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[bookmark: _Hlk13753435]Abstract: 
MXene is a metal-carbon/nitrogen compound material with a two-dimensional layered structure. As a new form of two-dimensional material, it has great potential in the field of water purification because of its properties of high permeability and hydrophilicity. In this study, a MXene composite membrane was prepared by in-situ oxidation of titanium dioxide on the MXene surface by an alkaline oxidation method. A series of characterizations of the prepared MXene composite membrane was carried out. Scanning electron microscopy showed that with an increasing degree of oxidation, the extent of agglomeration of MXene nanosheets increased, thus generating more water channels that are conducive to the transport of water molecules, and an increasing water flux. The penetration performance, interception performance, and stability of the MXene composite membrane were tested. The effect of different concentrations of KOH on the properties of the composite membrane was investigated. It was found that the flux of the composite membrane increased with alkali concentration by 4.6~28.8 times the flux without exposure to alkali. It was found that the rejection rate of the composite membrane for pollutants (dyes, humic acid, bovine serum albumin protein) decreased only slightly with increasing alkali concentration, and was ≥ 94% of the pure MXene membrane rejection rate in all cases. The rejection performance of the composite membrane was related to the size and charge properties of the pollutant molecules. The results of the stability tests showed that the composite membranes had a high degree of physical and flux stability in a range of aqueous solutions.
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Introduction
With the continuous development of global industrial production and the surge of population, the deterioration of the ecological environment is increasing day by day, and the pollution of water resources is leading to the gradual reduction of available water resources [1]. Water pollution is continuing to endanger the health and development of human beings [2], and this is stimulating the need to innovate in the field of water treatment technology [3-5]. Membrane separation technologies (e.g., microfiltration, ultrafiltration, nanofiltration, reverse osmosis) are important options for water treatment because of their comparative low cost, high efficiency, selectivity and convenient operation. However, membrane fouling caused by concentration polarization and blockage of membrane pores leads to higher operating costs, lower separation performance, and lower operating reliability of the membrane system [6]. Therefore, effective control of membrane fouling has become the most critical goal and challenge in the field of membrane water treatment.
Two-dimensional nanomaterials have large transverse dimensions and nanometer thickness, and because of their high specific surface area, they are widely used in adsorption, sensing, catalysis, environmental remediation and other aspects [7, 8]. In addition to these, nanomaterials are regarded as potential materials for preparing water treatment membranes due to their interaction forces at small scales and unique spacial structures. The discovery of two-dimensional (2D) transition metal carbides and nitrides (MXenes) in 2011 has expanded the range of nanomaterials that can be used in a variety of applications [9-12], and research on MXenes has grown steadily in the last decade. MXenes represent an important family of nanomaterials derived from the stripping of element A (group 13 or 14) from a MAX phase precursor material with the general formula Mn+1AXn, where M is a transition metal and X is carbon or nitrogen. Since an aqueous medium is used in the chemical stripping process, MXenes usually have many end groups on the surface, and the general formula is Mn+1XnTx (Tx stands for -OH,-O, and -F) [13-15]. There has been a lot of theoretical research based on the available MAX phase precursors. To date, nearly 30 MXenes have been successfully synthesized [16, 17]. Due to their high electrical conductivity and excellent electrochemical activity, MXenes were originally used as lithium-sulfur batteries [18, 19], sodium ion batteries and supercapacitors [20]. By inserting organic molecules or ions, such as hydrazine, dimethyl sulfoxide, lithium ions, etc., into the multi-layer MAX material formed after etching, assisted by shaking or ultrasound, single or multiple layers of MXene nanosheet can be exfoliated more effectively, and the corresponding MXene solution obtained through centrifugal separation [18-22]. In environment-related fields, MXenes can be used as catalysts or co-catalysts for the electrocatalytic and photocatalytic water splitting [21], and can be used to remove contaminants from water, including heavy metal ions [22, 23], organic dyes and nuclear waste [24]. In addition, they are used in biosensors and gas sensors [25, 26]. Ti3C2Tx is the most studied group of MXenes [27] at present. As a membrane material [28, 29], Ti3C2Tx has been prepared and applied in various separation fields, especially in the field of water purification [30-36].
Compared with conventional separation technology [37], membrane separation has many advantages, such as easy integration, energy saving and scalability, and is considered as a clean and efficient water purification technology. For polluted raw waters, processes such as ultrafiltration and nanofiltration are attracting growing attention and being widely applied. However, there is a "trade-off" between selectivity (substrate separation) and permeability in conventional nanofiltration membrane processes [38], which limits their practical application. The exploration and study of a novel two-dimensional MXene membrane provide a new way to solve this problem [39]. 
In the view of this, this paper describes the development and testing of a new type of MXene membrane with a composite structure, which demonstrated an improved performance in terms of both pollutant rejection and water flux. In the preparation, TiO2 was formed in situ on the MXene by an alkaline oxidation method [40], and the MXene composite membrane was prepared by a one-step extraction filtration procedure [41]. With treatment using KOH, the flux of the MXene composite membrane increased by between 4.6~28.8 times, compared with previously reported MXene membranes [39]. 

2. Materials and methods
2.1. Fabrication of MXene nanosheet
The experiments in this paper were conducted at 25 ± 1 oC to minimize the impact of temperature as much as possible. 1 g LiF was dissolved into a plastic vial filled with 20 ml of 9 mol/L hydrochloric acid and stirred for 5 min. Then, 1 g MAX powder (500 mesh, purity >98%; purchased from 11 Technology Co., Ltd) was added into the prepared solution in 4 amounts of about 0.25g each at different times within 5 min. Subsequently, the vial was placed in a bath of water at 45 oC and stirred for 72 h. The resulting solution was centrifugally washed several times with deionized water at 5000 rpm, until the pH of the supernatant reached approximately 6, as indicated by a pH meter. The washed solids were dissolved in 200 mL of deionized water, and the solution was transferred into a reagent bottle. The bottle was filled with nitrogen to drain the air to prevent the product from being oxidized by the air. MXene nanosheets were exfoliated by ultrasonic treatment for 4 h under nitrogen flow. Then, the above solution was centrifuged at 3500 rpm for 25 min to obtain a supernatant containing a single or few layers of MXene nanosheets, and the MXene powder was obtained by freeze drying. By re-dissolving an appropriate weight of the powder in DI water, the concentration of MXene solution was determined as 5 mg/ml.
2.2. Fabrication of MXene composite membrane
[bookmark: _Hlk157022215]2.5 mL solution was added from the reagent bottle of prepared MXene nanosheet solution into a small beaker containing 60 ml deionized water, and the beaker was placed in a water bath at 50 oC for 1 h, with stirring in the water bath. Quantities, corresponding to 0 g, 3.366 g, 6.732 g, 10.1 g, 13.463 g, and 16.832 g, of potassium hydroxide were added into the small beaker to react for another 1 h. The solution after the water bath was centrifuged with deionized water until the pH reached neutrality, and then the product was diluted to 10 ml. After freeze drying, weighing and resolving in sequence, the concentration of oxidized MXene solution was determined as 2 mg/ml. Each time 1.5 ml of the product was dissolved in 300 ml of deionized water, and the solution was slowly added into the filter cup. Then the vacuum pump was turned on and the membrane was pumped and filtered at a pressure of 1 bar (MXene was supported by a 0.22 μm MCE membrane, which was Mixed cellulose ester filter membrane). The obtained MXene composite membrane was dried at 50 ℃ for 12 h and then stored for subsequent use.

2.3. Characterization methods
Morphology and microstructure were analyzed by scanning electron microscopy (SEM; QUANTA FEG 250, FEI, USA) and transmission electron microscopy (TEM; Talos F200X G2). The phase composition was characterized by X-ray diffractometer equipment (XRD, Rigaku UltimaIV, Cu-Kα radiation, 45 kV, 50 mA, Japan) and Raman spectrometer (Raman, RM2000, Renishaw UK). Surficial composition and valence state evolution were revealed by X-ray photoelectron spectroscopy (XPS; PHI QUANTERA-II SXM, ULVAC-PHI, Japan). The zeta potential of MXene related samples was measured by Zetasizer ZS90 (Malvern Instruments Ltd., UK), and an average zeta potential value for the samples was determined from 3 measurements. The concentration of dye was obtained by UV-visible spectroscopy (UV-2600, Shimadzu, Japan), and the hydrophilicity of membranes was indicated by water contact angle measurements (WCA, OCA15ED, Dataphysics, Germany) using the sessile drop method. 

2.4. Filtration performance
The separation performance of membranes was evaluated with respect to various representative solutes/pollutants. These were: BSA (protein; MW ~ 66 kDa), humic acid (natural organic matter; MW 226.14 Da for its sodium salt), Coomassie Bright Blue (dye; MW ~ 826 Da), Neutral Red (dye; MW ~ 289 Da), Crystal Violet (dye; MW ~ 408 Da) and Methylene Blue (dye; MW ~ 320 Da). Solutions of these substances were prepared at a concentration of 10 mg/L. Once the composite membrane based on MXene was prepared, it was inserted into a vacuum filtration apparatus, and the subsequent test procedure was as follows: the vacuum pump was turned on, and when the pressure gauge was stabilized at 1 bar, 200 mL of solution containing the selected solute was slowly added from a measuring cylinder into the filter cup for permeation with a glass rod. When 100 mL of the substrate solution had permeated the membrane, the process was stopped and the filtrate was collected. The water flux,  (L·m-2·h-1·bar-1), was determined according to Eq. (1):
		(1)
Where  represents the volume of permeate (L),  is the effective membrane area (m2),  is the permeation time (h) and  is the applied pressure (bar). 
The observed solute rejection  (%) was calculated using Eq. (2):
		(2)
where  and  represent the solute filtrate and feed concentrations (mg/L), respectively.

3. Results and discussion
3.1. Characterization of MXene
[bookmark: _Hlk157026680][bookmark: _Hlk157505463]The SEM image of MAX (Figure 1a) shows that it had a visible lamellar structure, which required it to be modified to make MXene nanosheets with a two-dimensional lamellar structure. A thin layer structure was made of stacked multi-layer MXene sheets, which was obtained by ultrasonic dispersion. The TEM image of MXene (Figure 1b) showed that the exfoliated MXene was a single-layer sheet structure, indicating that the MAX could be successfully exfoliated by LiF and HCl etching combined with ultrasonic dispersion. To further prove the success of MAX exfoliation, we analyzed the exfoliated products and raw materials by XRD. The XRD image of MAX/MXene (Figure 1c) showed that there was a sharp peak at about 5o, which was the characteristic peak of MXene (002 peak), indicating the success of exfoliation. In addition, compared with the XRD spectra of MAX, the peak position of MXene corresponding to the 2 peaks was smaller, especially the (104) diffraction peak of MAX near 39°which had disappeared, and the (002) peak shifts to the left, which indicated that the interlayer spacing of MXene fabricated after etching had increased. Figure 1d illustrates the Raman spectra of MAX and MXene. As MAX was etched into MXene, a new Raman peak appeared around 155 cm-1, corresponding to the in-plane Ti–C vibrations of Ti3C2 with Eg symmetry [42]. Simultaneously, the disappearance of peaks at around 270 cm-1, which represent the Ti-Al in-plane vibrations of E1g and E2g modes, confirmed the successful etching of Al elements. A band at approximately 410 cm−1 in the MXene can be attributed to the mixed contributions from the vibrations of H atoms of Ti3C2(OH)2 and in-plane Ti–O vibrations of Ti3C2. A second band, corresponding to the out-of-plane Ti–C vibrations, appeared around 603 cm−1 [43]. Although minor changes were shown in some Raman peaks, the basic Raman modes were still preserved, demonstrating the retention of the hexagonal structure of the parent phase [44].
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[bookmark: _Hlk157026782][bookmark: _Hlk157497952]Figure 1. Characterization of MXene: (a) SEM image of MAX; (b) TEM image of MXene; (c) XRD spectra of MAX/MXene; (d) Raman spectra of MAX and MXene.

3.2. Characterization of MXene oxidation products
After alkaline oxidation, it can be observed from Figure 2 that MXene agglomerates in different degrees. When the concentration of KOH was 0 mol/L, the surface of MXene was smooth, indicating that MXene did not agglomerate readily. When the concentration of KOH was 1 mol/L (Figure 2b), the surface of MXene began to appear uneven, and with the increase of KOH concentration, the surface roughness of MXene oxidation products increased. 
The Raman spectra of MXene oxide with different KOH concentrations were compared, as shown in Figure S1a. Peaks at 157 cm-1, 396 cm-1, and 637 cm-1 corresponded to the presence of anatase TiO2, while peaks at 197 cm-1 and 479 cm-1 were indicative of the presence of rutile TiO2[45, 46]. This confirmed that both anatase and rutile TiO2 were produced during the oxidation process. Furthermore, as the KOH concentration increased, the formation of rutile TiO2 became more prevalent, as evidenced by the significant increase in the area ratio of characteristic peaks of rutile[47]. Similarly, the increase in oxidant concentration also notably enhanced the intensity of the D band and G band at 1370 cm-1 and 1560 cm-1(shown in Figure S1b), respectively, suggesting the formation of amorphous carbon. The greater area of the D band indicated the occurrence of more atomic defects[48]. To further analyze the properties of oxidation products, their zeta potential was determined. The important significance of zeta potential is that its value is related to the stability of colloidal dispersions. The zeta potential diagram of MXene with oxidation solutions with different concentrations (Figure 2g) shows that the zeta potentials were negative for all solutions, and the negative value increased with increasing alkali concentration. The reason is that alkaline conditions promoted the ionization of oxygen-containing groups on the surface of MXene and increased the electronegativity. Alkaline oxidation also increased the number of oxygen-containing functional groups on the surface which led to the decrease of zeta potential. The changes in the O1s spectra of MXene and MXene oxide before and after KOH oxidation can be seen in the SI, Figure S2. The spectra consisted of four peaks at 529.9, 531.2, 532, and 533.8 eV, corresponding to TiO2, C-Ti-Ox, C-Ti-OHx, and H2Oads, respectively [12]. Compared to MXene, the oxide proportion of TiO2 increased from 21.01% to 37.56% after oxidation (as shown in Table S1), aligning with the aforementioned conclusions. The increase in the C-Ti-Ox peak directly evidenced the augmented presence of oxygen-containing functional groups on the surface of MXene oxide. Notably, this increase coincided with a decrease in C-Ti-OHx, suggesting that surficial end groups predominantly composed of -OH were being oxidized, thereby enhancing electronegativity, and resulting in a lower zeta potential [13, 14].
After the solution was allowed to stand, partial aggregation of the oxide was observed and the zeta potential was further measured. As depicted in Figure 2h, with increasing KOH concentration during the oxidation process, the zeta potential rapidly became more positive and tended to stabilize. Figure 2i further showed the zeta potential of the oxide at different pH levels: in acidic solutions, due to protonation, the zeta potential moved to positive values [49], with its isoelectric point around pH=6. This was consistent with the characteristics of TiO2 [50]. Thus, we propose that, as oxidation increased, TiO2 gradually nucleates on the MXene surface. Due to its more positive zeta potential, electrostatic repulsion was insufficient to maintain a uniform dispersion in water, leading to aggregation. The size distribution of MXene oxide further supported the formation of aggregates. As shown in Figure 2j, with increasing KOH concentration during the oxidation process, materials smaller than 1000 nm (predominantly around 600 nm) gradually transformed into larger sized materials. The higher the concentration, the larger the size, which indicated the transformation of MXene nanosheets into TiO2, accompanied by partial aggregation. 
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[bookmark: _GoBack]Figure 2. The surface morphology characterization (SEM images) of MXene oxidized with different KOH concentrations: (a) 0 mol/L, (b) 1 mol/L, (c) 2 mol/L, (d) 3 mol/L, (e) 4 mol/L, (f) 5 mol/L; Zeta potential of MXene oxide solution (g) and MXene oxide aggregates (h) at different oxidation concentrations; (i) Zeta potential of MXene oxide aggregates under different pH; (j) Size distributions of MXene oxide at different KOH oxidant concentrations.

3.3. Characterization of MXene composite membrane
[bookmark: _Hlk157429792][bookmark: _Hlk157382557][bookmark: _Hlk157429368]To better explore the properties of the composite MXene membrane, the surface morphology of the membrane was characterized. From the SEM images (Figure 3a-f), it can be seen that the surface morphology of the MXene composite membrane without KOH oxidation was relatively smooth with no obvious folds, while the surface morphology of the MXene composite membrane after KOH oxidation was uneven, and the extent of the folds increased with the increase of KOH concentration. This phenomenon can be explained by reference to the SEM images of the MXene oxide (Figure 2a-f). With an increasing concentration of KOH, there was an increasing degree of alkaline oxidation, and a greater degree of aggregation of MXene sheets. During the process of composite membrane preparation, MXene oxide will first settle on the 0.22 μm MCE membrane, which will affect the surface morphology of the MXene composite membrane. Therefore, the morphology of the MXene composite membrane generated some obvious folds. In order to reveal the reason for the gradual increase of surface roughness, the cross-section morphology of the prepared membrane was characterized. From the High-Resolution Transmission Electron Microscopy (HRTEM) image of the MXene composite membranes edge shown in the SI (Figure S3), the layered structure was clearly seen, which can be attributed to the stacking of MXene nanosheets. It can also be seen from the SEM image that the cross-section of the membrane prepared with pure MXene (Figure 3g) was relatively compact, showing a dense layer by layer stacking structure. In contrast, it can be seen from Figure 3h that the cross-section of MXene composite membrane was relatively loose, and the interlayer spacing was larger than that of the pure MXene membrane. The loose membrane structure is conducive to the flow and transmission of water molecules between layers, which may promote the improvement of water flux [51, 52]. This was confirmed in subsequent flux experiments.
    In order to better evaluate the physical and chemical properties and membrane structure of the MXene composite membrane, a variety of further characterization methods were used. Because the application of the composite membrane is a water environment, the hydrophilicity of the membrane has a significant influence on its performance, and this was evaluated indirectly by determining the dynamic contact angle of the membrane. Figure 3i shows that with the increasing concentration of KOH, the contact angle of the MXene composite membrane decreased, which indicated that with the increase of the degree of in-situ oxidation, the hydrophilicity of the MXene composite membrane also increased; this may have partly contributed to the increased flux with the increased degree of oxidation. The internal structure of the membrane also has a crucial influence on the performance of the membrane. The results of the X-ray diffraction analysis (Figure 3j) showed that with the increase of oxidation (KOH concentration), the position of the MXene peak (2θ ~ 6.5⁰) gradually shifted to the left. According to the Bragg equation, this corresponds to a gradual increase in the interlayer spacing, and thus, an increase of membrane flux. In addition, the peak intensity gradually decreased, which indicated that the content of MXene nanosheets decreased and the oxidation degree of MXene increased, which supported the relevant conclusions in the characterization of MXene oxide. To explore the main components of the oxidation products, the XPS spectra of the MXene composite membrane (3 mol/L KOH) showed that the peak of TiO2 substantially increased compared to pure MXene, which confirmed the formation of TiO2 in the composite membranes. In addition, it can be seen from the FT-IR spectra of MXene composite membranes treated by different concentrations of KOH (SI, Figure S4) that the peak intensity of C-H and -OH gradually decreased with the increase of the alkali concentration, indicating that the corresponding surface groups on MXene decreased with increasing degree of oxidation.
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Figure 3. SEM images of MXene composite membrane following exposure to KOH concentrations of: (a) 0 mol/L, (b) 1 mol/L, (c) 2 mol/L, (d) 3 mol/L, (e) 4 mol/L, (f) 5 mol/L. Cross-section SEM images of (g) pure MXene membrane, (h) MXene composite membrane (KOH 3 mol/L). Variation of (i) dynamic water contact angle (WCA) (insert of WCA at 60s), and (j) XRD spectra, with KOH concentration. XPS spectra of (k) pure MXene, and (l) MXene composite membranes.

3.4. Performance of composite membranes 
[bookmark: OLE_LINK1]The performance of the MXene composite membranes was evaluated in terms of their flux/permeability and solute separation. The pure water flux was determined for the MXene composite membranes exposed to the different alkaline oxidation conditions. As shown in Figure 4a, the pure water flux of the MXene composite membranes increased substantially with the degree of oxidation (KOH concentration). The flux of the pure MXene membrane was 38.2 L·m-2·h-1·bar-1. When the concentration of KOH was 5 mol/L, the flux of the composite membrane was 1100.9 L·m-2·h-1·bar-1, which represented an increase of 28.8 times. Because the amount of the membrane was almost the same (about 20 mg), it was clear that the KOH had a significant influence on the flux of the MXene composite membrane. The reason why the pure water flux of the MXene composite membrane increased with the increase of KOH concentration is that the degree of aggregation of the MXene sheet increased with the increase of KOH concentration. Many non-selective defects will be produced between the oxide layers that are filtered to the membrane first. These defects will provide more entrances for water molecules to enter the sheet layer, thus increasing the pure water flux of the MXene composite membrane. 
While the flux of the MXene composite membranes increased by more than 10 times compared with that of the pure MXene membrane (figure 4b-g), the rejection rate decreased only slightly, to 94% of that of the pure membrane, effectively breaking the "trade-off" effect between membrane rejection rate and flux. This could be attributed to the slow deposition of unoxidized MXene nanosheets on the membrane surface during the membrane preparation process (shown in SI, Figure S6, S7), forming an effective and thin separation interface on the surface. The rejection rates of the MXene composite membrane for the four dye solutions were all above 90%, indicating that the composite membrane had a good removal performance for the dyes. Among these dyes, the zeta potential of crystal violet, neutral red, and methylene blue were all positive, suggesting that the three dye molecules were positively charged, while the MXene composite membrane was negatively charged. The electrostatic attraction enables part of the dye molecules to adsorb on the membrane surface, and this improved the rejection of the dye. Although the zeta potential of coomassie bright blue (R250) dye was negative, the removal efficiency was still relatively high, which could be attributed to the larger molecular weight of coomassie bright blue R250 (MW ~ 826 Da). For the BSA and HA tests shown in Figure 4f and 4g, their larger molecular weight (66 kDa for BSA and 1~10 kDa for HA) corresponds to a larger molecule size, which can be intercepted more easily by the separation interface of the membrane, and thus they had a greater rejection rate than the dyes. The variation of flux of the MXene composite membranes treating the dye solutions was consistent with that of pure water, and the flux increased with the increase of KOH concentration. However, the flux values of the composite membranes were lower than those of membranes passing pure water owing to the membrane fouling. For example, when the concentration of KOH was 5 mol/L, the pure water flux of the MXene composite membrane was 1100 L·m-2·h-1·bar-1, while the flux of the composite membrane filtering the coomassie bright blue solution was 561 L·m-2·h-1·bar-1, showing a nearly half decrease of water flux. This indicated that the molecular weight of the contaminant dye had a great influence on the flux of the MXene composite membrane. In the filtration tests of BSA and humic acid, with larger molecular weights than the dyes (Figure 4 f and g), the flux showed a remarkable decrease, suggesting that more serious membrane fouling was caused in these cases, which had a significant impact on the flux. In the former case, this could be attributed to the adsorption and deposition of biopolymer BSA onto the membrane surface, resulting in the formation of an irreversible fouling layer. This was likely owing to the abundant branch-like structures and the rich functional groups in BSA, whereby the BSA molecules could adhere and aggregate more easily. A similar behaviour was also presented in the HA filtration tests. In summary, the test results of the four dye solutions showed that the flux of the MXene composite membrane was much higher than that of the pure MXene membrane, and there was only a slight drop in the rate of dye removal, which clearly demonstrated the effect of alkali oxidation on the structure regulation of the composite membrane and the advantage of improving the filtration performance of the membrane. In addition, the performance of other MXene-based membranes reported in previous works was compared with that of this work in the SI (Figure S8). Although the composite MXene membrane prepared in this study sacrificed part of the rejection rate (still ~94%), it showed outstanding performance in terms of improving the membrane flux.











Figure 4. Variation of pure water flux of MXene composite membranes with the degree of oxidation (KOH concentration) (a); Variation of the rejection rate and flux of MXene composite membranes with different concentrations of KOH for different solute solutions: (b) crystal violet, (c) Coomassie bright blue (R250), (d) neutral red, (e) methylene blue, (f) BSA and (g) humic acid.

3.5. Stability tests
    In order to evaluate the stability of the MXene composite membranes, prepared with different concentrations of KOH, they were soaked alternatively in deionized water, sodium humate solution (10 mg/L), NaCl solution (10 mg/L), and bovine serum albumin protein solution (10 mg/L) for two weeks. Photographs were taken every seven days. It was evident from Figure 5a-d that the surface morphology of the MXene composite membranes did not change. This showed that the composite membranes had good apparent stability in widely different water environments.
[bookmark: _Hlk157389695]To further test the stability of the MXene composite membrane, a pure water flux test was carried out on the prepared composite membranes at the same time every day, during which the membrane was soaked in ultra-pure water for a week. It can be seen from Figure 5e that the pure water flux of the MXene composite membranes with different KOH concentrations remained unchanged. Furthermore, XRD spectra over a 7-day period were collected to monitor the change of d-spacing within time. As shown in Figure S9, the d-spacing was relatively stable with only a slight increase, which may have resulted from the intercalation of positively charged K+, from the KOH oxidation process; it is likely that swelling was resisted by the electrostatic interaction between the K+ and the negatively charged MXene nanosheet[53, 54]. These confirmed that the composite membrane had excellent flux stability and the capability of long-term operation.
For the dye rejection performance of the MXene composite membrane, the stability was further evaluated through cycling tests. 3 mol/L was selected as the oxidant concentration, and neutral red (positively charged) and Coomassie Bright Blue (negatively charged) were the dyes used to conduct a 20 cycles test of dye rejection. After each cycle test, the zeta potential and SEM cross-section images were obtained. In each cycle, the process began with filtering 100ml of the dye solution, followed by rinsing the surface with DI water and filtering 20ml of DI water. This process was then repeated. As described in Figure 5f, as the cycle test proceeded, the rejection rate of the composite membrane for both dyes continued to decrease, however, the positively charged neutral red had a greater rate of decrease. This was due to the membrane surface, which was negatively charged, attracting the dye molecules, and adsorbing strongly through electrostatic attraction. Such adsorption was difficult to desorb through simple washing. As filtration proceeded, the adsorption sites on the membrane surface were increasingly occupied, leading to a reduction in the rejection rate. For the negatively charged dye, electrostatic repulsion contributed to a more stable rejection rate. This interaction helped maintain the efficiency of the membrane in rejecting the dye over multiple cycles. The zeta potential data in Figure 5g supported this conclusion. The negatively charged dye (Coomassie Bright Blue) showed a more stable zeta potential, so that the composite membrane can provide longer-lasting electrostatic repulsion. After the long-term experiment, the cross-section of the membrane still maintained a clear layered structure (shown as Figure 5h), which was also very important for the rejection stability of the membrane.
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Figure 5. Photographs showing the stability of MXene composite membranes in different solutions: (a) sodium humate (10 mg/L), (b) BSA (10 mg/L), (c) sodium chloride (10 mg/L), and (d) deionized water. Seven-day pure water flux of MXene composite membranes with different KOH concentrations (e). Rejection rate of Neutral Red and Coomassie Bright Blue dyes in the cycle test (f). Zeta potential (g) and SEM cross-section images of MXene composite membrane (3 mol/L) (h), after the cycle test.

4 Conclusions
   As a new two-dimensional (2D) lamellar material, MXene has attracted growing attention in recent years. Compared with other two-dimensional materials, MXene membranes have shorter flow transmission path and more nano-channels, so they have excellent water permeability. In addition, studies involving long-term operation have confirmed the stability of MXene membranes and their suitability for water purification. Based on the good separation performance of MXene membranes, this paper has investigated the use of an alkaline oxidation method to generate porous TiO2 layers on, and within, the MXene membrane, to create a MXene composite membrane, with a superior process efficiency. The main conclusions of this paper are as follows.
 (1) With the increase of KOH concentration, the flux of MXene composite membranes increased, and the increase was 4.6~28.8 times the flux of a pure MXene membrane. This is because higher concentrations of KOH resulted in higher degrees of oxidation, and this lead to greater agglomeration of MXene nanosheets, producing faster water flow through larger layer spaces of the composite membrane. In addition, the MXene nanosheets were oxidized in situ on the MXene composite membrane through the alkaline oxidation method to generate TiO2. The generated TiO2 particles support the lamellas and change the stacked structure of the lamellas. Thus, more water channels are created, resulting in higher water flux.
 (2) With the increase of KOH concentration, the rejection performance of MXene composite membranes gradually decreased to about 94% of that of pure membrane. The interception performance of the MXene composite membrane was affected by the molecular weight and the charge of the solute/pollutant. Thus, the higher the molecular weight, the greater the rejection performance, and the highest rejection rate was for Coomassie Bright Blue R250 dye and bovine serum albumin protein. Because the MXene composite membrane itself is negatively charged, there will be charge interaction between the positively charged pollutant molecules, and the latter will be partially adsorbed on the membrane surface, giving a better removal effect than negatively charged pollutants.
(3) The MXene composite membranes had good stability in a wide range of solutions, which suggests their suitability for long-term operation in water treatment applications.
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Appendix A. Supplementary data
The Supporting Information (SI) contains nine figures and two tables. The Raman spectrum of MXene composite membrane treated by different concentrations of KOH (Figure S1). The XPS spectra of MXene and its oxide (Figure S2). The HRTEM image of MXene composite membrane (Figure S3). The FT-IR of MXene composite membrane treated by different concentrations of KOH (Figure S4). The rejection rate of different dyes and membrane flux treated by different KOH concentrations immersed in water for 7 days (Figure S5). The SEM images of surface (Figure S6) and cross-section (Figure S7) of MXene membrane. The comparison of performance (rejection rate and flux) with other MXene-based membranes reported in previous studies (Figure S8). The 7-day XRD spectra of MXene composite membrane (Figure S9). The proportion of XPS peak area in Figure S2 (Table S1). The detailed data of Figure S8 (Table S2).
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