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ABSTRACT: Present and future electrochemical devices employing advanced electrode and 

electrolyte materials are expected to operate in diverse environments, where they are exposed to 

variable conditions, such as changing humidity levels. Such conditions can possibly alter the 

microscopic mechanisms that influence the electrochemical performance. Here, using quasielastic 

neutron scattering and molecular dynamics simulations, we investigate the influence of humidity 

exposure on a room-temperature ionic liquid, [EMIm+][Tf2N-], in Ti3C2Tx MXene. Absorbed 

water enhances the microscopic mobility of confined [EMIm+][Tf2N-], even though the ionic liquid 

itself is not very hygroscopic. The absorbed water molecules predominantly reside on the 

termination groups of the more hydrophilic MXene layers, thereby displacing the ions from the 

surface and facilitating their motions in the MXene matrix.

1. INTRODUCTION

The MXene1-3 family of 2D materials discovered in 2011 shows excellent promise for a wide range 

of applications, including electro-catalysis,4-5 water purification, 6-7 and electrochemical energy 

storage.3, 8-9 MXenes are usually synthesized by selective etching of the A layer of the MAX 

(Mn+1AXn),1, 10-11 where M is an early transition metal, A is an IIIA or IVA element, X is carbon 

or nitrogen, and n = 1, 2 or 3. Depending on the preparation, they may have variable surface 

terminating groups (Tx = O, F and OH) 10-12 which provide hydrophilic character to these 

conducting materials. To combine this advanced electrode material with an advanced electrolyte, 

MXenes loaded with room temperature ionic liquids (RTILs) have been recently explored.13-14 A 

combination of a high (compared to aqueous electrolytes) operational voltage window, a low vapor 

pressure, and a high thermal conductivity of ionic liquids, 15 together with a high electrical 

conductivity associated with MXenes, 3 may produce devices that can operate in much wider 

voltage windows and temperature ranges. To gain insight into the influence of realistic operating 
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conditions on the factors defining performance of RTILs in MXenes, such as electrolyte mobility, 

here we investigate 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide, 

[EMIm+][Tf2N-], RTIL in a Ti3C2TX MXene. We find that ion mobility increases on water 

absorption, particularly because of the displacement of the ions by the water molecules attached 

to the MXene surface termination layer.

2. MATERIALS AND METHODS

2.1 Synthesis of MXene

About 10 g of Ti3C2TX powder was synthesized using 10 wt.%  hydrofluoric acid (HF, Organic 

Across) according to our previous method described in detail elsewhere.10 A mixture of 6 g of 

MXene, 10 mL of acetonitrile (Alfa Aesar), and 1.2 g of 1-Ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide ([EMIm+][Tf2N-] (Sigma Aldrich) was sonicated for 20 

minutes. The mixture was subsequently stirred at 60 ˚C for 12 h, and then the temperature was 

gradually increased to 70, 80, 100, and, finally, 120 ˚C to evaporate the acetonitrile. The resulting 

MXene/[EMIm+][Tf2N-] powder was dried in a vacuum oven at 120 ˚C for 12 h. The MXene 

powder and the MXene/[EMIm+][Tf2N-] powder were both used directly for the experiments.

2.2 Quasi-elastic neutron scattering (QENS) measurement

We prepared D2O-loaded samples by storing the samples (pristine MXene, 

MXene/[EMIm+][Tf2N-], and the [EMIm+][Tf2N-] liquid in the bulk form) in open aluminum 

sample holders along with a cuvette with excess D2O inside a glass desiccator for 12 h.16 The D2O 

absorption was calculated from the weight uptake. 1 g of MXene and 1 g of [EMIm+][Tf2N-] 

absorbed 0.019 g and 0.036 g of D2O, respectively. 1 g of MXene/[EMIm+][Tf2N-] absorbed 0.025 

g of D2O, which is close to the amount expected to be absorbed by 1 g of 5:1 weight ratio mixture 

of the MXene powder and the ionic liquid. Dry and D2O-exposed samples of 
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MXene/[EMIm+][Tf2N-], as well as pristine and D2O-exposed bulk [EMIm+][Tf2N-] liquid 

samples, were placed into flat aluminum sample holders with inserts providing 0.25 mm thick 

samples, and sealed with indium wire for quasielastic neutron scattering (QENS) measurement at 

the high flux backscattering spectrometer (HFBS)17 at NIST Center for Neutron Research. 

DAVE18 software was used for the data reduction and analysis.

2.3 Molecular Dynamics Simulations

We employ classical molecular dynamics simulations, carried out with GROMACS 

5.1.4.19 We considered [EMIm+][Tf2N-] confined between MXene slabs 10.47 nm apart, which 

would be consistent with ions confined in the inter-stack space in MXene. The composition of the 

corresponding samples exposed to humidity was 25 mol % water, as estimated from the D2O 

weight uptake by the ionic liquid, and the SPC/E model of water20 was used throughout. Ionic 

liquid interactions were described using the classical force field of Canongia Lopes & Padua.21 

MXene interactions were described using custom parameters largely derived from ClayFF.22 

Lorenz-Berthelot mixing rules were used throughout. After systems were built, 1000 steps of 

energy minimization were performed. For all molecular dynamics simulations of MXene channels, 

the NVT ensemble, the Nose-Hoover thermostat with a time constant of 1 ps, and a timestep of 

0.5 fs were used throughout. For bulk simulations, a Berendsen barostat with reference pressure 1 

bar and time constant 1 ps was added and the timestep was increased to 1 fs. Because we were 

focused on the dynamics of the fluid and not structural changes in the carbide layer of the MXene, 

positions of the titanium and carbon atoms in the MXene were fixed, while surface atoms were 

integrated in a regular manner. At first, an equilibration step of 10 million timesteps (5 ns) was 

performed. Then, a sampling trajectory of 100 million timesteps (50 ns) was generated for analysis.
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3. RESULTS AND DISCUSSION

Figure 1a and 1b show the temperature dependence of the elastically scattered neutron 

intensity, collected from 20 K to 300 K at a rate of 2 K per minute. At low temperatures, when a 

sample shows no diffusion mobility, the elastic intensity decreases approximately linear with 

temperature, due to the vibrational thermal motions. With the onset of detectable microscopic 

mobility on the resolution scale of the spectrometer, a significant reduction in elastic intensity is 

expected.23-24  Note that neutron scattering data are predominantly sensitive to the hydrogen-

bearing cations compared to either the anions or the MXene matrix because of the exceptionally 

large incoherent neutron scattering cross-section of hydrogen. Likewise, scattering signal from the 

absorbed D2O, when present, is very small compared to that from the cations.

The bulk RTIL reference samples in Figure 1b exhibit a sharp drop in the elastic intensity 

due to the melting transition, with the D2O-exposed RTIL showing the melting point depression 

by about 5 K. On the other hand, MXene/[EMIm+][Tf2N-] samples in Figure 1a exhibit two 

melting steps, in both dry and wet conditions. The bulk-like melting step in 

MXene/[EMIm+][Tf2N-] is very similar to that observed for the bulk RTIL, except that the D2O-

induced melting point depression becomes barely visible. The additional melting step at 265 K is 

due to the [EMIm+][Tf2N-] confined in the MXene.
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FIG 1. Normalized elastic intensities measured from dry and wet (exposed to D2O vapor for 12 h) 
samples on heating at 2 K/min from 20 to 300 K (spectra from 180 -300 K are shown to focus on 
the transition observed in the temperature range of ~265-275 K) (a) MXene/[EMIm+][Tf2N-] and 
(b) Bulk [EMIm+][Tf2N-] liquid. (c) A comparison of representative normalized QENS spectra (Q 
= 0.68 Å-1) in both humidity conditions at 270 K, where symbols are the data and the dotted solid 
line is the resolution spectrum measured from the dry sample at 10 K. (d) FWHM (symbols) of a 
Lorentzian function obtained from a model fit of 270 and 280 K data, which is further analyzed 
with a jump diffusion model (solid lines). Error bars throughout the text represent one standard 
deviation.

To quantify the ions’ mobility, dynamic QENS spectra were collected from 

[EMIm+][Tf2N-] samples at 270 K and 280 K and from bulk [EMIm+][Tf2N-] at 280 K, the 

temperature set points were determined from the elastic intensity scans. Representative QENS 

spectra presented in Figure 1c show an increasing quasi-elastic broadening signal from the D2O-

exposed sample, suggesting enhanced ion mobility. The QENS spectra were fitted using the 

following expression:24
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dynamic structure factor, from which the diffusivity is obtained,  is the experimentally  EQR ,

measured (at 10 K) sample-specific resolution function, and  is a linear background term  EQB ,

added to account for the contribution from the fast dynamics processes not explicitly measured by 

the spectrometer. Within the dynamic range accessible to the spectrometer, a single Lorentzian 

function:
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adequately described the data. Here  is the half width at half maximum (HWHM) of the  Q

Lorentzian peak. The variation of the  with the square of the momentum transfer is presented  Q

in Figure 1d, demonstrating a jump diffusion behavior25 of the cation, where  is increasing at  Q

low Q’s and plateauing at higher Q’s. Therefore, the extracted  was fitted using a jump  Q

diffusion model:
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The diffusion coefficient (D) and the residence time between successive diffusion jumps ( ) o

extracted from the HWHM analysis are presented in Table 1.

Table 1. Diffusion coefficients of [EMIm+] cation extracted from jump diffusion model fit

Dry (D×10-10m2s-1) Exposed to D2O (D×10-10m2s-1)Samples
270 K 280 K 270 K 280 K

[EMIm+][Tf2N-] 0.96±0.12 1.47±0.21
MXene/[EMIm+][Tf2N-] 0.42±0.08 0.82±0.02 0.55±0.07 0.89±0.09
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The diffusivity measured at 270 K (0.42 ± 0.08 ×10-10m2s-1) is from the ionic liquid confined in 

Ti3C2Tx, while the bulk-like ionic liquid in the sample remains frozen, as illustrated by a plateau 

in the elastic intensity in Figure 1a. This value is just below 50 % of the bulk-like ionic liquid 

diffusivity (0.92 ± 0.12 ×10-10m2s-1 at 280 K). At 280 K, MXene/[EMIm+][Tf2N-] shows a 

diffusivity of (0.82 ± 0.02 ×10-10m2s-1), which is a superposition of the confined and the melted 

bulk-like ionic liquid diffusivities. In such a tight confinement between MXene layers, one would 

expect a much more significant decrease in the diffusivity of confined fluids.26-27 The merely 50 

% reduction in diffusivity compared to the bulk state suggests that the ions are primarily not 

intercalated between the Ti3C2Tx layers, but instead are confined between the stacks of MXene, 

analogously to the water confined between the stacks of MXene that also showed 50 % reduction 

of diffusivity compared to its bulk value.26 This is because the diffusivity of confined fluids solely 

depends on the shape and size of the confinement.27 Indeed, the X-ray diffraction (XRD) patterns 

in Figure 2 showed no increase in MXene d-spacing following loading with [EMIm+][Tf2N-], thus 

confirming the absence of ions intercalation between the Ti3C2Tx layers. Species confined in the 

inter-stack space in MXene does not affect its d-spacing.26
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Having clarified the location of the ions inside the MXene matrix, we are now positioned 

to investigate the influence of absorbed water on the ion mobility, which is of main interest to us. 

Molecular dynamic simulations were carried out to understand the systematically enhanced 

diffusivity, observed across all sample conditions, as presented in Table 1. Figure 3a shows a 

snapshot of the MD channel simulations. The neat [EMIm+][Tf2N-] (Figure 3b) adopts an 

interfacial structure not dissimilar to that observed in contact with carbon and other planar solids.28-

29 In the case of humidified [EMIm+][Tf2N-] (Figure 3c), however, the water is preferentially found 

on the surface (as also visible in the MD snapshots), owing to the hydrophilic nature of the Ti3C2Tx 

termination layers. Therefore, the absorbed water molecules tend to occupy space on Ti3C2Tx 

walls, thereby displacing the ions that can now contribute to faster diffusion in the inter-stack space 

away from the wall.

Combining the results of QENS and MD simulations, we can now explain the effects of 

absorbed water on the diffusivity of ions confined on MXene inters-stack spaces. RTILs are 

considered generally hydrophobic,30 and form nano-aggregates31-33 even in the absence of water. 

Previous experimental34 and MD simulations35-36 results show that RTILs having [Tf2N-] anion 

absorbs relatively small amounts of water that impact their structure and electrochemical 

properties. [EMIm+][Tf2N-] is fairly representative in its hydrophobicity, thus showing only a 

moderate increase in the diffusivity of the D2O-exposed sample measured at 280 K (Table 1). For 

comparison, a less hydrophobic RTIL that uptakes more water exhibits a much greater increase in 

the diffusivity as measured by QENS.37 Nevertheless, even this observed moderate increase in the 

diffusivity of bulk [EMIm+][Tf2N-] upon water exposure is relatively large compared to that 

experienced by D2O-exposed [EMIm+][Tf2N-] confined in MXene. Likewise, absorbed water 

induces a relatively small melting temperature depression in both confined and bulk-like IL 
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components in MXene [EMIm+][Tf2N-], compared to the depression induced by D2O absorption 

in the bulk IL. Even though MXene [EMIm+][Tf2N-] absorbs a significant amount of water (~ 25 

mol%), most of the water molecules are attached to the MXene layer termination surfaces, as 

demonstrated by MD simulations. Relatively few water molecules enter the IL located in the inter-

stacks space, thus having a smaller effect on the ion diffusivity and melting point depression.
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FIG.3 (a) A representative snapshot of MD simulations of humidified Ti3C2Tx MXene surfaces 
with approximately 10 nm separation. The ions are multi-colored and displayed with thin bonds, 
whereas the water molecules are represented by larger spheres. Periodic boundary conditions are 
employed in all directions. Therefore, ions are free to diffuse laterally. (b) The structure of dry 
system. (c) The structure of humidified system.

The cumulative increase in the diffusivity of the ions in the inter-stack space is mostly due 

to the ions displaced from the surface by the water molecules. On the other hand, in the bulk ionic 
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liquid, where comparatively more water molecules intermingle with the ionic liquid, a more 

significant enhancement of the diffusivity is observed. Nevertheless, we can conclude that the 

mobility of IL electrolytes in MXene would be enhanced due to exposure to high humidity 

environmental conditions, with the concomitant implications for the electrochemical performance. 

We plan to explore the impact of applied potential on the microscopic dynamics of the RTIL and 

water confined in Ti3C2Tx MXene in future.

4. CONCLUSION

In summary, using x-ray scattering and quasielastic neutron scattering together with 

molecular dynamics simulations, we investigated the impact of humidity on the microscopic 

dynamics of ions in a room-temperature ionic liquid, [EMIm+][Tf2N-], in the bulk state and 

confined in a Ti3C2Tx MXene material. The ionic liquid was found confined between the stacks 

rather than in between the layers of the MXene, thus showing a rather fast ion diffusivity at about 

a half of the bulk value. Upon humidity exposure, an increase in diffusivity, both in confined and 

bulk liquids, was observed. However, the increase in mobility of the confined ions is primarily a 

result of water-induced displacement of ions from the hydrophilic MXene’s surface, as 

demonstrated by molecular dynamics simulations. This effect may influence performance of 

supercapacitors under realistic operating conditions.
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