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Pseudocapacitors or redox capacitors that synergize the merits of batteries and double-layer capacitors 

are among the most promising candidates for high-energy and high-power energy storage applications. 

2D transition metal carbides (MXenes), an emerging family of pseudocapacitive materials with 

ultrahigh rate capability and volumetric capacitance, have attracted much interest in recent years. 

However, MXenes have only been used as negative electrodes as they are easily oxidized at positive 

(anodic) potential. To construct a high-performance MXene-based asymmetric device, a positive 

electrode with a compatible performance is highly desired, but other materials can hardly match the 

rate and energy density performance of MXenes. Herein, we report an ultrafast polyaniline@MXene 

cathode prepared by casting a homogenous polyaniline layer onto a 3D porous Ti3C2Tx MXene, which 

enabled the stable operation of MXene at positive potentials because of the enlarged work function and 

higher electrochemical stability towards anodic oxidation after compositing with polyaniline, according 

to the first-principles calculations. The resulting flexible polyaniline@MXene positive electrode 

demonstrated a high volumetric capacitance of 1632 F cm
-3

 and an ultrahigh rate capability with 827 F 

cm
-3

 at 5000 mV s
-1

, surpassing all reported positive electrodes. An asymmetric device was further 

fabricated with MXene as the anode and polyaniline@MXene as the cathode, which delivered a high 

energy density of 50.6 Wh L
-1

 and an ultrahigh power density of 127 kW L
-1

.  

 

1. Introduction 

Rapid and massive storage of electric energy for powering portable electronics and electric vehicles 

is an evolving challenge in the field of energy storage. Despite considerable progress in the state-of-

the-art batteries, their limited power densities and lifespans still remain insufficient for the ever-

increasing demands for the next generation energy-storage devices.[1] In contrast, pseudocapacitor, 

a type of supercapacitor that stores energy by surface redox reactions or pseudocapacitive 

intercalation, not limited by solid state diffusion, has attracted more attention recently due to its 

much faster energy storage rate and reasonable energy density.[2] Metal oxides and conducting 

polymers, such as RuO2,
[3] MnO2,

[4] MoO3,
[5] Nb2O5,

[6] Co3O4,
[7] V2O5,

[8] polypyrrole (PPy),[9] Poly (3, 4-

ethylenedioxythiophene) (PEDOT)[10] and polyaniline (PANI)[11], have been reported to exhibit 

pseudocapacitance. However, the limited electronic conductivity of most metal oxides (except RuO2) 



 

     

 

This article is protected by copyright. All rights reserved. 

3 

 

leads to high electrode resistance and consequently lower power densities, while electroactive 

polymers usually suffer from short cycle life because of their irreversible structural degradation 

during the doping-dedoping process. Introducing carbon nanomaterials (e.g., carbon quantum dots, 

carbon nanotubes and graphene) into pseudocapacitive materials allows for enhancement of their 

electrochemical performance by improving conductivity, facilitating charge transfer, and mitigating 

mechanical stress.[12] Nevertheless, simultaneously achieving high specific capacitance, high rate 

capability and long cycle stability is still a challenge due to the intractable issue of rapid transfer of 

ions and electrons to all active sites without damaging their structure. 

2D transitional metal carbides or nitrides, also known as MXenes, have a general formula of 

Mn+1XnTx, where M is a transition metal, X is carbon and/or nitrogen, n is an integer between 1 and 3, 

and Tx represent the surface functional groups.[13] The unique structure of MXenes with metal 

carbide core renders them particularly attractive for energy storage applications because of their 

metallic conductivity (up to 10000 S cm-1). Meanwhile, a transition metal oxide-like surface enables 

fast surface redox reactions with additional contribution to the overall capacitance.[14] For example, 

multilayer Ti3C2Tx demonstrated a competitive pseudocapacitance of 350 F cm-3 by K+ cation 

intercalation.[14c] CNT or PVA integrated in between MXene flakes enlarged their interlayer space and 

created a larger capacitance of 390 F cm-3 for CNT/Ti3C2Tx in MgSO4 aqueous electrolyte[15] and 528 F 

cm-3 for PVA/Ti3C2Tx in KOH aqueous electrolyte,[16] respectively. In H2SO4 aqueous electrolytes, the 

Ti3C2Tx film delivered a higher volumetric capacitance of up to 900 F cm-3 due to the partial electron 

transfer between the intercalated proton and the MXene surface.[17] Self-polymerization of pyrrole 

and aniline in between MXene layers further enhanced the volumetric capacitance to 1000 F cm-3 for 

PPy@Ti3C2Tx
[18] and 1682 F cm-3 for PANI@Ti3C2Tx.

[19] More recently, the well-designed Ti3C2Tx 
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hydrogel was reported to exhibit an unexpected volumetric capacitance of 1500 F cm-3.[20] 

Nevertheless, Ti3C2Tx and most Ti3C2Tx-based composites are used as negative electrodes due to their 

easy oxidation characteristic at anodic oxidation potential. A compatible cathode with fast charging-

discharging rate and high volumetric capacitance is urgently needed to match the development of 

Ti3C2Tx anode and realize an effective asymmetric device. The MXene-based cathode, benefiting 

from the ultrahigh conductivity and abundant surface groups of MXenes, is the most promising 

candidate, delivering the best capacitive performance over all other positive materials (carbons, 

conducting polymers and transition metal oxides and sulfides). In this work, we report a hierarchical 

PANI@MXene cathode with PANI layer uniformly coated on a 3D MXene network. Compared with 

pure Ti3C2Tx MXene, the first-principles calculations reveal that the compact and highly integrated 

PANI@MXene heterostructure has an enlarged work function (WF) and thus a higher 

electrochemical stability towards anodic oxidation, which can be used as stable positive electrode 

and delivers an ultrahigh volumetric capacitance of 1632 F cm-3 at 10 mV s-1 and a prominent rate 

capability with 827 F cm-3 at 5000 mV s-1. Based on this, we further fabricated a high-performance 

asymmetric device with MXene and PANI@MXene as the anode and cathode, respectivily, which 

shows a high energy density of 50.6 Wh L-1 and a remarkable power density of 127 kW L-1. 

 

2. Results and Discussion 

Covering the Ti3C2Tx surface with an oxidation-resistive layer is a straightforward process done to 

enhance the electrochemical stability of Ti3C2Tx MXene and enable its work at a positive potential. 

PANI is a promising candidate as its solution processability in dedoped state in N-Methyl-2-
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pyrrolidone (NMP) gives it excellent wettability when covering hydrophilic substrates. The positively-

charged surface of PANI will also attach strongly to the negatively charged MXene surface. 

Moreover, polyaniline has a high theoretical specific capacitance in the positive potentials window. 

Unlike previous PPy@Ti3C2Tx, PANI@Ti3C2Tx or graphene@PANI@Ti2C heterostructures with polymer 

grown in between the MXene layers,[18-19, 21] we wrap up the Ti3C2Tx by drop coating a layer of PANI 

on the surface of the filtrated Ti3C2Tx (F-Ti3C2Tx) film. The cross section scanning electron microscopy 

(SEM) images of the PANI coated F-Ti3C2Tx in Figure S1 shows that both sides of the film were 

covered homogenously by PANI layers (PANI content in PANI@F-Ti3C2Tx is about 45 wt.%). The 

voltage window of this PANI@F-Ti3C2Tx electrode reached up to 0.55 V (Figure S2a), higher than that 

of the F-Ti3C2Tx (about 0.3 V) (Figure S2b), indicating the successful protection of F-Ti3C2Tx film by the 

drop-coated PANI layer. Despite a pair of strong characteristic redox peaks of PANI being observed 

on the PANI@F-Ti3C2Tx, the composite only shows a low capacitance of 288 F g-1 and a moderate rate 

performance of 49% capacitance retention from 10 to 1000 mV s-1 (Figure S2c). That is because the 

compact structure and low surface area of F-Ti3C2Tx film limits PANI from penetrating its interior 

space (Figure S1), leading to a low effective loading and poor utilization of redox-active PANI. 

Integrating 2D materials into a 3D porous framework has been proved to be an effective method 

to offer a more open structure with larger specific surface area, which is beneficial for 

manufacturing nanocomposites with other materials. Moreover, the 3D intercalated structure will 

also facilitate the ionic and electronic transport in electrode materials. [12d, 22] As such, we used 

polystyrene (PS) spheres as a template to create Ti3C2Tx electrodes with a 3D open structure. As 

shown in Figure 1, PS spheres with negative surface charge can disperse homogeneously with the 

same negatively-charged Ti3C2Tx MXene flakes in water (Figure 1a), which transformed into a flexible 
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PS@Ti3C2Tx film (~ 6 µm) by vacuum-assisted filtration with Ti3C2Tx MXene flakes wrapping the 

surface of PS spheres (~ 500 nm) (Figure 1b, 1g and S3a). After completely removing the PS by 

thermal annealing at 450 °C in argon, a freestanding and flexible 3D macroporous Ti3C2Tx (3D M-

Ti3C2Tx) film was produced with an open and interconnected structure (Figure 1c, 1h and S3b). The 

electrical conductivity of this film was measured to be ~ 600 S cm-1, which is higher than 3D 

graphene film with the similar structure (~12 S cm-1).[22b] PANI was then incorporated into the 3D M-

Ti3C2Tx film by using a facile drop-and-dry method and a flexible 3D PANI@M-Ti3C2Tx film obtained 

(Figure 1d, 1i  and S3c), which kept the macroporous structure but presented a thicker skeleton 

compared to the sample before coating (Figure 1i), indicating the successful deposition of PANI on 

3D M-Ti3C2Tx MXene, which was further approved by the uniform distribution of Ti, C and N 

elements throughout the whole composite (Figure 1j). Except for the SEM images, X-ray diffraction 

(XRD) spectra in Figure S4 also suggested the disordered structure of Ti3C2Tx flakes  
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Figure 1. Schematic diagram of the preparation of compressed PANI@M-Ti3C2Tx electrode and 

morphology structure of corresponding products. (a) Uniform colloidal solution of Ti3C2Tx flakes and 

PS spheres. (b) Freestanding Ti3C2Tx@PS film formed by filtration. (c) After removing PS spheres by 

annealing, a 3D M-Ti3C2Tx film was obtained. (d) 3D PANI@M-Ti3C2Tx film formed by dropping PANI 

solution onto 3D M-Ti3C2Tx and drying. (e) A compressed PANI@M-Ti3C2Tx film. (f) Schematic 

illustration of PANI deposited on the two sides of Ti3C2Tx. Cross-sectional SEM images of (g) 

Ti3C2Tx@PS film, (h) 3D M-Ti3C2Tx film and (i) 3D PANI@M-Ti3C2Tx film. (j) Energy dispersive X-ray 

spectrometry mapping of 3D PANI@M-Ti3C2Tx film. (k) TEM images of 3D PANI@M-Ti3C2Tx film. (l) 

Cross-sectional SEM image of compressed PANI@M-Ti3C2Tx film. 
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in 3D PANI@M-Ti3C2Tx film as only the (002) peak appeared.[20, 23] Figure 1k presents the transmission 

electron microscopy (TEM) images of the 3D PANI@M-Ti3C2Tx, and the Ti3C2Tx layers were found 

wrapped by PANI (Figure 1k inset). Raman (Figure S5) and X-ray photoelectron spectroscopy (XPS) 

spectra (Figure S6) further confirmed the presences of PANI and M-Ti3C2Tx in the composite. More 

importantly, the surface chemistry of M-Ti3C2Tx remained unchanged after depositing PANI (Figure 

S6) though Ti3C2Tx MXene can easily be oxidized. The 3D PANI@M-Ti3C2Tx film was eventually 

compressed under 10 MPa to produce a compact film (Figure 1e and 1l), with PANI layer deposited 

on the surface of Ti3C2Tx (Figure 1f). 

To understand the impact of PANI content in composite films on the electrochemical 

performance, we compared the capacitance and the rate capability of the composite films loading 

20, 40 and 60 wt.% of PANI, in a three-electrode Swagelok cell using 3 M H2SO4 as the electrolyte. As 

shown in Figure 2a and Figure S7, all compressed PANI@M-Ti3C2Tx electrodes were able to be 

reversibly operated up to 0.55 V (vs. Ag/AgCl reference), indicating that the MXene were protected 

by the coated PANI layer. Strong redox peak, corresponding to the structure transition of PANI 

between leucoemeraldine base state and emeraldine salt state,[11] were observed on each cyclic 

voltammetry (CV) curves. A higher PANI content (60 wt.%) contributed a larger specific capacitance 

of 579 F g-1 at 10 mVs-1, but the relatively low conductivity and excessive amount of PANI 

simultaneously lowered the rate capability of the composite film. In comparison, the compressed 

PANI@M-Ti3C2Tx film with 40 wt.% PANI content (density 3.2 g cm-3, the theoretical density of Ti3C2Tx 

is 5.2 g cm-3 and the density of PANI is 1.257 g cm-3)[13b,24] exhibited the best overall performance 

with a specific capacitance of 510 F g-1 (1632 F cm-3) at 10 mV s-1, 407 F g-1 (1302 F cm-3) at 1000 mV 

s-1 and a high capacitance retention of 51% at 5000 mV s-1, surpassing all the previously reported 
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conducting polymer-based positive electrodes (Table S1),[25] to the best of our knowledge. 

Therefore, the composition with 40 wt.% PANI on M-Ti3C2Tx was chosen for the following 

experiments.  

It is worth noting that the mass loading of a ~500 nm compressed PANI@M-Ti3C2Tx film with 40 

wt.% PANI content (as shown in Figure 1l) is 0.16 mg cm-2. When the mass loadings increased to 0.45 

mg cm-2 and 2.6 mg cm-2, the PANI@M-Ti3C2Tx electrodes still revealed exceptional rate handling 

ability (Figure 2b and Figure S8). The prominent non-linear galvanostatic charge-discharge (GCD) 

curves of PANI@M-Ti3C2Tx (0.16 mg cm-2) (Figure 2c and Figure S9a) also confirmed its redox 

behavior, as well as superior rate capability with 85.7% capacity retention from 1 to 100 A g-1 and 

65.4% capacity retention from 1 to 1000 A g-1 (Figure S9b), in accordance with the low IR-drop of 

0.01 V at 100 A g-1 and 0.13 V at 1000 A g-1. 

To call attention to the charge storage kinetics, an analysis of peak current (ip) dependence on the 

scan rate (v) was carried out, based on the following relationship: [17, 20, 26] 

, 

where a and b are variables, with the b-value determined from the slope of the plot of log ip versus 

log v. The b-value provides information on the charge storage kinetics: b = 1 indicates fast ion 

diffusion with possibly capacitive/pseudocapacitive charging mechanism, while b = 0.5 corresponds 

to diffusion-limited processes. For the PANI@M-Ti3C2Tx electrodes with mass loadings of 0.16 mg cm-

2, 0.45 mg cm-2 and 2.6 mg cm-2, their b-values evaluated at scan rates from 10 to 16 mV s-1 are 0.90. 

0.89 and 0.88, respectively (Figure S10). These values are each close to the ideal value of 1, 

indicating their charge storage processes are predominantly capacitive.[27] Moreover, their b-values 
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remained ≈ 0.9 in a wide range of scan rate from 10 mV s-1 to 3000 mV s-1 (Figure 2d), in agreement 

with their superior rate capability and capacitive-dominating characteristics. 

 

Figure 2. Electrochemical performance of the compressed PANI@M-Ti3C2Tx electrodes. (a) Cyclic 

voltammetry profiles of PANI@M-Ti3C2Tx film with 40 wt.% PANI (total mass loading is 0.16 mg cm-2) 

at scan rates of 10, 20 50, 100, 200, 500, 1000, 2000, 3000 and 5000 mV s-1. (b) Rate performance of 

PANI@M-Ti3C2Tx films with different mass loadings represented in volumetric capacitance. (c) 

Galvanostatic charge-discharge curves of PANI@M-Ti3C2Tx film (0.16 mg cm-2) at high current 

densities. (d) b-values of PANI@M-Ti3C2Tx films with different mass loading, calculated from the 

maximum discharge current value at the scan rate range of 10-10000 mV s-1. (e) Cyclic voltammetry 

profiles of PANI@M-Ti3C2Tx film (0.16 mg cm-2) collected at 10 mV s-1 with hatched portions 

corresponding to the current contributions from the surface capacitive. (f) Electrochemical 
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impedance spectroscopy data of the PANI@M-Ti3C2Tx film (0.16 mg cm-2) collected at different 

potentials. 

 

To further quantify the capacitive and diffusion-limited contributions to the total capacitance, a 

closer examination of the voltammetric sweep rate dependence was performed according to 

previous reports:[26] 

 

 ( )         
   , 

where i(V) is the current at a given potential, and k1v and k2v
1/2 correspond to the current 

contributions from the surface capacitive effect and the diffusion-controlled intercalation process, 

respectively. As displayed in Figure 2e, the prevailing contribution at 10 mV s-1 comes from the 

surface capacitive effect (the red region in Figure 2e), which occupied 84% of the total capacitance 

of the PANI@M-Ti3C2Tx (0.16 mg cm-2) electrode.  

Figure 2f depicts the typical electrochemical impedance spectroscopy (EIS) of the PANI@M-Ti3C2Tx 

electrode (0.16 mg cm-2) and a low ion transport resistance of 0.01 Ω cm2 observed across all 

oxidizing potentials. In addition, the ohmic resistance (intercepts of the Nyquist plots on the real 

axis) of PANI@M-Ti3C2Tx slightly decreased at higher oxidative potentials (0.3 V and 0.5 V), which can 

be ascribed to the structure transition of PANI from a semi-conducting state (leucoemeraldine form) 

to a conducting sate (polaronic emeraldine form) [11] at above 0.3 V and in agreement with the CV 
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data (Figure 2a and Figure S7). After cycling at 100 mV s-1 for 20,000 cycles, 85.7% capacitance was 

retained for the PANI@M-Ti3C2Tx electrode (Figure S11). 

To understand the mechanism of the higher resistance of the PANI@M-Ti3C2Tx composite to 

anodic oxidation, first-principle calculations based on density functional theory (DFT) were 

performed. For simplicity, OH and O terminal group were considered when modeling Ti3C2Tx MXene 

because no binding energy shift for the F surface group was observed in XPS spectra of Ti3C2Tx after 

depositing PANI (Figure S12).[28] WF was employed to qualitatively evaluate the electrochemical 

stability of PANI, Ti3C2(OH)2, PANI@Ti3C2(OH)2 (Figure 3), Ti3C2O2 and PANI@Ti3C2O2 (Figure S13) as 

the larger WF means the higher ability to withstand electrons loss and anodic oxidation.[29] Figures 

3a, 3b and 3c show the optimized geometric configurations of PANI (leucoemeraldine form), 

Ti3C2(OH)2 and PANI@Ti3C2(OH)2 composite, respectively. The PANI in leucoemeraldine form is a 

semiconductor with its conduction band minimum (CBM) at -1.49 eV and valence band maximum 

(VBM) at -3.70 eV  

 

Figure 3. Top and side view of (a) PANI (leucoemeraldine form), (b) Ti3C2(OH)2 and (c) 

PANI@Ti3C2(OH)2. (d) Work functions of PANI, Ti3C2(OH)2 and PANI@Ti3C2(OH)2. 
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(the vacuum level was set as zero) (Figure 3d), while the Ti3C2(OH)2 MXene is metallic with a WF of 

1.61 eV, consistent with previous reports.[30] After compositing with PANI (WF = 3.46 eV), a larger 

WF of 1.97 eV was obtained for the PANI@Ti3C2(OH)2 composite due to the Fermi level shift for the 

equilibrium of electronic structure, suggesting a larger resistance towards losing electrons, and thus 

higher ability to withstand anodic potential and larger positive operating potentials compared with 

pure MXene, which is in agreement with our experimental results. Moreover, the DFT calculations 

reasonably suggested that other macromolecular compounds or inorganic materials with larger WF 

than MXenes may also protect MXenes from oxidation and enable their work at positive potentials 

by constructing MXene-based composites. This was confirmed by the higher positive operating 

potential of PEDOT:PSS@Ti3C2Tx (0.4 V) compared to pure Ti3C2Tx (0.3 V) (Figure S14). 

To evaluate the feasibility of PANI@M-Ti3C2Tx in practical energy storage devices, an asymmetric 

device was assembled using compressed M-Ti3C2Tx (Figure S15) and compressed PANI@M-Ti3C2Tx 

(2.6 mg cm-2) (Figure S16) as the negative electrode and positive electrode, respectively. Figure 4a 

shows the CV curves of a typical M-Ti3C2Tx negative electrode and the PANI@M-Ti3C2Tx positive 

electrode (as in this study) at a scan rate of 10 mV s-1. Both MXene-based electrodes show reversible 

redox peaks at similar positions for the anodic and cathodic scans. An asymmetric device M-

Ti3C2Tx//PANI@M-Ti3C2Tx (2.6 mg cm-2) was fabricated and showed a full-device voltage window of 

1.2 V (Figure 4b). On the CV curves of the asymmetric device, a pair of strong redox peaks can be 

observed, even at very high scan rates (Figure 4b), indicating a fast-redox reaction kinetics. It is 

important to note that, to reach the largest capacitance, the mass ratio of M-Ti3C2Tx to PANI@M-

Ti3C2Tx was fixed at about 0.7 based on the charge-balance principle. According to the CV test (Figure 
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4b), the capacitance of the M-Ti3C2Tx//PANI@M-Ti3C2Tx (2.6 mg cm-2) device was calculated to be 

87.3 F g-1 (298.5 F cm-3) based on the overall mass or volume of the two binder-free electrodes. The 

corresponding energy densities (power densities) calculated from the GCD curves shown in Figure 4c 

and Figure 4d inset were 14.8 Wh kg-1 (0.49 kW kg-1) and 50.6 Wh L-1 (1.7 kW L-1) (Figure 4d), 

respectively. Even at an ultrahigh power density of 127 kW L-1, a volumetric energy density of 24.4 

Wh L-1 can still be retained. Moreover, if the mass loading of the cathode reduced to 0.45 mg cm-2 

(Figure S17), the highest power density of the M-Ti3C2Tx//PANI@M-Ti3C2Tx (0.45 mg cm-2) 

asymmetric device would be enhanced  10-folds and reach up to 1381 kW L-1 (31 Wh L-1), with its 

energy density increasing to 57.3 Wh L-1 (1.7 kW L-1). The overall performance of our device shows 

advantageous performance compared to most state-of-the-art aqueous asymmetric 

supercapacitors, especially in power densities (Table S2), such as the Ti3C2Tx//CDC (11.5 kW L-1, 6.9 

Wh L-1),[31a] Ti3C2Tx//G (11 kW L-1, 11.1 Wh L-1),[31b] G/CNT//G/CNT/NiCo2O4 (9.4 kW L-1, 25.9 Wh L-

1),[31c]  and G/Fe2O3//G (6.21 kW L-1, 56 Wh L-1).[31d] In addition, the b-values were ≈1 up to scan rates 

of 500 mV s-1 and 3000 mV s-1 for M-Ti3C2Tx//PANI@M-Ti3C2Tx (2.6 mg cm-2) and M-

Ti3C2Tx//PANI@M-Ti3C2Tx (0.45 mg cm-2) devices, respectively (Figure S18), reflecting their 

approximate capacitive behavior. 
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Figure 4. Electrochemical performance of the asymmetric device. a) Cyclic voltammetry curves of 

compressed M-Ti3C2Tx and compressed PANI@M-Ti3C2Tx (2.6 mg cm-2) at 10 mV s-1, the capacitance 

was 355 F g-1 for M-Ti3C2Tx versus 395 F g-1 for PANI@M-Ti3C2Tx (2.6 mg cm-2). (b) Cyclic voltammetry 

profiles of the asymmetric M-Ti3C2Tx//PANI@M-Ti3C2Tx (2.6 mg cm-2) supercapacitor at scan rates of 

10, 20, 50, 100, 200, 500, 1,000, 2,000, 3,000 and 5,000 mV s-1. (c) Galvanostatic charge-discharge 

curves of the M-Ti3C2Tx//PANI@M-Ti3C2Tx (2.6 mg cm-2) full cell at different current densities. (d) 

Volumetric energy and power densities for M-Ti3C2Tx//PANI@M-Ti3C2Tx full cells with different 

PANI@M-Ti3C2Tx loading, 0.45 mg cm-2 and 2.6 mg cm-2. The inset depicts the galvanostatic charge-

discharge curves of M-Ti3C2Tx//PANI@M-Ti3C2Tx (2.6 mg cm-2) device at high current densities. 
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3. Conclusion 

In summary, we have developed a high-performance PANI@M-Ti3C2Tx positive electrode and 

demonstrated its higher electrochemical stability in positive potentials by the first-principles 

calculations. This cathode utilizes both the high capacitance of PANI at positive potentials and the 

high rate capability of the MXene synergistically, which enables the freestanding PANI@M-Ti3C2Tx 

electrode with a high volumetric capacitance of 1632 F cm-3 (10 mV s-1) in the positive voltage 

window and a high capacitance retention with 827 F cm-3 at a scan rate up to 5000 mV s-1. We 

further assembled an asymmetric device with PANI@M-Ti3C2Tx (2.6 mg cm-2) and M-Ti3C2Tx as the 

cathode and anode, respectively. The volumetric energy density of our device reached 50.6 Wh L-1 

(1.7 kW L-1) and it still maintained 24.4 Wh L-1 even at an ultrahigh power density of 127 kW L-1. This 

study shows that the rational integration of MXenes with other redox materials with larger work 

functions can enable MXenes to be used as positive electrode and the synergistic effect between 

them can enhance the performance of the composite, which opens new and exciting opportunities 

for designing higher-performance MXene-based positive electrodes and devices for electrochemical 

energy harvesting, conversion and storage. 

 

 

4. Experimental Section 

Synthesis of few-layer Ti3C2Tx: Multilayer Ti3C2Tx was produced by etching Ti3AlC2 in a mixture of 

hydrochloric acid (HCl) and lithium fluoride (LiF), like the method reported in our previous study.[17] 

Typically, 1 g LiF was dissolved in 20 mL of 9 M HCl solution, followed by adding 1 g of Ti3AlC2 under 
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stirring. After etching at 35 oC for 24 hours, the multilayer Ti3C2Tx was obtained and further washed 

with deionized water by centrifuging until the supernatant had a pH of ~7. The aqueous solution of 

multilayer Ti3C2Tx was further bath sonicated for 1 hour with Ar bubbling and an ice bath. After 

centrifuging at 3500 rpm for 1 hour, the colloidal solution of few-layer Ti3C2Tx in water was collected 

as the dark supernatant after centrifugation. 

Filtrated Ti3C2Tx film (F-Ti3C2Tx): The F-Ti3C2Tx film was prepared by vacuum-assisted filtration of the 

colloidal solution of few-layer Ti3C2Tx through a Celgard®3501 membrane. Once the F-Ti3C2Tx film 

was dry, it was peeled off and further dried in a vacuum oven overnight at 80 oC. The freestanding F-

Ti3C2Tx thin film has a compact structure. 

3D macroporous Ti3C2Tx (3D M-Ti3C2Tx): The polystyrene (PS) spheres were first prepared by 

dispersion polymerization of styrene with ammonium persulfate (APS) as the initiator.[32] Briefly, 100 

mg polyvinyl pyrrolidone (PVP) and 102.6 mg APS were dissolved in the mixture solution with 230 mL 

of ethanol and 30 mL of deionized water, followed by adding 22 mL styrene monomer. The 

polymerization was conducted at 70 °C in an oil bath for 24 hours. After cooling the reactor in ice 

water for 30 minutes, the final PS spheres were collected by centrifuging and washing the white 

solution with deionized water and ethanol. Then specific amount of PS spheres was added into the 

Ti3C2Tx aqueous solution (the mass ratio of PS to Ti3C2Tx was 3:1) and sonicated for 10 minutes to 

form a uniform dispersion. After vacuum filtration, a Ti3C2Tx/PS hybrid film was achieved, which was 

further annealed at 450 °C for 1 hour under flowing argon to remove PS, leaving a flexible and 

freestanding 3D M-Ti3C2Tx film.  
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3D PANI@M-Ti3C2Tx: PANI was fist synthesized by typical chemical oxidation polymerization.[33] Later, 

it was deprotonated in aqueous ammonia solution (33 wt.%), washed with deionized water and 

dried under vacuum at 80 °C for 24 hours, yielding an emeraldine base as a dark blue powder, which 

was further dissolved in NMP by stirring for 10 hours at 50 °C to produce a PANI solution (5 mg mL-1). 

A 3D PANI@M-Ti3C2Tx was prepared by dropping a certain amount of PANI solution onto 3D M-

Ti3C2Tx, followed by vacuum drying at 50 °C for 10 hours.  

PEDOT:PSS@Ti3C2Tx: 4 mg PEDOT:PSS (Clevios PH 1000) was mixed with 6 mg few-layer Ti3C2Tx in 

water, followed by filtration and vacuum drying at 80 oC overnight, a free-standing 

PEDOT:PSS@Ti3C2Tx film formed. 

Characterization: The morphology of samples was observed using a SEM (Zeiss Surra 50VP, 

Germany) and a TEM (JEOL JEM-2100, Japan) using an accelerating voltage of 200 kV. Chemical 

compositions of the samples were further analyzed by high-resolution XPS recorded with a Physical 

Electronics VersaProbe 5000 instrument equipped with a monochromatic Al Kα X-ray source (hν = 

1486.6 eV). Peak fitting was carried out using CasaXPS. Raman spectra were recorded with Renishaw 

Raman InVia Confocal Microscope. Laser excitation was 633 nm, grating 1200 gr/mm, 10% of laser 

power. X-ray diffraction (XRD) patterns of samples were obtained using a powder diffractometer 

(SmartLab, Rigaku Corp. or D4 ENDEAVOR, Bruker) using Cu Kα1 radiation. 

Electrochemical measurements: Before electrochemical tests, all the 3D M-Ti3C2Tx and 3D PANI@M-

Ti3C2Tx films were compressed under 10 MPa for 30 s, leading to a density of about 3.8 g cm-3 for the 

compressed M-Ti3C2Tx electrode and 3.2 g cm-3 for the compressed PANI@M-Ti3C2Tx electrode. All 

electrochemical tests were performed on a Biologic VMP3 potentiostat within plastic Swagelok cells 
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with 3 M H2SO4 aqueous solution as the electrolyte. For the three-electrode test, PANI@F-Ti3C2Tx, 

compressed M-Ti3C2Tx, compressed PANI@M-Ti3C2Tx or PEDOT:PSS@Ti3C2Tx electrodes on glassy 

carbon current collectors were used as working electrodes, overcapacitive activated carbon was 

used as counter electrode and Ag/AgCl in 3.5 M KCl was the reference electrode. Cyclic voltammetry 

was tested from scan rates of 10 to 10000 mV s-1, and galvanostatic charge-discharge testing was 

performed at current densities from 1 to 1000 A g-1. The impedance spectroscopy was tested in a 

range of 10 mHz to 200 kHz under a potential amplitude of 10 mV. Cycling stability was tested with 

100 mV s-1 scan rate. The asymmetric device was assembled in plastic Swagelok cells, with 

compressed M-Ti3C2Tx and PANI@M-Ti3C2Tx films on glassy carbon current collectors as the negative 

and positive electrodes, respectively. 

DFT simulations: All DFT calculations were carried out by using the Vienna ab initio simulation 

package (VASP).[34] The Perdew–Burke–Ernzerhof (PBE) exchange-correlation functional[35] was 

employed. The energy cut-off of 500 eV was used to determine the self-consistent charge density for 

the plane wave basis sets. The semi-empirical DFT-D3 method[36] was used to treat the van der Waals 

interactions. The structures were fully optimized until the maximum Hellmann-Feynman force on 

atoms is less than 0.02 eV Å-1 and the total energy variation is less than 1.0 ×10-5 eV. A vacuum of 25 

Å was added in the perpendicular direction to the slab to model the isolated MXene monolayers. 

The work function was derived from the energy difference between the Fermi level and the vacuum 

level. 
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A Ti3C2Tx-based positive electrode with enlarged work function was developed by coating Ti3C2Tx 

MXene with polyaniline, which combines both the high redox capacitance of polyaniline and the high 

rate capability of the MXene synergistically. The further assembled asymmetric device delivers high 

volumetric power and energy densities in acid electrolyte. 
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