− 1 

bar− 1, 246.3 ± 18.7 L m-2h− 1 bar− 1, respectively (Fig. 6B). Even after 
alternative cleaning with water and ethanol, the water fluxes (J2) of 
these membranes only recovered to 305.0 ± 15.5 L m-2h− 1 bar− 1, 570.3 
± 32.2 L m-2h− 1 bar− 1, 2703.3 ± 198.2 L m-2h− 1 bar− 1, 4945.0 ± 354.9 
L m-2h− 1 bar− 1, respectively (Fig. 6B). Excitingly, after sunlight 

irradiation, the water fluxes (J3) of the MTC-1 membrane recovered to 
12754.7 ± 2520.8 L m-2h− 1 bar− 1. However, the water fluxes (J3) of M, 
MC, MT membranes were only 363.3 ± 13.4 L m-2h− 1 bar− 1, 73 ± 25. 9 
L m-2h− 1 bar− 1, 3001.34 ± 171.78 L m-2h− 1 bar− 1, respectively 
(Fig. 6B). 

Furthermore, these membranes’ contamination ratio (R) and the flux 
recovery ratio (FRR) were evaluated on the water flux during the 
continuous separation process. As shown in Fig. 6C, the total contami
nation ratio (Rt) of M, MC, MT, and MTC-1 membranes was more than 
90% due to the high concentration of C/W emulsion and the narrow 2D 
laminar structure. After illumination with sunlight, the flux recovery of 
M, MC, and MT membranes was only 42.0 ± 2.6%, 74.4 ± 1.8%, and 
67.1 ± 2.4%, whereas the flux recovery of MTC-1 membrane attained to 
98.0 ± 0.6%. In addition, the MTC-1 membrane showed the lowest 
irreversible fouling ratio (Rir) of ~ 2% compared with the M membrane 
(57.6 ± 2.6%), MC membrane (25.6 ± 1.8%), and MT membrane (32.9 
± 2.4%). 

The excellent self-cleaning ability of the MTC-1 membrane was due 
to the synergy of the hydration and the photocatalytic degradation ef
fects.[66] For one thing, the superhydrophilicity of the MTC-1 

Fig. 6. (A) The cyclic separation performance of the MTC-1 membrane for C/W emulsion after being irradiated with sunlight. (B) The initial and recovery flux of the 
M membrane, MC membrane, MT membrane, and MTC-1 membrane (J0: initial water flux, J1: separation flux of C/W emulsion, J2: water flux after being washed 
with water and ethanol, J3: water flux after being irradiated under sunlight). (C) The flux recovery ratio (FRR), the total fouling ratio (Rt), irreversible fouling ratio 
(Rir), and reversible fouling ratio (Rr) of the M membrane, MC membrane, MT membrane, and MTC-1 membrane, respectively. (D) The cyclic photocatalytic 
degradation performance of MTC-1 membrane for RhB solution under sunlight. (E) Chloroform contact angle of different membranes under different stages, including 
the initial, contaminated, and irradiation under sunlight. (F) XRD results of the MTC-1 membrane before and after photocatalytic degradation. (G) Photocatalytic 
degradation mechanism of the MTC-1 membrane. 
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membrane effectively inhibited the oil droplets from adhering to its 
inner/outer surface.[67] For another, the heightened visible light ab
sorption performance of the MTC-1 membrane with a small bandgap 
(~2.27 eV) can endow this membrane with superior self-cleaning abil
ity.[16] In addition, Rhodamine B (RhB) was selected as the target 
pollutant to systematically survey the catalytic degradation ability of the 
MTC heterogeneous membrane under simulated sunlight. The dark re
action was conducted for 0.5 h to reach adsorption–desorption equi
librium (Figure S16). The photocatalytic degradation performance of 
these membranes was shown in Figure S17A. The M membrane dis
played lower photocatalytic degradation ability with 37.4 ± 4.6% effi
ciency in 120 min. As to the MT and MC membranes, the photocatalytic 
degradation efficiencies improved 49.2 ± 7.3% and 96.4 ± 1.6%, 
respectively. However, regarding the MTC-1 membrane, the degrada
tion efficiency enhanced to 99.7 ± 0.2% after 90 min. The excellent 
photocatalytic performance of the MTC-1 membrane was attributed to 
the synergy of the roughness and smaller bandgap.[60] The former 
increased specific surface area to expose more reactive sites to decom
pose pollutants.[68] The latter was beneficial to broadening the pho
toresponse range for continuous and efficient photocatalysis. Moreover, 
both the MTC-0.5 and MTC-1.5 membranes presented lower photo
catalytic efficiency. On the one hand, the small Ti3C2Tx nanosheets 
brought fewer charge transfer platforms. On the other hand, excessive 
Ti3C2Tx nanosheets can cover the active sites via shading effect, result
ing in weaker photocatalytic efficiency.[16]. 

A pseudo-first-order kinetic equation with a linear fit of ln(C0/C) 
against time was further surveyed the photocatalytic abilities of these 
membranes. Three-stage kinetics process showed in these membranes. 
The apparent rate constant increased during the photocatalytic degra
dation process of RhB due to the decrease of the reflection and refraction 
of incident sunlight.[69] The maximum photodegradation rate constant 
of the MTC-1 heterogeneous membrane was ~ 0.061 min− 1 in the sec
ond stage, which was 2.9 times and 12.2 times higher than that of the 
MC (~0.021 min− 1) and MT membrane (~0.005 min− 1) (Figure S17B). 
Furthermore, a UV–vis spectrophotometer was explored to survey the 
photocatalytic degradation capacity of these membranes. As shown in 
Figure S17C, there was a significant decrease in the maximum absor
bance (λmax) of M membrane for RhB (~554 nm) at the dark reaction 
stage. The curve almost overlapped after turning on the light, indicating 
the adsorption process of the RhB molecules. However, as to the MC, 
MT, and MTC-1 membranes, the λmax moved to a short wavelength, 
revealing the photocatalytic reaction occurred, and the by-products 
were generated. Especially for the MTC-1 membrane, the λmax gradu
ally blue-shifted from ~ 554 nm to ~ 495 nm, which was resulted from 
the N-de-ethylation and the breakage of the conjugate structure of the 
RhB molecule.[69]. 

The continuous decomposition of RhB also evaluated the stability of 
the MTC-1 membrane. As shown in Fig. 6D, this membrane maintained a 
high RhB degradation efficiency (greater than95%) after 10 cycles of 
degradation, demonstrating the excellent photocatalytic degradation 
performance of the MTC-1 membrane under sunlight. In addition, the 
MTC-1 membrane maintained its initial wettability with an underwater 
chloroform contact angle of 157.7◦± 0.3◦ only after the irradiation of 
the sunlight (Fig. 6E). This result was superior to the other membranes, 
including M membrane, MT membrane, MC membrane (Fig. 6E, 
Figure S18). Besides, the MTC-1 membrane kept its initial XRD state 
even after 10 cycles of photocatalytic degradation that the peaks at ~ 
5.20◦, ~25.10◦, ~26.67◦ assigned to the characteristic diffraction peaks 
of MXene (002), TiO2 (101), and g-C3N4, respectively (Fig. 6F).[24,26] 
In addition, the MTC-1 membrane kept its initial XPS spectra after the 
photocatalytic degradation (Figure S19). The MTC-1 membrane also 
displayed excellent photocatalytic degradation ability for others, such as 
methylene blue (MB), with an efficiency of 99.5% (Figure S20-S21), 
further indicating its potential application for water treatment. 

Apart from dye molecules, p-Nitrophenol (4-NP) and tetracycline 
(TC) are priority toxic pollutants in wastewater. It is not easy to 

eliminate these contaminations because of their stable chemical struc
ture. However, animal investigations suggested that they can cause a 
blood disorder and bring environmental risks to human health. There
fore, removing these pollutants from water has aroused many interests. 
This work studied the photocatalytic degradation ability of the MTC-1 
membrane for 4-NP and TC. As shown in Figure S20 and Figure S22, 
the degradation efficiency of the 4-NP (10 ppm) solution and TC (20 
ppm) attained 86.9 ± 3.4% and 92.1 ± 2.9%, respectively, indicating its 
general photocatalytic degradation performance under sunlight. In 
addition, the MTC-1 membrane showed superior self-cleaning perfor
mance (Figure S23A-S23C). The initial separation flux of the MTC-1 
membrane for alginic acid (AA) solution was 379 L ± 25 m-2h− 1 

bar− 1. After continuous fouling with the AA solution, the separation flux 
sharply declined to 284 ± 14 L m-2h− 1 bar− 1 in the second stage and 204 
± 9 L m-2h− 1 bar− 1 in the third stage, respectively (Figure S23A). This 
apparent change was due to the enrichment of the AA molecules and 
membrane fouling. However, even after five cycles of contamination 
tests, there was only a slight decrease in the membrane flux after sun
light irradiation. Similarly, the MTC-1 membrane presented a good 
excellent self-cleaning performance for humic acid (HA) and bovine 
serum albumin (BSA), with the separation FRR of 98.3 ± 0.5% and 99.5 
± 0.4%, respectively (Figure S23B-S23C). Furthermore, the perfor
mance of the MTC-1 membrane was better than that of most of the 
previous works (Table S2). The superior performance indicated that the 
MTC-1 membrane has an excellent photocatalysis ability for membrane 
fouling control and favorable reusability. 

Based on the discussion above, the photocatalytic degradation 
mechanism of the MTC-1 membrane for various pollutants is described 
in Fig. 6G.[70,71] Under sunlight irradiation, the electrons on the MTC- 
1 membrane are excited when the photon energy (hν) is larger than the 
energy gap of the MTC-1 membrane. Then, the stimulated photoinduced 
electron (e-) transfers from the valence band to the conduction band. 
Thereby the photoinduced positive hole (h+) is generated (MTC-1 + hv 
→ h+ + e-). Subsequently, the produced e- and h+ are highly separated 
and move to the different positions of the MTC-1 membrane. Mean
while, the MXene can cause the e- to migrate to its surface, facilitating 
the effective spatial separation of photogenerated carriers. Lastly, the h+

reacts with water and generates hydroxyl radicals (⋅OH), which can 
degrade the pollutants on the surface of the MTC-1 membrane into CO2 
and H2O (h++ H2O →⋅OH; ⋅OH + pollutants → CO2 + H2O). At the same 
time, the e- produces active ⋅O2

– and degrades the contaminations into 
CO2 and H2O through the redox reaction (e- + O2 →⋅O2

–; ⋅O2
– + pol

lutants → CO2 + H2O). [70]. 
A quenching test was supplemented to demonstrate the formation of 

free radicals. Different scavengers, including benzoquinone (BQ), iso
propanol (IPA), and disodium EDTA (EDTA-2Na) with a concentration 
of 1 mmol/L, were added to the RhB solution, respectively during the 
photocatalytic degradation measurement. The EDTA-2Na had no 
noticeable inhibitory effect on the catalytic degradation ability of the 
MTC-1 membrane with an efficiency greater than 90%. However, after 
adding the BQ and IPA, the degradation efficiency of the MTC-1 mem
brane decreased from 99.7 ± 0.2% to 47.7 ± 2.2% and 84 ± 2.1%, 
respectively (Fig. 7A). In addition, the rate constants of RhB degradation 
by MTC-1 membrane decreased from 0.062 min− 1 to 0.013 min− 1 and 
0.004 min− 1 (Fig. 7B). These results indicated that ⋅O2

– and ⋅OH are the 
main active species during the photodegradation process, and the redox 
pathway initiated by ⋅O2

– was dominant. EPR test was further applied to 
verify the photocatalytic function of the MTC-1 membrane. As shown in 
Fig. 7C-7D, the characteristic peak of ⋅OH with the intensity ratio of 
1:2:2:1 and the characteristic peak of ⋅O2

– with the intensity ratio of 
1:1:1:1 appeared. Furthermore, the distinct intensity of characteristic 
peaks was enhanced with increasing illumination time. These results 
proved the existence of ⋅OH and ⋅O2

– during the photocatalytic process, 
which was consistent with the results of the quenching test. Several 
reasons can explain the enhanced photocatalytic degradation of the 
MTC-1 membrane. On the one hand, the lower bandgap of the MTC-1 
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membrane can improve the light absorbance ability and broaden the 
absorbent range, providing more e--h+ pairs and promoting their 
effective separation. On the other hand, the oxygen vacancies in the 
MTC-1 membrane can capture the electrons on the CB, which can pro
long the photogenerated carrier lifetime.[71] Under the collection of 
oxygen vacancies and ⋅OH and ⋅O2

–, the MTC-1 membrane presented an 
outstanding self-cleaning performance. 

4. Conclusion 

In summary, inspired by nature, an advanced 0D/2D/2D MXene- 
based heterogeneous membrane was constructed under the synergy of 
graphitic carbon nitride (g-C3N4) and Ti3C2Tx nanosheets. The 0D TiO2 
NPs and oxygen vacancies were generated because of the thermody
namical metastability of the Ti3C2Tx nanosheets. The produced TiO2 NPs 
can broaden the transmission channel and endow this membrane with 
anti-fouling ability. Meanwhile, the oxygen vacancies can capture the 
photogenerated electrons and accelerate the practical separation of 
electron-hole pairs. Furthermore, by coupling the g-C3N4 nanosheets 
and TiO2 NPs, the 0D/2D/2D heterogeneous membrane displayed a 
broader light absorption ability than the origin g-C3N4 and the Ti3C2Tx 
nanosheets. Benefiting from the collaboration of the oxygen vacancies, 
TiO2 NPs, and g-C3N4 nanosheets, the MXene-based heterogeneous 
membrane showed a smaller bandgap (~2.27 eV) than most previous 
reports. These features endowed this membrane with excellent self- 
cleaning ability under sunlight. Therefore, this membrane kept its 
emulsion separation and catalytic degradation capacities with FRR more 
than 98% after the 45-times experiment. This work will offer a novel 
approach to constructing 2D membranes with sunlight-driven self- 
cleaning performance to achieve sustainable water purification. 
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