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3D Macroscopic Architectures from Self-Assembled MXene Hydrogels
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Assembly of 2D MXene sheets into a 3D macroscopic architecture is highly desirable to overcome the severe restacking problem of 2D MXene sheets and develop MXene-based functional materials. However, unlike graphene, 3D MXene macroassembly directly from the individual 2D sheets is hard to achieve for the intrinsic property of MXene. Here a new gelation method is reported to prepare a 3D structured hydrogel from 2D MXene sheets that is assisted by graphene oxide and a suitable reductant. As a supercapacitor electrode, the hydrogel delivers a superb capacitance up to 370 F g -1 at 5 A g -1 , and more promisingly, demonstrates an exceptionally high rate performance with the capacitance of 165 F g -1 even at 1000 A g -1 . Moreover, using controllable drying processes, MXene hydrogels are transformed into different monoliths with structures ranging from a loosely organized porous aerogel to a dense solid. As a result, a 3D porous MXene aerogel shows excellent adsorption capacity to simultaneously remove various classes of organic liquids and heavy metal ions while the dense solid has excellent mechanical performance with a high Young's modulus and hardness.

Introduction

MXenes, with the formula M n+1 X n T xwhere M is a transition metal, X is C and/ or N, and T x denotes surface functionalization-are a new emerging class of 2D materials, which are prepared by selectively etching away the A-group (generally group IIIA and IVA elements) layers from the MAX phases. [1,2] Their unique structure and surface chemistry give MXenes many key properties, such as metallic conductivity (6000-8000 S cm -1 ), [3] a hydrophilic surface, and good mechanical stability, [4] which distinguish them from other 2D materials and make them promising candidates for energy storage, [5,6] electromagnetic-interference shielding, [3] transparent conductors, [7] catalysis, [8] and sensor [9] applications.

However, similar to other 2D materials, their performance is hindered by their tendency to stack or aggregate, which severely limits their applications in many fields. Strategies including the introduction of interlayer spacers, [5,[10][11][12][13] creating porous structures, [14,15] and integrating 2D MXene sheets into 3D macroscopic structures have been proposed to tackle those issues. [15][16][17][18][19] Typically, Gogotsi's group reported that Ti 3 C 2 intercalated with dimethyl sulfoxide shows excellent Li-ion capacity at extremely high charging rates. [13] It is reported using sacrificial poly(methyl methacrylate) spherical templates to produce 3D macroporous films is another efficient way to increase the MXene surface accessibility. [17] Flexible MXene foams prepared by a hydrazine-induced foaming process from assembled MXene films show excellent electromagnetic-interference shielding. [15] In addition to these efforts of engineering MXene film, 3D MXene-based composites prepared by the ice-template method or Ti 3 C 2 hydrogel without volume shrinkage from a high concentration MXene dispersion have been reported recently. [18,19] Unfortunately, the MXene assembly at high concentration solutions would make the restacking or aggregation of MXene sheets worse, which no doubt would adversely affect their surface utilization. Considering the intrinsic property of MXene like the superior hydrophilic nature, the small size, and the rigidity of MXene flakes, it is still a challenge to achieve the direct assembly of individual MXenes sheets into a 3D macrostructure with a stable interlinked network.

Here we report the formation of a 3D MXene hydrogel (denoted as MXH) by a self-assembly approach in the presence of graphene oxide (GO) and ethylenediamine (EDA). When used as a supercapacitor electrode, the 3D hydrogel achieves a superb gravimetric capacitance and rate performance as a result of the rapid electron transfer and ion transport to redox active sites in the porous 3D MXene macroassembly. With different drying processes, MXene hydrogels are transformed into MXene monoliths (MXMs) with entirely different morphologies and microstructures, either as loosely organized aerogels or densely structured xerogels, which is similar to those for graphene hydroge!s. 1 201 The porous 3D MXene foam (F-MXM) through freeze-drying shows a high adsorption performance for the removal of various classes of organic liquids and heavy metal ions, while the capillary induced dense 3D MXene monolith (D-MXM) has a high Young's modulus and hardness, demonstrating their potential use in environmental deaning, mechanics, and energy storage.

Results and Discussion

The MXH can be easily prepared from a homogeneous MXene aqueous dispersion (2-10 mg mL-1 ) containing S-20 wt% GO and a trace of EDA in a sealed glass via! at 95 °C for 6 h (Figure 1). The formation of MXH can be dearly seen in Video Sl in the Sup porting Information. Similar to EDA-promoted GO gelation,1 2 1 2 21 the assembly of MXene is proposed to occur as follows: i) ring opening of epoxy groups attached to GO layers is initiated by EDA to form oxygen dangling bonds, and the MXene flakes then react with these bonds to form hybrid structures of MXene and par tially reduced GO (rGO) and ii) the formation of the MXH is then driven by van der Waals forces and 1r-1r stacking interactions of the hybrid nanosheets. In this way, the MXH can be easily manu factured on a large-scale (Figure Sl, Supporting Information). As shown in Figure 2a-c, the MXH has a well-defined and intercon nected 3D porous network as shown in the scanning electron microscope (SEM) images of its freeze-dried samples (F-MXM). The pore size of the network ranges from sub-micrometers to several micrometers and the pore walls consist of stacked MXene flakes crosslinked by rGO sheets. A very stiff material with an obvious volume shrinkage and dense microstructure (D-MXM) is obtained when capillary-drying is used to remove the water from the hydrogel (Figure 2d-f has a high specific surface area of 196 m 2 g-1 compared to the reported MXene-based ma terials, whose surface areas range from .. 10 to 30 m 2 g-1 . 1 11 , 14 1 As observed from the SEM, transmission electron micro scope (TEM), and atomic force microscope (AFM) images of the MXene sheets (Figure S2, Supporting Information), it has a 2D lamellar structure without obvious wrinkles, which indi cates that the MXene sheets are not as flexible as graphene. MXene sheets and large graphene sheets form a hybrid scaf fold as shown in TEM images of hybrid sheets at different magnifications (Figure 3a,b) and energy clispersive X-ray spec trum (EDS) elemental maps of the two components (Figure Je). The crosslinked MXene and rGO sheets are more flexible and thicker and are wrinkled. The elemental maps in Figure Je show uniform distributions of Ti, C, 0, N, and F elements in the F-MXM. In Figure 3d, the (002) diffraction peak shifts from 7.1 ° for MXene powder to 6.5 ° for F-MXM after the introduction of the rGO, corresponding to an increased inter layer spacing from 1.18 to 1.37 nm. There is no characteristic Ti0 2 peak in the X-ray cliff raction (XRD) pattern of F-MXM, indicating crosslinking of the MXene sheets by the functional groups of the GO layers rather than oxidation of the MXene sheets. The Raman spectra (Figure S3, Supporting Informa tion) of MXene powder and F-MXM are similar in the range of 100 to 750 cm-1, but two broad bands inclicating the presence of graphene appear at 1320 and 1595 cm-1 for F-MXM, which confirrns the incorporation of MXene and rGO sheets.

To investigate the effect of GO, we used different amounts of GO in the assembly of MXene (Figure Je). Ail the hydro gels prepared with different amounts of GO have a smooth surface with differential volume shrinkage, which is an impor tant indicator for the formation of the stable 3D interconnected frameworks. Nevertheless, with a decrease of the amount of GO in the MXene system, a more expanded hydrogel is obtained because of the lower crosslinking index. A MXene hydrogel cannot be obtained without the addition of GO. We found that GO is crucial to construct the 3D macrostructures. To further investigate the mechanism of MXH formation, high-resolution X-ray photoelectron spectroscopy (XPS) spectra of the Ti 2p (Figure 4a), 0 ls (Figure S4b, Supporting Information) and C ls (Figure S4c, Supporting Information) of MXene powder and F-MXM were recorded. The Ti 2p core level peak can be fitted by a contribution of three doublets (Ti 2p 3 1 :r Ti 2p 112 ), in agree ment with other reports.11 2 • 23 1 The Ti 2p core level peak contri butions for F-MXM and MXene powder were determined using the nonlinear least square method. As shown in Figure 4a, S1, Supporting Information). As shown in Table S1 in the Supporting Infor mation, the number of C-N bonds decreases as the amount of GO used decrease. This shows that the introduction of EDA onto the surface of the GO layers and the reaction of EDA with hydroxyl/epoxy groups is located on GO sheets.1 21 1 Besides, the MXene hydrogel cannot form in the mixture solution of GO/MXene free of EDA (Figure S5a, Supporting Information). Only oxidized MXene precipitate and rGO hydrogel were obtained due to the reduction of GO by MXene, which can be identified from the Fourier transform infrared spectroscopy (FTIR) (Figure S5b, Supporting Information). Those results indicate that these two components fail to cross link with each other in the absence of EDA. In addition, control experiments were performed by assembling MXene solely with GO using a hydrothermal process (free of EDA). As shown in Figure S6a in the Supporting Information, the two corn-ponents have no effective interaction with each other, leading to obvious delamination. There is only a limited effect on the formation of MXH when the EDA content decreases from 50 to 1 wt% as shown in Figure S6b in the Supporting Informa tion. However, nanosheet aggregates begin to form when the EDA content is decreased to 0.5 wt% and these aggregates are unable to assemble into a hydrogel (Figure S6c, Supporting Information) because the mixed nanosheets are not stable in a neutral aqueous solution. Besides, the selection of reductant will significantly affect the assembly process of MXene and GO. As shown in Figure 4c, L-cysteine, ammonium hydroxide (NH 3 -H 2 O), hydrazine hydrate (N 2 H 4 -H 2 O), sodium hydrogen sulfite (NaHSO 3 ), hydroiodic acid, and sodium sulfide (Na 2 S) ail show a similar effect to EDA because the ring-opening of epoxy groups attached to the GO layers is initiated by these reductants via nudeophilic reactions to form oxygen dan gling bonds,1 25 -2 71 which are available for the crosslinking of most of the MXene flakes and the rGO sheets. For a strong reductant (sodium borohydride (NaBH 4 )) or a weak reductant (potassium hydroxide (KOH)), a broken or structure unstable MXH is obtained because of the excessive or inadequate reduc tion. However, other reductants without an amino group and a different reduction mechanism cannot take part in the crosslinking process. For L-ascorbic acid sodium salts, phloro glucinol, ethanedithiol, etc., carboxyl groups will be removed preferentially instead of oxygen dangling bonds being formed by oxygen ring-opening.1 25 • 28 1 As a result, a rGO hydrogel will be obtained rather than an MXH, so that both GO and EDA (or similar reductants) are needed for the formation of MXH. EDA provides the crosslinking sites for the MXene flakes and the partially reduced GO sheets. The inherent flexibility of the rGO sheets is crucial for neutralizing the rigidity of the MXene flakes and building the 3D macrostructures. Then the assembly of MXene flakes are driven by the van der Waals force between the MXene flakes and assisted by the 1r-1r interaction of rGO sheets crosslinked with MXene. Hence, the as-prepared MXHs are structurally stable and mechanically strong, which can be further confirmed by rheological tests (Figure S7, Supporting Information). The viscosity of the MXH decreased greatly as it was sheared, which is typical of an assembled hydrogel and similar to a self-assembled graphene hydrogel.1 2 91 The storage and loss modulus of these materials are better those of con ventional self-assembled hydrogels i 3 � 3 2 1 and are comparable to those of various chemically crosslinked polymer hydrogels and some biological tissues,1 33 • 34 1 both in a small-deformation oscil latory measurement and in a thermal stability test.
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The sliced MXH can be directly used as the supercapacitor electrodes without a binding agent and/or conducting addi tive because of their high porosity and conductivity, and excel lent mechanical strength. The 3D MXH electrode showed a dramatic increase in capacitance and rate performance over the 2D hybrid film of MXene and reduced graphene oxide (MX/GN film) and MXene film electrodes (Figure Sa-c and Figure S8, Supporting Information). Specifically, the 3D MXH electrodes have an ultrahigh gravimetric capacitance of370 F g-1 at S A g-1 with a potential window of 0.95 V, which is among the highest values reported for MXene-based materials with such a wide potential window.1 1 1-12 • 3>- 38 1 At the same time, the 3D MXH electrodes showed an exceptionally high rate handling ability for a pseudocapacitive materials, with gravimetric capaci tance of165 F g-1 even at 1000 A g-1 (Figure Sa). The capacitance of the MXH electrodes at high scan rates is still superior to values obtained using a vertically aligned liquid-crystal MXene electrodel 37 l and a macroporous Ti 3 C 2 T x electrodei 38 1 (Figure S8c, Supporting Information), in sharp contrast to the pronounced increased internai resistance drop at 1000 A g-1 (Figure S8b, Supporting Information) and the polarization at 1000 mV s-1 (Figure Sb) for the MXfGN film and MXene film electrodes. The MXene-based supercapacitors show an excellent cyde performance, retaining over 98% of their capac itance after 10 000 cydes at a high scan rate of 1000 mV s-1 (Figure S8d, Supporting Information). To shed light on the charge storage kinetics, b value was calculated according to ip = av", and close to 1 even at a scan rate of 5000 mV ç 1 for MXH electrodes, demonstrating an excellent capacitive storage behavior (Figure S8e, Supporting Information). A steeper slope of the Nyquist plot in the low frequency range for the MXH electrode indicates that the 3D architectures provide a smooth and convenient ion-transport path, as well as delivering macr oporosity and low pore tortuosity (Figure Sc). Overall, the 3D assembly is beneficial for a high rate transfer and ion transport to redox-active sites, ensuring the excellent electrochemical per formance of the supercapacitor.

To further explore and understand possible applications, the MXHs were dried using different processes and MXene monoliths in foam (F-MXM) or dense (D-MXM) forms with different pore size distributions were obtained. Interestingly, the pore structure of the 3D MXene material can be tuned using the different drying processes; as a result, two monoliths with a macroporous and a microporous structure and distinct densities (0.027 and 2.1 g cm-3 , respectively) could be easily prepared. For the foam monolith, its properties, including pore structure, surface functionalization and mechanical stability, make it a promising adsorbing material for removing oils or other organic pollutants. As shown in Figure Sd, it has an excellent adsorption capacity for different organic liquids induding common pollutants and organic solvents. F-MXM can adsorb an amount of liquid up to 30 -90 times its own weight, which is much higher than other similar sorbents such as a hydrazine-treated MXene film (2.9-32 times), 1 1 5 1 boron nitride (BN) (16 -46 times),1 39 1 etc. and compares with some carbon foamsl 4 0, 4I J (Figure S9 and Table S2, Supporting Informa tion). In particular, a maximum weight gain of 8700% for phe noxin was achieved relative to the weight of the F-MXM. The insert in Figure Sd shows the efficient absorption of phenoxin (Figure Sd 1 ) and dodecane (Figure Sd i ) with a series of photos (the adsorbates were stained with Sudan red SB). In this series 1 g dodecane on water is absorbed completely by a 19.6 mg F-MXM within 2 s (Figure Sd i ), indicating an average absorption rate of 21.05 g per gram of F-MXM per second (g g-1 s-1 ) which is much faster than many graphene foams ("'0.57 g g-1 ç 1 ).1 40 1 F-MXM has a two-efficiency adsorption capacity for oils/organic pollutants and heavy metal ions. A series of batch tests of its adsorption of toxic heavy metal ions was performed using the bottle-point methods shown in Figure Se. Pb(II), Cu(II), Zn(II), and Ni(II) were selected as model toxic metals because of their high toxicity and carcinogenicity and because they are listed as a priority heavy metal pollutants by most national environ mental protection agencies. The adsorption performance and mechanism of Pb(II) onto MXene (Ti 3 C 2 Tx) phase was revealed by Peng's group,1 42 1 but our results further endorse the poten tial use of MXene-based materials in environmental cleanup because of their 3D macroscopic architectures. At room tem perature, adsorption capacities of 177, 169, 123, and 169 mg g-1 for Pb(II), Cu(II), Zn(II), and Ni(II), respectively, could be achieved. These results reveal that F-MXM has larger sorption capacities for many kinds of heavy metals compared to other heavy metal ion adsorbents (Table S3, Supporting Information). Because of the simplicity of the assembly of MXene, a high accessible surface area and the large number of active sites available in the 3D framework greatly improve the adsorption capacity for various heavy metal ions. In contrast, although the carbon foam had a high adsorption capacity for various classes of organic liquids, its adsorption capacity for heavy metal ions was very low as was the specific surface area. The absorption recyclability of F-MXM for phenoxin and Pb 2 + was tested and results are shown in Figure Sf. The process was repeated ten times for phenoxin to check the feasibility and completeness of recycling organics from F-MXM, followed by the regeneration of F-MXM by releasing the phenoxin in ethanol and drying. Less than 0.5% of the residual weight of adsorbates remained in the F-MXM after each cycle, indicating its highly stable recy cling performance. For the desorption of Pb 2+ , the adsorption efficiency reached 85% and the adsorption capacity remained at 165 mg g-1 in each cycle. It is important to note that F-MXM could be used as a dual-function sorbent because of its 3D porous structure and abundant hydroxyl groups which pro vided some ion-change sites by cation substitution. As shown in Figure SlOa in the Supporting Information, D-MXM exhibits a similar adsorption capacity toward heavy metal ions to that of F-MXM. Besides, D-MXM shows superior mechanical proper ties as measured by a Hysitron nanoindenter equipped with a Berkovich tip (Figure SlO, Supporting Information). An average of ten measurements at various sites gave Young' s modulus and hardness values of 15 and 0.7 GPa which are higher than those of carbon-based monoliths such as graphene/carbon nanotubes (6.5 and 0.18),1 43 1 3D nanographene (0.3-1 and 0.02-0.1),1 44 1 gra phene oxide composites (1.1 and 1.2 x 10-3 ),1 45 1 3D graphene foam (1.2 x 10-3 -1.S x 10-3 and 9.1 x 10-5 -2.6 x 10-5 ) 1 46 1 etc. The Young's modulus was also tested by a resonant ultrasound spectrometer (UMS-100) and a similar result (12.8 GPa) was obtained. The D-MXM with good mechanical properties and strongly bonded nanoconstituents has the potential for use in numerous applications, such as nano-microelectromechanical systems, sensors, dampers, etc.

Conclusion

In conclusion, we have demonstrated the preparation of 3D MXene monoliths by the gelation of MXene in solution in the presence of GO and EDA. GO acts as a crosslinking agent, and during the gelation, EDA initiates the ring-opening of epoxy groups present on the GO layers and the oxygen dan gling bonds formed react with the MXene flakes to form the hydrogel. When used as an electrode the 3D hydrogel achieves superb gravimetric capacitance and rate performance because of the high electron transfer rate and the fast ion transport toward redox-active sites in the MXene macroassembly with a 3D porous structure. The hydrogel has also been transformed into mechanically strong and thermally stable 3D monoliths with diff'erent porous structures, and these have emerged as an important class of functional materials and have received increasing interest from the scientific community. Typically, the as-prepared foam-like porous monolith shows interesting adsorption properties for the removal of organic liquids and heavy metal ions while the dense solid monolith has excel lent mechanical performance with a high Young's modulus and hardness. This work is important for the promotion of the large-scale use of MXene-based functional materials and gives new insight into the better design and preparation of mate rials assembled from 2D nanosheets.

Experimental Section

Synthesis of Ti 3 C 2 T, and GO: A mixture of hydrochloric acid (HCI) and lithium fluoride (LiF) was used to synthesize multilayer Ti 3 C 2 T, from TiJAIC 2 .1 38 1 Specifically, 2 g LiF was added to 40 ml 9 M HCI, followed by the slow addition of 2 g Ti 3 AIC 2 in an ice bath. After etching for 24 h at 35 °C, the multilayer Ti 3 C 2 T, was washed and centrifuged with deionized water until the supernatant reached a pH value of -=6. Next, a delaminated Ti 3 C 2 T,colloidal solution was prepared by sonication for 1 h with bubbling Ar gas protection. After the mixture was centrifuged for 1 h at 3500 rpm to eliminate the sediment, a colloïdal suspension of few layer Ti 3 C 2 T, was obtained in the dark supernatant. Graphite oxide was prepared from graphite powder using a modified Hummers' method as reported earlier.1 47 1 A GO colloïdal suspension (2 mg mL-1 ) was prepared by ultrasonication of GO in water for 2 h, followed by mild centrifugation (3800 rpm for 20 min) to remove thick layers.

Preparation of MXene Hydrogefs: Ty pically, colloïdal suspension of Ti 3 C 2 T, (10 mg mL-1 ) and appropriate amounts of the GO colloïdal suspension (2 mg mL-1 ) were mixed and then sonicated for about 20 min to obtain a homogeneous solution, while bubbling Ar gas through the mixture. The mass fr action of GO was about 10 wt% and 25 µL EDA was added per 10 ml of the mixed solution. lt was then sealed in a glass via! and heated for 6 h at 95 °C for the assembly of the MXene hydrogel. The as-formed hydrogel was immersed in deionized water and washed for several times until the pH of the water adjacent to the hydrogel approximate neutrality to remove residual EDA. After freeze-drying or capillary evaporation-induced drying, MXene monoliths with different pore structures and densities were obtained and marked as a foam-like monolith or a dense monolith. For comparison, the MXene solution with EDA was heated under the same conditions and an MXene powder was obtained after freeze-drying. A 2D hybrid film of MXene and reduced graphene oxide (MX/GN film) was prepared for comparison by vacuum-filtration with the same weight proportion of MXene and rGO as in MXH.

Characterization and Measurements: The morphology and pore structure of samples were characterized by a SEM (Hitachi S-4800, 3 kV), a TEM 0EM 3100F), and an automated surface area and pore size analyzer (Belsorp-Mini, N 2 , 77 K). Other characterizations were made by XRD (Bruker D-8), XPS (Thermo ESCALAB 250Xi equipped with monochromatic Al Ka source of 1486.5 eV), Raman spectroscopy (Renishaw-inVia Raman spectroscope with an excitation at 532 nm), and versatile automated AFM-Raman NTEGRA Spectra (NT-MDT). The rheological behavior of the MXene hydrogels was investigated by an MCR 301 rheometer using 25 mm parallel-plate geometry at 25 °C. The gap distance between the two plates was fixed to be 2 mm.

Electrochemico/ Measurements: Ali electrochemical tests were performed using an Eco Chemie Autolab 128N electrochemical workstation (Metrohm, Switzerland) equipped with an FRA2 frequency response analyzer module and Nova software. Galvanostatic charge/ discharge and cyclic voltammetry measurements were conducted in three-electrode stainless steel Swagelok cells. A MXene-based electrode on a glassy carbon current collector was used as the working electrode and over-capacitive activated carbon was used as the counter electrode. The reference electrode was Hg/Hg 2 SO 4 in a saturated K 2 SO 4 solution. The same three-electrode cell configuration described above was used for electrochemical impedance spectroscopy in the 1 O mHz to 100 kHz range using a potential amplitude of 5 mV.
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 123 Figure 1. Schematic illustration of the formation process of MXene hydrogel.
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 4 Figure 4. Mechanisms proposed for the assembly of MXene: a) Ti 2p spectra of MXene powder and F-MXM. b) Formation mechanism of MXH. c) Photographs of the hydrogels prepared with different reductants.
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 5 Figure 5. Electrochemical and adsorption performance of the MXH and F-MXM electrodes: a-c) Electrochemical performance of the MXH, MX/GN film, and MXene film electrodes: a) rate performance at current densities ranging fr om 0.2 to 1000 A g-1, b) cyclic voltammetry profiles collected at l 000 mV s-1 and c) Nyquist plots collected at open circuit potential. d) Absorption efficiency of F-MXM in terms of weight gain (in set: d 1 ) adsorption of phenoxin and dz) dodecane in F-MXM at intervals of2-3 s). e) Adsorption capacity of several heavy metal ions on F-MXM. f) Absorption recyclability of F-MXM for phenoxin and Pb 2 +.

Acknowledgements T.X.S. and Z.F.L. contributed equally to this work. The authors appreciate the support from the National Science Fund for Distinguished Young Scholars of China (No. 51525204), the National Natural Science Foundation of China (No. 51702229), and the Fundamental Research Funds for the Central Universities (No. YJ201886).

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.

Conflict of lnterest

The authors declare no conflict of interest.