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ABSTRACT: 1 

MXene (Ti3C2Tx) can be utilized to modify water-related membranes to provide favorable 2 

properties, including pronounced hydrophilicity and chemical stability, and higher flux 3 

compared with GO membranes. In order to improve the properties of composite membrane 4 

properties, new methods of modifying MXene membranes have been receiving increasing 5 

attention. Nowadays, the performance of MXene membranes is mainly limited by methods of 6 

modification and stability. In this study, a high-performance composite membrane utilizing 7 

MXene (Ti3C2Tx) was fabricated through a mild and rapid pre-oxidation method. The 8 

composite membrane had a high water permeability of ~ 690 L m-2 h-1 MPa-1, a dye rejection 9 

of ~99.9% and an adsorption rate of only 1%. Compared with the unoxidized MXene 10 

membranes, the composite membranes showed improved the permeation inhibition efficiencies 11 

of 42.39% and 37.51% for NaCl and MgCl2, respectively. The rapid oxidation by Fe(III) 12 

formed a composite nano-layer of anatase TiO2 and magnetite Fe3O4 supported by carbon 13 

sheets which protected the internal Ti3C2Tx from further oxidation. The characteristic 14 

morphology of a two-dimensional, layer by layer material, was maintained. In addition, the 15 

composite membrane demonstrated long-term stability in terms of both structure/appearance 16 

and flux in water. Therefore, this work presents new thoughts on the structural tuning and 17 

performance optimization of MXene (Ti3C2Tx) membranes. 18 

KEYWORDS: MXene; TiO2/C; stability; high removal rate; membrane technology; 19 
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1. Introduction 21 

At present, technologies based on two-dimensional materials are a promising field of 22 

research. Due to their unique nano-scale properties, membranes based on two-dimensional 23 

materials are expected to solve some important challenges of conventional polymer membranes 24 

[1,2] Early studies of membranes prepared from two-dimensional materials have mostly 25 

focused on the use of graphene oxide (GO) and achieved good results [3,4]. Nowadays, 26 

methods such as vacuum filtration, layer-by-layer assembly, and solution casting have been 27 

successfully used to prepare a variety of functionalized GO membranes [5]. The prepared 28 

membranes have the characteristics of high flux, strong anti-fouling ability, and good chemical 29 

resistance [6]. However, due to the limited nature of the materials used in these membranes, 30 

the scope for adjusting their properties is similarly limited [7]. For example, the 31 

instability/disintegration of GO membranes seriously hinders their separation performance and 32 

practical application in aqueous solutions [8,9].  33 

Two-dimensional membranes based on MXene materials, because of the diversity of 34 

components of MXene, have the potential to vary their properties to achieve a wide range of 35 

performance [10,11]. The general expression for MXene is Mn+1XnTx(n=1-3). This is a large 36 

class of materials which comprise transition metal carbides, nitrides and carbo-nitrides, where 37 

M refers to the early metal transition group, X refers to carbon or nitrogen, and Tx refers to the 38 

surface end groups (-OH, -O- and -F) [11]. In recent years, a number of studies have shown 39 

that MXenes are advantageous in many application fields such as electromagnetic interference 40 

shielding [12], energy storage [13], pressure sensing [14], and water purification [15]. In 41 
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principle, MXene can be utilized to modify water-related membranes to provide favorable 42 

properties, including a pronounced hydrophilic nature, an excellent electrical conductivity and 43 

chemical stability [4,16]. Compared with GO, the flux of MXene membrane has been reported 44 

to be greater.[15] In addition, the favorable hydrophilicity of MXene membranes makes them 45 

amenable to be used for water treatment [4,17]. Previous studies have investigated the use of 46 

MXene membranes for water treatment, and have achieved good results [18–21].  47 

However, the present types of MXene membrane have low stability, and their separation 48 

performance drastically decreases under humid conditions, which seriously hinders the long-49 

term storage and application of MXene membranes [22,23]. MXene has strong chemical 50 

reducibility, and Shen et al [24]. found that MXene can reduce Fe3+ to Fe2+. This characteristic 51 

causes MXene to be easily oxidized. Habib et al.[25] found that MXene had the fastest 52 

oxidation rate in liquid media, making it prone to chemical degradation by oxidation to TiO2. 53 

Under different oxidation conditions, 2D Ti3C2Tx can be converted to TiO2 with different 54 

crystal structures and particle sizes, supported by carbon sheets [26]. The use of improved 55 

synthesis methods and subsequent processing or storage technology can obtain high quality 56 

MXene with good surface functional group control, large lateral size and few defects, and 57 

which provide improved stability [23,27–29]. In addition, some teams have studied the 58 

methods of metal ion oxidation or cross-linking to change the surface morphology of Ti3C2Tx 59 

nanosheets (Table S1) [30–32], but few studies have considered the effect of Fe(III) oxidation 60 

on Ti3C2Tx nanosheets. Even though there are some studies on self-reduction of Fe(III) on the 61 

surface of MXene [33,34], these methods are not completely appropriate for the field of 62 
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membrane separation, so we propose a simple and easy to perform method to obtain a 63 

membrane with improved performance and morphology. We improved the purification and 64 

separation effect of Ti3C2Tx by oxidation using Fe(III) and the roles of adsorption and 65 

interception in the separation process were defined. The surface of Ti3C2Tx formed a nano-66 

layer with TiO2, carbon and Fe oxides as the main component after the oxidation by Fe(III). 67 

This nano-layer can protect the internal Ti3C2Tx from further oxidation, so as to maintain the 68 

two-dimensional layered structure. In addition, the problem of MXene membrane stability in 69 

water treatment was avoided. 70 

MCE membranes are highly porous and hydrophilic [35], effectively supporting MXene 71 

nanosheets [36] to ensure membrane permeability [37] and structural integrity, resulting in 72 

excellent rejection and stability in water filtration. Moreover, MCE membranes have good 73 

mechanical properties [38] and are commercially available materials that are suitable for 74 

compatibility with industrial equipment, helping to realize a wide range of applications in water 75 

purification technology. Therefore, we selected MCE membrane as the support layer for MO10 76 

membrane for water purification. 77 

In view of the foregoing, we propose a different approach for enhancing the stability of 78 

MXene membranes in water by micro-oxidizing the surface of MXene, while maintaining their 79 

excellent membrane performance. The research findings summarized in this work describe this 80 

new approach, involving the micro-oxidation of MXene with Fe(III) to obtain a new composite 81 

membrane, which has demonstrated not only an enhanced rejection capability, but also greater 82 

stability.  83 
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2.  Experimental section 84 

2.1 Materials and chemicals       85 

The mixed cellulose ester (MCE) membrane (pore size 0.22 μm) was purchased from 86 

JinTeng (China). Ti3AlC2 (MAX) powder (≥98 wt%, 200 mesh) was purchased from Laizhou 87 

Kaisen ceramic material Co., Ltd (China). Coomassie brilliant blue R, iron chloride 88 

hexahydrate (FeCl3·6H2O, 99%) and Lithium fluoride (LiF, 99.0%) were obtained from 89 

Aladdin (China). Hydrochloric acid (HCl, AR) was obtained from Merck (Germany). 90 

Deionized (DI) water was utilizedfor the preparation of MXene solutions and in the membrane 91 

filtration tests. 92 

 93 

2.2 Synthesis of MXene (Ti3C2Tx) 94 

Titanium carbide (Ti3C2Tx) MXene nanosheets were chemically etched and exfoliated 95 

from MAX Ti3AlC2 according to a modified minimally intensive layer delamination (MILD) 96 

method. 1  g LiF was added to 20  ml of 9  M HCl and then magnetically stirred for 5 min. Next, 97 

Ti3C2Tx powder (1.0 g) was slowly added, followed by continual stirring for 30  h at 45  ℃ in 98 

an oil bath. After that, the final reaction mixture was then washed by centrifugation with DI 99 

water (centrifuge at 5000  rpm for 5  min per cycle) until the pH of the supernatant reached 100 

about 7 - 8. Subsequently, the Ti3C2Tx mixture was ultrasonicated in an ice bath for 1 h with 101 

vigorous shaking for about 10 min. Finally, the suspension was centrifuged for 20 min (at 4000 102 

 rpm) to remove the unpeeled sheets, and the upper layer of liquid was taken as MXene solution. 103 

The resulting liquid can be used for subsequent experiments without further modification. The 104 

concentration of the prepared MXene solution was determined to be 4.6  mg/mL by UV-105 
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labeling method. 106 

 107 

2.3 Fabrication of MXene membranes oxidized by FeCl3 108 

We used a commercial mixed cellulose ester (MCE) membrane (0.22  μm) as a supporting 109 

layer for MXene membrane oxidized by FeCl3. Initially, an aqueous suspension containing 10 110 

mg of MXene was prepared by mixing with ultrasonic vibration for 5  min to achieve even 111 

dispersion . MXene membrane supported by MCE were fabricated using a flow cell (Millipore 112 

Amicon, 50 mL, USA). Oxidized MXene membranes were prepared by filtering a freshly 113 

prepared FeCl3 solution of a constant volume (50 mL), but of different concentrations. The 114 

concentrations of FeCl3 solution were: ≥100 mM, 10 mM, 5 mM, 1 mM, 0.5 mM. In this paper, 115 

the oxidized MXene membranes are referred to as MOX, where X represents the concentration 116 

of the FeCl3 used for oxidation. The reaction time between the MOX (MO1-MO10 and over-117 

dosed) samples and FeCl3 solution was 1800 s. For the MO10 sample, the reaction reached 118 

electronic balance at ~ 1500 s. 119 

 120 

2.4 Characterization 121 

Scanning electron microscopy (SEM, QUANTA FEG 250, FEI, USA) was utilized to 122 

capture surface and cross-sectional images of the microstructure of the MXene membranes and 123 

MO1~10. Transmission electron microscopy (TEM; Talos F200X G2) and X-ray photoelectron 124 

spectroscopy (XPS, ESCALAB 250Xi, Thermo Scientific, America) were employed to 125 

determine the elementary composition. 20 nm was chosen as the depth of surface etching which 126 
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can avoid surface carbon pollution to the greatest extent and help us understand the internal 127 

structure of MO10 sample. Fourier transform infrared spectroscopy (FT-IR, BRUKER, 128 

ALPHA-P, USA) was utilized to examine the oxygen-containing function groups in the MXene 129 

membranes post-oxidation with FeCl3. The hydrophilic nature of oxidized and un-oxidized 130 

membranes was indicated by water contact angle measurements (WCA, OCA15ED, 131 

Dataphysics, Germany) of membrane surfaces using the sessile drop method. UV–visible 132 

absorption spectroscopy (UV-2600, Shimadzu, Japan) was employed to determine the 133 

concentrations of organic dye molecules in the permeate solutions of the membrane. Surface 134 

charge properties of the membrane were analyzed using a solid-surface zeta potential analyzer 135 

(SurPASSTM 3, Anton Paar, Germany), and an average zeta potential value was calculated 136 

based on 3 measurements.  137 

 138 

2.5 Membrane properties and performance testing 139 

The effectiveness of the FeCl3-oxidized MXene membranes was assessed by measuring 140 

water permeability and solute rejection during filtration experiments with DI water and organic 141 

contaminant solutions. The membrane samples were tested for the rejection of 100 mM of 142 

organic dyes (Table S5) including Coomassie Brilliant Blue (CBB), Methyl Blue (MB), 143 

Rhodamine B (RhB), Crystalline Violet (CV) and Methylene Blue (MNB). In this case, 144 

Coomassie brilliant blue dye was used as a representative organic contaminant. Filtration 145 

experiments were carried out with a stable applied pressure of 1 bar using a commercial 146 

filtration system (Millipore, Amicon 8400, USA) operated with nitrogen gas. In order to 147 

mitigate the adverse effects of concentration polarization, a rotor in the filtration device was 148 

used for stirring during the dead-end filtration process (Figure S1). The water flux J (L m−2 h−1) 149 

was calculated by the following equation: 150 
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𝑱𝑱 =
𝑽𝑽

𝑨𝑨 × 𝒕𝒕
 151 

where V represents the volume of the permeate water after collection of t and A represents 152 

the effective surface area of the membrane. The membrane’s stability was assessed by 153 

determining the pure water flux over a period of seven consecutive days, and conducting 154 

physical observation of the membrane. 155 

The solute rejection Rs (%) can be calculated as follows: 156 

𝑅𝑅𝑆𝑆 = (1 − 𝐶𝐶𝑝𝑝 𝐶𝐶𝑓𝑓⁄ ) × 100% 157 

where Cp and Cf are the permeate and feed solute concentrations, respectively. 158 

Ra is the true rejection rate of the membrane, accounting for the adsorption of solute. The 159 

actual rejection Ra (%) can be expressed as follows: 160 

𝑀𝑀𝑎𝑎 = 𝑉𝑉𝑓𝑓 ∙ 𝐶𝐶𝑓𝑓 − 𝑉𝑉𝑝𝑝 ∙ 𝐶𝐶𝑝𝑝 − 𝑉𝑉𝑐𝑐 ∙ 𝐶𝐶𝑐𝑐 161 

𝑀𝑀𝑖𝑖 = 𝑉𝑉𝑝𝑝 ∙ 𝐶𝐶𝑓𝑓 − 𝑉𝑉𝑝𝑝 ∙ 𝐶𝐶𝑝𝑝 − 𝑀𝑀𝑎𝑎 162 

𝑀𝑀𝑝𝑝 = Vp ∙ Cf − 𝑀𝑀𝑖𝑖 − 𝑀𝑀𝑎𝑎 = Vp ∙ Cp 163 

𝑅𝑅𝑎𝑎 = 𝑀𝑀𝑖𝑖 (𝑉𝑉𝑝𝑝 ∙ 𝐶𝐶𝑓𝑓)⁄ × 100% 164 

The symbols Ma, Mi, Mp represent the mass (mg) of solute adsorbed, intercepted and in 165 

the permeate; Vf, Vp, Vc represent the volume (L) of total feed solution, permeate solution and 166 

concentrated solution; and Cf, Cp,Cc represent the solute concentration (mg/L) of the feed, 167 

permeate and concentrated solutions, respectively. In 'dead-end' filtration mode, the volume 168 

ratio of permeate to concentrate was 3:2 by default. 169 

 170 

3. Results and discussion 171 
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3.1 Characterization of the TiO2/C@Fe3O4 Membrane 172 

Titanium carbide (Ti3C2Tx) MXene nanosheets were chemically etched and exfoliated 173 

from Ti3AlC2 (MAX) powder based on a modified minimally intensive layer delamination 174 

(MILD) method [39]. As shown in Figure 1a, a solution of MXene showed a typical Tyndall 175 

effect. The X-ray diffraction (XRD) patterns (Figure 1b) of the MAX (Ti3AlC2) and MXene 176 

(Ti3C2Tx) demonstrated characteristic diffraction peaks corresponding to (002), and the (008) 177 

planes of MXene were detected for titanium carbide (Ti3C2Tx), respectively [34]. The 178 

transmission electron microscopy (TEM) image of Ti3C2Tx in Figure 1c showed monolayer, 179 

single-crystalline Ti3C2Tx flakes. The high resolution transmission electron microscopy 180 

(HRTEM) image of Ti3C2Tx in Figure 1d showed multiple Ti3C2Tx flakes stacked and the flakes 181 

of Ti3C2Tx were composed of hexagonal arrangements of atoms, as indicated by the selected-182 

area electron diffraction (SAED, inset of Figure 1d) [40]. This indicated that the MXene 183 

suspension was successfully prepared. Figure 1e illustrated the fabrication process of MOX 184 

membranes. Firstly, MXene was deposited on the surface of a commercial mixed cellulose ester 185 

(MCE) base membrane/substrate (pore size of 0.22 μm) by pressure filtration. Subsequently, 186 

the MXene membranes were continuously (moderately) oxidized by freshly prepared FeCl3 187 

solution, at a constant volume but at different concentrations. The oxidized MXene membranes 188 

were denoted as MO1 to MO10, where “M” represents the MXene/MCE substrate, “O” 189 

represents the moderate oxidation of MXene, and the number represents the concentration of 190 

FeCl3 solution (mM L-1) used for oxidation. In the mild oxidation process of MXene by Fe(III) 191 

(Figure 1g), Fe(III) was reduced to Fe(II), and the surface of MXene membrane was oxidized 192 
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to produce the TiO2@C composite nano-layer. The pure (un-oxidized) MXene membrane was 193 

black in appearance, as was the MO1 membrane, while the MO10 appeared russet in colour. 194 

Figure 1. 195 

Surface images obtained by SEM analysis in shown in Figure 1h-j revealed the 196 

morphology of the MXene, MO1 and MO10 membranes. The pure MXene membrane 197 

displayed some wrinkling on its surface (Figure 1h). These morphological features were 198 

inherent properties of the stack of 2D ultra-thin lamellar nanomaterials[41]. In comparison, the 199 

different degrees of broken state caused by Fe3+ oxidation can be observed by the 200 

corresponding top views in Figure 1i-j. More severe damage on the surface of the MO 201 

membrane was evident following oxidation by an over-dose (≥100 mM) of Fe(III) (Supporting 202 

Information, Figure S2; from the inset image of Figure S2f, the larger flocs visible were iron 203 

oxides). 204 

The cross-sectional images of MO10 membranes were obtained by SEM analysis, and the 205 

stacked layers of nanosheets were clearly visible (Figure 2a and Figure S3), which indicated 206 

the existence of 2D nanochannels for water flow/transport. Figure S3 demonstrated the 207 

thickness of pure MXene and MO10 membranes of 697 nm and 541 nm, respectively. The 208 

decrease in membrane thickness was attributed to the partial deconstruction of Ti3C2 209 

nanosheets on the membrane surface after Fe(III) micro-oxidation, forming carbon flakes and 210 

anatase TiO2, while losing some C and Ti during the oxidation process. In addition, the 211 

undulations on the surface of the membrane are typical folds of two-dimensional materials and 212 
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these can be observed in the cross-sectional images. Figure S4 also showed the cross-sectional 213 

SEM of MOX (1, 2.5, 5, 10 mM) membrane oxidized with different Fe(III) concentrations, 214 

indicating that the 2D layered structure and typical folds were maintained during the oxidation 215 

process. The surface chemical state of all the kinds of membranes was further analyzed by XPS 216 

spectroscopy (Figure 2b and Supporting Information, Figure S5-S10). For the MO10 results 217 

shown in Figure 2b, the narrow scan of the Fe (2p) XPS spectrum included Fe 2p3/2 and Fe 218 

2p1/2 satellite peaks. The peaks at 710.8 and 724.2 eV were assigned to the Fe–O bond of the 219 

Fe2+ ion and the other two peaks at 713.6 and 726.8 eV were assigned to the Fe–O bond of the 220 

Fe3+ ion [42]. This suggested that Fe(III) was reduced to Fe (II) species by Ti3C2Tx, and 221 

eventually Fe3O4 was formed which coincided with the XRD results in Figure 5a. However, 222 

the high-resolution XPS spectrum of the surface of MO10 Ti 2p3/2 and 2p1/2 can be fitted by 223 

two peaks at 458.8 and 464.5 eV, respectively (Figure 2b). The 5.7 eV splitting energy between 224 

Ti 2p3/2 and Ti 2p1/2 peaks was consistent with the typical value for the Ti atom in TiO2 [43]. 225 

From the XPS spectrum, it can be seen that the form of Ti was changed. The absence of 226 

distinctive peaks corresponding to the C-Ti bond on the surface of MO10 indicated the 227 

oxidation of Ti3C2Tx and the creation of TiO2. This indicated that TiO2 and Fe oxides were the 228 

primary elements in the nano layer present on the surface of the oxidized membrane. 229 

Figure 2. 230 

Examination of the full XPS spectra of pure MXene membrane (Figure S5) showed that 231 

in addition to the identified C 1s, O 1s, Ti 2p3, and Cl 2p, the peaks at binding energy values 232 
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of 33, 59, 531, 684, 826, 971 and 1067 eV were assigned to Ti2O3 3p [44], Ti2O3 3s [44], Ti 2s 233 

[45], F 1s [46], F KLL [47], C KLL [47] and Ti LMM [48], respectively. The etching process 234 

of MAX introduced an abundance of oxygen-terminated functional groups on the nanosheet 235 

surface, resulting in a pronounced O 1s peak signal. Additionally, the presence of F 1s and Cl 236 

2p peaks could be attributed to the inclusion of HCl and LiF in the etching solution of MAX[36]. 237 

Comparing the full spectra of pure MXene and MO10, as shown in Figure S5a-b, it can be 238 

observed that a small amount of Fe existed in the surface of MO10, and the proportion of O 239 

increased significantly, while the proportion of Ti decreased. Further details in the SI (Table 240 

S2) gave a more complete description of the elemental composition of MXene and MO10. The 241 

atomic contents of Ti, O, C, Fe, and F elements on the surface of the MXene membrane and 242 

MO10 membrane, had been included in Table S2. Compared to MXene, the results showed that 243 

the Ti and F concentrations of MO10 decreased, while the contents of O and C were 244 

significantly increased. Clearly, the element concentrations from the XPS studies further 245 

proved the degradation of superficial MXene and creation of TiO2 and carbon layer in the 246 

oxidation processes of Fe(III). The high-resolution XPS spectrum for O 1s of the MO10 surface 247 

(Figure S8) can be fitted by four peaks at 529.9, 531.2, 532.0 and 533.8 eV, corresponding to 248 

TiO2 and Fe3O4, C=O, C-O and H2Oads bonds, respectively. This indicated that oxygen not only 249 

existed in metal oxides, but also participated in the formation of many surface functional groups. 250 

This FT-IR spectra (Figure S9)was also confirmed by this, with the broad band at 3400~3200 251 

cm−1 corresponding to the stretching vibration of the hydroxy (-OH) group. The peaks at 252 

1850~1660 cm−1, 1300~1000 cm−1, 900~1150 cm−1, corresponded to the -C=O stretching 253 



 

14 
 

vibration in the carboxyl group, C-O stretching vibration and C-O-C stretching vibration. 254 

Oxidizing MXene with varying iron concentrations led to differing degrees of enhancement in 255 

oxygen-containing functional groups on the membrane surface. Compared with the pure (un-256 

oxidized) MXene membrane, the stretching vibration of -OH and -COOH increased 257 

significantly for MO10. 258 

A representative TEM image of MO10 (Figure 2c) showed the flake structure, which 259 

proved that the oxidized MO10 still retained the two-dimensional layered structure at the 260 

microscopic level. HRTEM images (Figure 2d-e) of MO10 and selective area electron 261 

diffraction (SAED) patterns (inset of Figure 2e) indicated that some areas were of high 262 

crystallinity. A lattice fringe of nearly 3.5 Å, corresponding to the (101) plane of anatase TiO2 263 

(Figure 2e) confirmed the existence of TiO2 [49]. SAED patterns also confirmed the amorphous 264 

characteristics, showing two quite diffuse halos (inset of Figure S10a). This indicated that some 265 

areas were of low crystallinity which represented the existence of amorphous carbon. 266 

Transmission electron microscope (TEM) image of MO10 (Figure S10b) showed that the 267 

nanocrystals were embedded in thin sheets. The findings confirmed that the surface 268 

composition of the MO10 membrane was predominantly composed of anatase TiO2 and carbon 269 

sheets, while anatase may be the nano-block and supported by mostly amorphous carbon sheets 270 

(Figure S10b and S28). To further investigated the elemental distribution of MO10, EDX 271 

elemental mapping was performed. The elemental mapping results shown in Figure 2f 272 

displayed the presence and even distribution of C, Ti, O and Fe elements across the MO10 273 

nanosheets, while the signal of Fe was slightly weaker than that of Ti and O, indicating that the 274 
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Fe content was low. Moreover, the elemental map of Fe (Figure 2f) showed that the Fe was 275 

distributed homogeneously on the surface of MO10, which confirmed the uniformity of iron 276 

oxides arranged in the MO10. The cross sections of MXene and MO10 membranes can be seen 277 

in Figure 2g-h, where the two-dimensional characteristics of stacked layers were clearly visible. 278 

As shown in Figure 2g, the layer spacing of MXene membrane was 1.620 nm, while that of 279 

MO10 membrane in Figure 2h was 1.833 nm. Although the layer spacing changed, the lamellar 280 

structure of the oxidized membrane was still preserved. As TiO2 and iron oxide particles were 281 

present in the lamella of MO10 membrane, the spacing of some layers was widened. The 282 

circled part of the Figure 2h proved the existence of this phenomenon. The size of iron oxide 283 

was slightly larger than the two-dimensional layer spacing, so when particles existed inside the 284 

membrane, they will open the channel and make it wider. The composite nanolayer on the 285 

surface of the membrane helped to preserve the two-dimensional layered structure inside 286 

T3C2TX despite the slow oxidation of O2. 287 

 288 

3.2 Properties of the MXene Membranes Oxidized by Different Concentrations of 289 

Fe(III) 290 

The filtration performance of the membranes, oxidized by various concentrations of 291 

Fe(III), was assessed based on water flux and rejection rate of the organic dye (Coomassie 292 

brilliant blue, CBB) in water (Figure 3a-b). The water flux of the pure Ti3C2Tx membrane was 293 

85.0 L m−2 h−1. As the increase of Fe(III) concentration, the oxidation degree of Ti3C2Tx 294 

increased, and the flux of the oxidized membrane decreased at low Fe(III) oxidation, but 295 
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increased at higher Fe(III) oxidation (but was always less than the un-oxidized membrane). 296 

Coomassie brilliant blue dye was selected as the representative pollutant (solute) to evaluate 297 

the rejection performance of MOX. In doing so, an important distinction was made between 298 

actual and apparent interception of the dye, as components of the rejection. Pure MXene 299 

membrane had a strong adsorption capacity because of its special structure, but the interception 300 

capacity will be greatly reduced after it reached adsorption saturation. Therefore, an optimal 301 

performance was where the adsorption ratio was as low as possible, and the actual interception 302 

as great as possible. As shown in Figure 3b, the apparent interception of pure MXene membrane 303 

was ~85.8%, while the actual interception was only ~77.5%. With oxidation, and increasing 304 

Fe(III) concentration, the apparent rejection rates of MO1, MO2.5, MO5 and MO10 all 305 

increased to 99~100%, while the actual rejection rates were 94.0%, 97.7%, 98.0% and 99.0%, 306 

respectively. Compared with the pure MXene membrane, the adsorption ratio in the apparent 307 

rejection of MOX membranes decreased significantly. The actual interception of MO10 308 

membrane was 26.5% higher than that of the MXene membrane.  309 

This can be elucidated as follows: We believe that these two mechanisms, the original 2D 310 

channel sieving and the gap sieving between particles, can coexist [50]. The dense nano-layer 311 

of the surface of MO10 formed by Fe(III) oxidation mainly relied on gap sieving between 312 

particles to separate and purify macromolecular substances. This was an important reason why 313 

the adsorption capacity of MO10 was reduced but the actual rejection is greatly improved. As 314 

shown in Figure S12, the initial contact angle of MO10 was smaller than that of the pure MXene 315 

membrane, indicating that MO10 had a greater hydrophilicity, which may be caused by more 316 
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hydroxyl and oxygen-containing functional groups. In fact, anatase TiO2 had a strong 317 

hydrophilic nature, and its surface contained rich hydroxyl groups [51]. A stable and dense 318 

hydration layer can be formed on the surface of TiO2, showing a highly ordered water 319 

molecular network structure [52]. In addition, the 2D channel sieving mechanism of internal 320 

T3C2TX also played an important role. This was due to the low particle content in the membrane, 321 

and most of the two-dimensional structure was retained inside the MO10 membrane, which 322 

enabled the membrane to remain stable in this situation. As the number of carboxyl and 323 

hydroxyl groups increased, the nano layers/sheets became more tightly connected through 324 

hydrogen bonding. Furthermore, the zeta potential of the MO10 membrane exceeded that of 325 

the MXene membrane (Figure S22). Due to the presence of Fe2+ and Fe3+, the oxygen-326 

containing functional groups with negative charge were able to retain the connections between 327 

the nano layers/sheets by electrostatic forces. Meanwhile, hydrophilicity significantly impacted 328 

membrane adsorption effectiveness [53]. Upon oxidation of the MXene membrane, its 329 

hydrophilicity experienced significant enhancement, attributed to the introduction of oxygen-330 

containing functional groups and TiO2. The increased hydrophilicity contributed to the 331 

formation of a compact hydration layer, diminishing the interaction between hydrophobic 332 

contaminants and the membrane surface, and thus greatly reduced the adsorption effect of the 333 

membrane [52]. 334 

To further investigate the effect of Fe(III) micro-oxidation on the rejection performance 335 

of the composite membranes, experiments on the rejection rate of other dyes by the MO10 336 

membrane were conducted (SI, Figure S23). The results revealed that the rejection rates of 337 
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MO10 membrane for some common dyes were significantly improved compared with those of 338 

pure MXene membrane. The apparent rejection rates of MB, RhB, CV and MNB dyes by 339 

MO10 membrane increased to more than 80%, while the actual rejection rates were around 340 

97.1%, 81.3%, 74.2% and 73.2%, respectively, which were much higher than those of pure 341 

MXene membrane. The decrease in the actual rejection rates of the other dyes compared to 342 

CBB was mainly attributed to the decrease in dye size and carried charge. The molecular 343 

weights of MB, RhB, CV, and MNB dyes gradually decreased, leading to a reduction in the 344 

separation performance of the MO10 membrane based on the original 2D channel sieving as 345 

the main separation mechanism for these dyes. However, Fe(III) micro-oxidation generated 346 

TiO2 particles within the interlayer spaces, allowing the MO10 membrane to be sieved through 347 

gap sieving. Therefore, the decline in rejection performance with size was much lower than 348 

that of the pure MXene membrane. Meanwhile, owing to the higher zeta potential of the MO10 349 

membrane (SI, Figure S22), the adsorption rates of positively charged CV and MNB dyes were 350 

also much lower than those of the pure MXene membrane. Therefore, Fe(III) micro-oxidation 351 

contributes to the dye rejection performance of MXene membranes. 352 

The apparent rejection rate of the over-dose (≥100 mM) Fe(III) oxidized sample was as 353 

high as ~100%, but the actual rejection (interception) rate was only ~47%. This was because 354 

the excessive Fe(III) formed iron oxide flocs with stronger adsorption capacity. However, the 355 

MXene membrane was oxidized by a small amount of Fe(III) (10 mM) and did not form large 356 

flocs, so the adsorption capacity was very small. The adsorption effect of MO10 membrane 357 

only accounted for 1%. The long-term variation of substrate rejection of MXene and MO10 358 
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membranes for CBB was shown in Figure S24. The rejection rate of the MO10 membrane 359 

decreased very little after long time operation. After cleaning the surface, the rejection effect 360 

can be restored to the initial rejection rate. However, due to the serious adsorption effect of the 361 

MXene membrane, the rejection rate decreased from ~86% to ~52% after running for 180 min. 362 

A performance comparison of the TiO2/C@Fe3O4 membrane with previous reported membrane 363 

materials has been provided in Table S4 (SI) [54–60]. It was evident that the TiO2/C@Fe3O4 364 

membrane in this work had a good performance in terms of water flux and dye rejection. 365 

Figure 3. 366 

To compare the ion retention performance of mildly oxidized and unoxidized MXene 367 

membranes, the permeation rates of sodium chloride and magnesium chloride were assessed 368 

using a custom-designed U-shaped instrument (SI, Figure S13). The left chamber of the 369 

apparatus was filled with a 0.2 mol/L salt solution, while the right chamber contained an equal 370 

volume deionized water. Both solutions were subjected to magnetic stirring within their 371 

respective chambers to ensure the elimination of any concentration gradient across the 372 

instrument. The conductivity of the permeate side was measured to estimate ion concentration 373 

and to determine ion transport. Figure 3c showed the linear growth of concentrations of both 374 

salts during the continuous measurement within one hour. The permeability of the three 375 

membranes to MgCl2 exhibited a greater decrease compared to that of NaCl. This discrepancy 376 

can be primarily attributed to the variance in the hydration ion radii. Compared with the non-377 

oxidized MXene membrane, the permeability of MO1 and MO10 membranes was significantly 378 
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reduced, which can effectively inhibit the infiltration of salt ions. The permeability of the MO1 379 

membrane was slightly lower than that of MO10, which corresponded to the low flux of the 380 

MO1 membrane. As depicted in Figure 3d, comparison to the unoxidized MXene membranes, 381 

the osmotic inhibition efficiency of NaCl and MgCl2 increased by 42.39% and 37.51% for the 382 

MO10 membranes (completely oxidized by Fe(III)), while the osmotic inhibition efficiency of 383 

MO1 membranes (partially oxidized by Fe(III)), increased by 32.60% and 35.56% respectively. 384 

These results confirmed that the MOX membranes oxidized by Fe(III) had a certain 385 

desalination capacity and that the desalination capacity mainly depended on the size of the 386 

layer spacing, and was poorly related to the physical adsorption capacity of the lamellar. As 387 

depicted in Figure 3e, the flux of all membranes exhibited a linear increase when the 388 

transmembrane pressure escalated from 1 bar to 3 bar. This observation indicated that the 389 

microstructures of membranes remained undamaged despite the compression resulting from 390 

the pressure increase. It also suggested that the prepared membranes demonstrated excellent 391 

resistance to compression [61]. The SEM images before and after the pressure experiment 392 

(Figure S12) showed typical folds on the surface of the MO10 membrane without cracks, 393 

indicating the structural stability of the MO10 membrane. However, in the pressure-flux 394 

diagram, the slopes of each linear relationship were different. The slope of the MXene 395 

membrane was the largest, while the slope of the MO1 membrane was the smallest. The slope 396 

of the compression curve represented the relative difference of permeability after compaction, 397 

indicating that the permeability of the MO10 membrane was greater than that of the MO1 398 

membrane, but slightly less than that of the MXene membrane. 399 
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By reference to the schematic processes shown in Figure 3f-h, the reasons for the change 400 

in flux can be explained as follows: firstly, the water channels of MXene membranes were 401 

mainly composed of two-dimensional sheets separated in stacks by nanochannels. Furthermore, 402 

with the addition of a small amount of Fe(III), part of the Ti3C2Tx nanosheets were oxidized 403 

producing more oxygen-containing functional groups and hydrogen bonds, thereby 404 

strengthening the connection between the sheets. The Ti/C nano-layer formed by oxidation on 405 

the surface of the MXene membrane prevented the smooth flow of water to some extent. Due 406 

to the increase of functional groups and Fe ions, the transport resistance of water in the MO10 407 

nanochannels was greater, leading to the decrease of flux. At the same time, a small amount of 408 

Fe(III) played a cross-linking role in the form of ionic bonds, which also leaded to the reduction 409 

of membrane flux (Figure 3g). After exposure of MXene to higher concentrations of Fe(III), 410 

the Ti3C2Tx sheets on the surface of membrane were extensively, or completely, oxidized, 411 

thereby forming anatase TiO2 nanoparticles supported by carbon sheets. Under these conditions, 412 

the defects on the membrane surface increased, and part of the Fe was deposited in the form of 413 

oxides. Iron oxides with larger particle diameters will increase the distance between the sheets, 414 

and the flow rate will be greater, resulting in a slight increase in flux (Figure 3a & 3h). The 415 

trend of FeCl3 flux change over time during oxidation was recorded (SI, Figure S15) and was 416 

found to be directly related to the degree of oxidation. Therefore, at the maximum concentration 417 

of Fe(III) of 10 mM, the flux decreased fastest and gradually became stable after approximately 418 

1500 s, with the final flux consistent with the water flux of MO10 membranes. The trend of 419 

flux change of MO10 membranes meant that the rate of oxidation was the greatest and that the 420 
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MXene was completely oxidized at the end of the observed period. When the Fe(III) 421 

concentration was 5 mM, the trend of flux change was similar to that of 10 mM but the rate of 422 

decrease was slightly lower. However, for Fe(III) concentrations of 1 and 2.5 mM, the rate of 423 

membrane flux decrease was lower, and the flux did not become stable by the end of the 424 

observed period. 425 

 426 

3.3 Tests of the TiO2/C@Fe3O4 Membrane Stability  427 

As can be seen in Figure 4a, the rate of natural oxidation was relatively fast. After soaking 428 

in water for ten days, the MXene membrane was still undergoing slow oxidation by oxygen, 429 

forming a gray solid layer, but the oxidized membrane did not have any filtration capability. 430 

However, the high-resolution XPS spectra of naturally oxidized samples were approximately 431 

similar to those of the MO10 membrane, except for the absence of Fe in naturally oxidized 432 

samples. TiO2 was also generated after natural oxidation, but its two-dimensional structure and 433 

membrane appearance were greatly changed. As shown in the SI (Figure S17), the MXene 434 

membranes after natural oxidation did not have the characteristic fold structures of two-435 

dimensional materials and appeared to have cracked into small nano fragments. This was the 436 

main reason why the membrane did not have a filtration performance (SI, Table S3). In contrast, 437 

the MXene membrane underwent intense oxidation when exposed to the strong oxidant H2O2, 438 

and was almost completely oxidized and degraded within five minutes (SI, Figure S16). 439 

Moreover, the membrane oxidized by H2O2 had no separation performance (SI, Table S3). In 440 

contrast, the MO10 membrane formed by Fe(III) oxidation maintained a relatively complete 441 
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membrane appearance and a good apparent stability after soaking in water for ten days (Figure 442 

4b). By comparing the results given in Figure 4c, the flux of pure MXene membrane soaked in 443 

water increased by ~125% compared with the initial flux after 7 days, while during 10 days, 444 

the flux of MO10 varied by less than 5%. The small variation was mainly due to the change of 445 

air pressure, which may be affected by the temperature and environment. The concentration of 446 

Fe used for oxidation of the MO10 membrane, the residual concentration of Fe in water filtered 447 

by the MO10 membrane and the concentration of Fe in deionized water, were detected by ICP-448 

MS (SI, Figure S19). As depicted in Figure S19, the residual Fe concentration in the filtrate 449 

was approximately 9.3 μg/L, which was similar to the concentration of Fe in the deionized 450 

water, at the level of parts-per-billion (ppb). Therefore, it was clear that the leaching of Fe by 451 

the MO10 membrane was negligible, indicating good stability of the membrane and the 452 

avoidance of any secondary pollution downstream in practice (e.g. to the aquatic ecosystem). 453 

The results of CCB dye rejection experiments (SI, Figure S20) showed that the actual rejection 454 

rate of the MO10 membrane remained above 90% after soaking for 10 days, which was much 455 

higher than 38.2% of the pure MXene membrane (after soaking for 7 days). This was consistent 456 

with the results of the flux tests, demonstrating that the Fe(III) micro-oxidized MO10 457 

membrane had strong stability and anti-oxidant properties. 458 

Figure 4. 459 

XRD analysis of the membranes was performed to investigate the chemical composition 460 

and their changes in water (Figure 5a). After soaking the membrane in water for 5 days, the 461 
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characteristic diffraction peaks corresponding to (002) planes of MXene had disappeared, 462 

while the characteristic peak corresponding to (101) of anatase TiO2 (PDF#75-1537) appeared. 463 

On the other hand, some characteristic diffraction peaks corresponding to (111) and (101) 464 

planes of magnetite Fe3O4 (PDF#79-0416) and anatase TiO2 (PDF#75-1537) were detected for 465 

the MO10 membrane. Significantly, the characteristic diffraction peaks did not shift by soaking 466 

in water. These results demonstrated a significant change in the chemical composition of the 467 

MXene membrane, whereas the MO10 membrane remained stable. 468 

The Raman spectra of MXene and MO10 membranes were given in the SI (Figure S18 469 

and S28). The Raman spectrum of the MO10 samples (Figure S18) contained peaks 145, 199, 470 

397, 517, and 638 cm−1, corresponding to the Eg
1, Eg

2, B1g
1, B1g

2 + A1g, and Eg
3 vibrational 471 

modes of anatase TiO2 [43,62], respectively. It was expected that anatase TiO2 would be 472 

produced during the oxidation process of Ti3C2Tx precursors. As shown in Figure S28, two 473 

peaks corresponding to the D mode at ~1350 cm−1 and G mode at ~1581 cm−1 of MO10 474 

represented disordered and graphitic structures, respectively [63]. The MO10 sample formed a 475 

highly disordered graphitic structure on the surface after the oxidation of Fe(III) which was 476 

different from the MXene. When the MO10 membrane was soaked in water for five days, the 477 

characteristic peak of carbon remained constant, indicating that the carbon skeleton hadn't 478 

changed. 479 

Figure 5. 480 

 481 
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3.4 Mechanistic Insights into the Oxidation of MXene to TiO2/C@Fe3O4  482 

Time-of-flight secondary ion mass spectrometry (TOF-SIMS) was recognized as a potent 483 

tool for high-resolution nanoscale three-dimensional (3D) characterization and structural 484 

reconstruction. It exceled in detecting ionized elements and molecule fragments at the ppb level 485 

due to its exceptional sensitivity (Figure 6a-d). Therefore, TOF-SIMS analysis method was 486 

adopted to conduct further structural analysis of the composite membranes. The 3D images of 487 

chemical composition distribution were recovered by 3D reconstruction technology of in-depth 488 

analysis. It can be seen that Fe element was more distributed in the surface layer of the 489 

composite membrane, and Ti element presented a state of encapsulation. Therefore, it was 490 

speculated that the nano layer which contained the Fe element on the membrane surface served 491 

a protective function for the inner Ti structure. With the deepening of the etching depth, it can 492 

be seen that the Fe content became less, while the Ti content remains relatively stable. This 493 

was also consistent with the previous in-depth analysis data of XPS: it indicated that the Fe 494 

content deep into the membrane was reduced, and the nano protective layer on the surface can 495 

protect the internal MXene from oxidative degradation, so the oxidation degree inside the 496 

membrane was weakened.  497 

As shown in Figure 6e, the high-resolution XPS spectrum of MXene Ti 2p3/2 (2p1/2) can 498 

be fitted by ten peaks at 455.0 (461.2), 455.8 (461.3), 457.2 (462.9), 459.3 (464.2), 460.2 (466.2) 499 

eV, corresponding to the Ti, Ti2+, Ti3+, TiO2-xFx and C-Ti-Fx bonds, respectively [64]. Here, a 500 

depth of 20 nm was chosen to etch the surface of MO10. The XPS spectra in Figure 6g showed 501 

that the Ti 2p peaks of Ti, Ti2+, Ti3+, TiO2 inside MO10 which was not completely oxidized. 502 
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Although the TiO2 content increased significantly compared with Ti3C2Tx, inside MO10 still 503 

retained the unique structure of Ti3C2Tx. By comparing Figures 6f and 6h, it can be seen that 504 

the number of Ti-C and C-C bonds decreased, while the number of C-O and C=O bonds 505 

increased. This meant that MO10 does undergo oxidation, but still retained a certain Ti/C 506 

structure, which was the key to maintaining the two-dimensional layered structure. As shown 507 

in Figure 2, the surface of Ti3C2Tx formed a nano-layer with TiO2, carbon and Fe oxides as the 508 

main component after the oxidation of Fe(III). This nano-layer can protect the internal Ti3C2Tx 509 

from further oxidation, so as to maintain the two-dimensional layered structure. According to 510 

the obtained results (SI, Table S2), we found that there was still a certain amount of C inside 511 

the MO10 after Fe (III) oxidation. Element C was not lost entirely or oxidized to form CO2. 512 

The low content of Fe inside the MO10 membrane meant that the oxidation degree inside the 513 

membrane was very low. 514 

Figure 6. 515 

A schematic illustration representing the transformation of MXene flakes into anatase 516 

structures, as observed during the different oxidized conditions, was given in Figure 7. We 517 

hypothesized that in the natural oxidation process, the oxidation rate was slow. The carbon 518 

structure cannot recombine and retain the complete lamellar structure in this process (SI, Figure 519 

S17), so it was difficult to maintain the two-dimensional structure after oxidation [23,25]. The 520 

Ti and C layers were completely oxidized and degraded by natural oxidation (Figure 7b).  521 

In contrast, for the concentrations of 10 mM Fe(III) (applied concentration of FeCl3), the 522 
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Ti layers at the top was preferentially oxidized to form the protective nano-layer and some 523 

small size iron oxide was deposited in the nano-layer (Figure 7c). When the Ti element in the 524 

surface of Ti3C2Tx nanosheets formed anatase TiO2 nanosheets [26,65], the remaining C 525 

element spontaneously began to form a C layer, thus forming the C/TiO2 nano-layer [66]. 526 

Comparing the zeta potential of the MXene and MO10 membranes (Fig. S22), the 527 

electronegativity of the surface of the MO10 membrane was obviously weaker than that of the 528 

MXene membrane, which meant that the positively charged Fe(II) and Fe(III) in the nano-layer 529 

could be bound to the negatively charged C layer and Ti layer by electrostatic forces. The peaks 530 

of Ti 2p1/2 and 2p3/2 of the surface of MO10 showed larger negative shifts of 0.44 and 0.45 531 

eV, relative to those in the MXene membrane by natural oxidation, indicating strong electron 532 

interaction between the Fe and Ti of the nano-layer (Figure S25) [67].  533 

However, with the higher concentration of FeCl3 (over-dose) oxidation, the amounts of 534 

oxides increased with the concentration of FeCl3, and the floccules with larger diameters were 535 

formed which was not conducive to improving the performance.  536 

Figure 7. 537 

The oxidation process of Fe(III) was rapid and mild, and Ti/C nanolayer at the top of 538 

MO10 can be recombined with Fe oxides during the oxidation process, so that the complete 539 

lamellar structure inside can be retained. A prior investigation examined how oxidants 540 

influence the behavior of MXenes [68]. Through manipulation of oxidation levels (oxidant 541 

content and reaction time), it became possible to preserve the original layered structure 542 
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selectively [69]. In summary, we believe that when Fe(III) was used as oxidant, the original 543 

layered structure of MXene membrane can be selectively retained by regulating the degree of 544 

oxidation. 545 

  546 
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4. Conclusions 547 

In this study the benefits of applying different concentrations of FeCl3 solution to oxidize 548 

MXene membranes were evaluated and an optimal dose of 10 mM (MO10 membrane) was 549 

found to provide a high level of membrane stability in solution and solute rejection. At the 550 

optimal dose of Fe(III) the mildly oxidized MXene flakes formed a thin layer of thin TiO2 551 

nanoparticles supported by carbon sheets, in which there were uniformly distributed Fe oxides. 552 

This nano-layer can protect the internal Ti3C2Tx from further oxidation, so as to maintain the 553 

two-dimensional layered structure. The solute separation performance, based on dye rejection, 554 

was much greater than a pure (un-oxidized) MXene membrane, corresponding to ~99.9%, of 555 

which adsorption contributed only 1%. Relative to the unoxidized MXene membrane, the 556 

osmotic inhibition efficiency of NaCl and MgCl2 experienced respective increments of 42.39% 557 

and 37.51% upon utilization of the MO10 membrane. In addition, the MO10 membrane also 558 

performed well in stability tests, maintaining a visually intact membrane structure and stable 559 

water flux. After soaking the membrane in water for 5 days, the chemical composition and the 560 

carbon skeleton of MXene membrane changed dramatically whereas the MO10 membrane has 561 

remained stable. Compared with other oxidation methods, Fe(III) oxidation is a more mild and 562 

effective approach, which greatly improved the membrane performance (stability and 563 

solute/substrate rejection). Thus, this work presents a novel consideration of MXene membrane 564 

structure regulation and performance optimization. This novel approach not only provides a 565 

valuable reference for the design of other two-dimensional membranes, such as GO and C3N4, 566 

but also enables opportunities in the future for the development and application of two-567 
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dimensional materials in adsorption, catalysis and energy storage.  568 
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Appendix A. Supplementary data 600 

The Supporting (supplementary) Information contains 28 Figures and 5 Tables as follows: 601 

Filtration device with a rotor indicated by red circle; b) Filtration device during rotor operation. 602 

(Figure S1); 603 

SEM images (top view) of membranes oxidized by different concentration of Fe(III) (Figure 604 

S2); 605 

Cross-sectional SEM images of MXene and MO10 membranes (Figure S3); 606 

Cross-sectional SEM images of MO1, MO2.5, MO.5 and MO10 membranes (Figure S4); 607 

The XPS full spectra for MXene membranes, MO10 membranes and MXene membranes after 608 

natural oxidation (Figure S5); 609 

The XPS spectra for: Ti 2p, O 1s and F 1s of MXene membrane (Figure S6); 610 

The XPS spectra for: Ti 2p, O 1s and C 1s of MXene membrane after natural oxidation (Figure 611 

S7); 612 

The XPS spectra for O 1s of MO10 membrane (Figure S8); 613 

FT-IR spectra of MXene membrane and MXene oxidized by different concentrations of Fe3+ 614 
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(Figure S9); 615 

HRTEM images of MO10 (Figure S10); 616 

Element analysis and energy-dispersive X-ray spectroscopy (EDX) for MO10 membrane 617 

(Figure S11); 618 

Variation of contact angle with time of pure MXene and MO10 membranes (Figure S12); 619 

The customized U-shaped instrument (for ion retention tests) (Figure S13); 620 

The SEM images of MO10 membrane surface before and after the pressure experiment (Figure 621 

S12); 622 

Temporal variation of flux of MXene membrane oxidized with different concentrations of 623 

Fe(III) (Figure S15); 624 

Photographic images relating to membrane stability: MXene membranes oxidized by H2O2 625 

(Figure S16); 626 

SEM image (top view) of MXene membrane after natural oxidation for 5 days (Figure S17); 627 

Raman spectra of MXene and MO10 membranes (Figure S18); 628 

The concentration comparison of Fe3+ used for oxidation of the MO10 membrane, in water 629 

filtered by MO10 membrane, and in deionized water (Figure S19); 630 

The CCB rejection of membrane samples varied with soaking time in water (Figure S20); 631 

The UV-visible absorption spectra of the feed, permeate and concentrate solutions of 632 

Coomassie brilliant blue dye for MXene and oxidized MXene membranes (Figure S21); 633 

The zeta potential of MXene and MO10 membranes (Figure S22); 634 

Variation of substrate rejection of different dyes by MO10 and pure MXene membranes 635 
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(Figure S23); 636 

Long-term variation of substrate rejection of MXene and MO10 membranes for CBB (180 min) 637 

(Figure S24); 638 

The XPS spectra for Ti 2p of MO10 membrane and MXene membrane by natural oxidation 639 

(Figure S25); 640 

Photographs of MO10 membrane (Figure S26); 641 

TGA analysis of the MXene and MO10 in Ar (Figure S27); 642 

Raman spectra of MO10 membranes before and after soaking in water for 5 days (Figure S28); 643 

Comparison of Fe(III) micro-oxidation with previously reported MXene-based membranes of 644 

different preparation methods (Table S1). 645 

The XPS elemental composition of MXene membrane and MO10 membrane (Table S2); 646 

Comparison of rejection and flux for MXene membrane, MO10 membrane, MXene membrane 647 

oxidized by H2O2, and MXene membrane oxidized by natural oxidation (Table S3); 648 

Performance comparison of TiO2/C@Fe3O4 membrane with previous reported membrane 649 

materials (Table S4); 650 

The properties of organic molecules used in this study (Table S5); 651 

  652 
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Figure 1. (a) Photograph of Tyndall effect of MXene; (b) XRD spectra of Ti3AlC2 1 

(MAX) and Ti3C2Tx (MXene); (c) TEM of the delaminated Ti3C2Tx flakes; (d) HRTEM 2 

of multilayer Ti3C2Tx flakes, and inset is the SAED of the Ti3C2Tx; (e) Schematic 3 

images of the fabrication of MXene substrates via pressure filtration of MXene on the 4 

surface of commercial mixed cellulose ester (MCE) membranes and the fabrication of 5 

MOX composite membranes on MXene substrates; (f) Photograph of flow cell in which 6 

the MXene substrates were manufactured; (g) Schematic of the oxidation process and 7 

photographs of the membrane surface of MXene, MO1 and MO10. SEM images (top 8 

view) of (h) MXene, (i) MO1 and (j) MO10 9 
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Figure 2. Characterization of oxidized membranes: (a) Cross-sectional SEM images of MO10; 1 

(b) The XPS spectra for: Ti 2p and Fe 2p of MO10; (c) TEM and (d, e) HRTEM images of 2 

MO10 and inset is the SAED; (f) TEM images corresponding to the elemental mapping of 3 

MO10; Cross-sectional TEM images of (g)MXene and (h) MO10.4 
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Figure 3. (a) Water flux of membrane oxidized with different concentrations of Fe(III); 1 

(b) Variation of substrate rejection of membrane oxidized with different concentrations 2 

of Fe3+ for Coomassie brilliant blue. ‘Over-dose’ in figures (a) and (b) means that the 3 

concentration of FeCl3 solution ≥100 mM L-1.; Comparison of the permeability within 4 

one hour (c), and permeation rates (d), of ions in NaCl or MgCl2 solutions for three 5 

kinds of membranes; (e) The variation of water flux of the three kinds of membranes 6 

with pressure. Schematic diagrams of substrate rejection by (f) pure MXene, (g) MO1 7 

and (h) MO10 membranes. Flux was recorded by measuring the mass of flow 8 

continuously with an electronic balance (AX523ZH, Ohaus, USA) for a certain time 9 
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(0.5 h) under an applied pressure of 0.1 MPa. Each data of dye rejection and salt 10 

permeability was obtained by a new membrane sample. All the collected data were 11 

averages of three parallel tests, and standard deviation was calculated 12 



Figure 4. (a-b) Photographic images relating to membrane stability: (a) MXene membranes 1 

after natural oxidation and (b) MO10 membranes; (c) Continuous testing of flux of MXene 2 

membrane and MO10. Flux was recorded by measuring the mass of flow continuously with an 3 

electronic balance (AX523ZH, Ohaus, USA) for a certain time (0.5 h) under an applied 4 

pressure of 0.1 MPa.5 
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Figure 5. XRD spectra of the MXene and MO10 membranes before and after soaking 1 

in water for 5 days. XRD data of the MXene and MO10 membranes after soaking in 2 

water for 5 days were normalized for comparison with pre-soaking. 3 
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Figure 6. (a-c) 3D variation of the TOF-SIMS intensity related to the corresponding 1 

charged fragments; (d) Depth profile curves of TOF-SIMS in negative mode. The XPS 2 

spectra for: (e) Ti 2p, (f) C 1s of MXene membrane and (g) Ti 2p, (h) C 1s of inside 3 

MO10 membrane. During the XPS detection, a depth of 20 nm was chosen to etch the 4 

surface of MO10. 5 
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Figure 7. Schematic of the oxidation mechanisms: (a) shows the pristine layered 1 

structure of MXene; (b) represents the product by natural oxidation, where both the Ti 2 

and C layers were completely oxidized and degraded; (c) represents MO10 by the 3 

concentration of 10 mM FeCl3 oxidation, where the Ti layers at the top was 4 

preferentially oxidized to form the protective nano-layer and some small size iron oxide 5 

was deposited; (d) represents the higher concentration of FeCl3 (over-dose) oxidation, 6 

where the amount of oxide increased with the concentration of FeCl3, and particles with 7 

larger diameters were formed. Over-dose in Figure (h) means that the concentration of 8 

FeCl3 solution ≥ 100 mM L-1. 9 
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