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Microscopic dynamics in room-temperature ionic liquids confined 
in materials for supercapacitor applications  

Naresh C. Osti*a and Eugene Mamontov*a 

Performance of electrical double layer capacitors (EDLCs), also known as supercapacitors, which are composed of porous 

electrodes and ionic liquid electrolytes, depends largely on the structure and dynamics of molecules/ions on the electrode-

electrolyte interfaces. Immobilization of ions on electrodes surface and diffusivity of ions in the middle of the pores are two 

important phenomena influencing performance of supercapacitors. In recent years, porous carbon or metal carbide derived 

electrodes and ionic liquids electrolytes, either in the neat state, or mixed with organic solvents, were used to improve the 

energy and power density of supercapacitors. The molecular/ionic level predictive understanding of ions immobilization and 

movement inside the pores can be achieved, in principle, using molecular dynamics (MD) simulations. This calls for 

experimental techniques capable of validating MD predictions and providing directions for the future MD studies. Neutron 

scattering techniques, particularly quasi-elastic neutron scattering (QENS), uniquely provide information directly 

comparable with MD simulations results. This includes electrolytes confined in the electrode materials, due to high 

penetrative power of neutrons and their high sensitivity to hydrogen-bearing species. This paper reviews recent research 

where QENS, together with electrochemical measurements and molecular dynamics simulations, have been employed to 

explore the complex electrode/electrolyte systems, which is critical for developing predictive understanding of the charge 

storage mechanism in supercapacitors. 

Introduction 

To address the energy needs of today and tomorrow, electrical 
energy storage technologies have attracted much attention 
from the research community. Various energy storage 
technologies1-3 have been explored after the invention of 
battery in 1800 by Alessandro Volta. Most of the early days 
efforts on batteries were invested in producing batteries with 
more steady current that could be recharged.4-6 Those efforts 
have resulted in many different types of batteries that can 
power up various electrical devices for a long period of time. 
However, because of the required safe charging rate associated 
with a battery, it takes a long time for the battery to fully charge 
once it becomes discharged. This slow charging rate, which is 
quite unavoidable in batteries, calls for an alternative energy 
storage technology that can override the present power 
limitations, especially for high-power applications.7-9 In this 
regard, electrochemical capacitors, also called electrical double 
layer capacitors (EDLCs), have been on the forefront of active 
research lately.7, 10-13 EDLCs consist of an electrolyte and 
electrodes, where charges are stored on the solid (electrodes)-
electrolyte interface (SEI), electrostatically, as illustrated in Fig. 
1.13 They deliver high power density, have a long lifetime, and 
can be charged within a short time.14 SEI of EDLCs can be tuned 
to enhance the device performances. Energy and the power 
density of supercapacitors are directly related to the materials 
used, more specifically, the electrodes and the electrolytes.12, 15-

18 The physico-chemical interactions between the electrode 

surfaces and the electrolyte molecules are a key to control the 
electro-chemical performance of supercapacitors. Structure 
and dynamics of fluids at SEI differ significantly from their 
respective bulk properties. Various electrodes (such as pure 
carbon and its allotropes) and electrolytes (aqueous, organic 
and ionic liquids) have been tested as supercapacitor materials. 
Most recent studies involved porous carbon as matrices and 
room temperature ionic liquids (RTILs) as electrolytes. The high 
surface area of porous carbon19, 20 and the wider operational 
voltage window of ionic liquids14, 21, 22 make them the materials 

a. Neutron Scattering Division, Oak Ridge National Laboratory, Oak Ridge, TN 
37830, USA. Email: ostinc@ornl.gov and mamontove@ornl.gov 

Page 1 of 22 Sustainable Energy & Fuels



ARTICLE Journal Name 

2  |  J. Name. , 2012, 00,  1-3  This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

of choice for supercapacitors. Besides, other intrinsic properties 
of those materials, such as surface chemistries and typical pore 
sizes, along with the viscosity, diffusivity, and conductivity of 
ionic liquids provide added advantages for their use in device 
applications. 

 Understanding the structure, together with the microscopic 

dynamics of ions at the SEI, is essential for a rational design of 

energy storage devices. More specifically, mobility of 

electrolytes at the SEIs is associated with the performance of 

supercapacitors. Molecular level information on SEI properties 

may facilitate fine tuning the structure of the materials at the 

atomic level to enhance the device efficiency. The existing 

literature is rich with publications where a number of 

experimental techniques, such as nuclear magnetic resonance 

(NMR), electrochemical quartz crystal microbalance, 

electrochemical impedance spectroscopy, and small angle 

scattering 23-25 have been employed to study the structure of SEI 

formed in supercapacitors. Those findings are extensively 

discussed in various reviews.14, 26-28 The length scale probed in 

an experiment is technique-specific; for example, pulsed-filed 

gradient NMR measures diffusion on the length scales on the 

range of 100 nm to about 100 µm. Lacking to date is a review of 

experimental studies investigating the physico-chemical 

mechanisms on the nanometer length scale that underlie the 

electrochemical performance, specifically, microscopic 

dynamics of room-temperature ionic liquids confined in 

supercapacitor materials, although reviews of computer 

simulation studies of confined RTILs are avaialble.29, 30 Among 

the experimental techniques, quasielastic neutron scattering 

(QENS) is arguably the only method (and the only technique in 

general, besides molecular dynamics simulations) suitable for 

measurements of the ion diffusivity parameters, such as 

diffusion jump rate and length, on the atomic and nanometer 

length scale. Importantly, due to high penetrative power of 

neutrons and their high sensitivity to hydrogen-bearing species, 

QENS can readily probe electrolyte mobility inside the electrode 

material. There are quite a few studies where QENS has been 

employed to resolve the microscopic dynamics and ions 

immobilization in different types of ionic liquids confined in 

electrode materials of various shape, size, and morphologies. 

The main objective of the present review is to summarize the 

contribution of QENS to the fundamental understanding of ionic 

liquids dynamics in supercapacitor materials. This may be 

broadly beneficial to researchers working on energy storage, by 

helping them to understand the underlying physics and 

chemistry aspects of supercapacitor devices. Our approach is to 

briefly introduce the EDLCs, summarizing their advantages and 

limitations, with an emphasis on the systems comprising an 

ionic liquid as an electrolyte and a carbon-based material as an 

electrode. Then, following a basic description of practical 

aspects of QENS, the capabilities of this technique to measure 

microscopic dynamics of various ionic liquids, in bulk state and 

confined in carbon-based media, are reviewed. 

Electrical Double Layer Capacitors (EDLCs)  

The growing need for energy consumption has generated 

strong interest in exploring and inventing better energy storage 

and release technologies. Depletion of the fossil fuels have led 

to a higher demand for renewable sources, such as solar and 

wind. However, the intermittent nature of those sources 

necessitates the devices that can store energy and release it on 

demand for future use. Consequently, energy storing 

technologies, especially EDLCs, have attracted much attention 

nowadays. The increasing interest in EDLCs is due to the 

remarkably high energy but low power density associated with 

the conventional batteries, making charging them a lengthy 

process.4, 31 EDLCs, on the other hand, provide a high power 

density compared to batteries, but still suffer from a low energy 

density, along with a relatively high production cost.14, 32 There 

have been continuous efforts to increase the energy density and 

lower the production cost of the supercapacitors after they 

were introduced to public in 1957. Those efforts rely on the 

fundamental understanding of the working principle of the 

supercapacitors. 

Capacitance (c), an ability of a device to store charge on 

electrodes by electrostatic adsorption of ions from electrolytes, 

is given by:14 

                              𝑐 =
𝜀𝑒𝜀0𝐴

𝑑
                                                        (1) 

where 𝜀𝑒  and  𝜀0  represent the dielectric constants of the 

electrolytes and that of vacuum, respectively. The parameter d 

describes the thickness of the electric double layer formed on 

the electrodes having specific surface area (SSA), A. 

Quantitatively, the energy stored (E) in EDLCs is expressed as:14 

                                  𝐸 =
𝐶𝑉2

2
                                                          (2) 

 

where V is the voltage between the electrodes. From the 

equations (1) and (2), it is evident that the energy stored in 

EDLCs is primarily controlled by the SSA of the electrodes and 

the applied voltage, V, which is limited by the stability window 

of the electrolytes used. In this regard, improving the electrodes 

(especially via increasing the surface area) and employing the 

electrolytes of high stability for a broad range of applied 

potentials should lead to higher performance. Various electrode 

materials of diverse morphologies have been tested in 

supercapacitors configurations using organic, inorganic, and 

ionic liquids as electrolytes. With a goal of increasing the SSA, 

activated carbons have been employed.18, 19, 33 This approach 

not only maximizes the charge adsorption area, but also lowers 

the production expenses of the EDLCs because of the relatively 

lower purchasing cost of carbon.19, 34 Extreme treatments (such 

as high temperatures and strong acids) of carbon-containing 

precursors during synthesis predominantly control the shape 

and size of the carbon pores. An overview of porous carbon 

synthesis and characterization is beyond the scope of this 

review, as more details about the EDLCs electrode materials are 

found elsewhere.35-37  
The use of porous carbon electrodes has significantly 

increased the gravimetric capacitance compared to its bulk 
counterparts.38 The interplay between the pore size and the 
electrolyte ions size has a major impact on the capacitance of 
the EDLCs. In order to achieve a higher capacitance, variation of 
the electrolytes is a common approach. Almost a two-fold 
increase in the capacitance has been reported when an organic 
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electrolyte is replaced by an aqueous electrolyte.39, 40 The 
energy and power density of EDLCs can also be improved by 
increasing the applied potential. However, stability window 
(i.e., the voltage above which breaking down of the electrolyte 
starts) is another factor which needs to be considered. An 
aqueous electrolyte starts to dissociate above 1 V of applied 
potential,14 whereas organic electrolytes can withstand higher 
voltage, but have high vapor pressure and are flammable, 
making their use a safety challenge. To overcome these 
limitations, room temperature ionic liquids (RTILs) have been 
used as electrolytes in supercapacitors.41, 42 RTILs have low 
vapor pressure, are solvent free, and are stable over a wide 
temperature and voltage window.43 Therefore,  supercapacitors 
featuring RTILs as electrolytes and porous carbon as electrodes 
have been explored in the last decade. It is certain that the 
interface between the RTILs and the surface of the porous 
carbon electrodes plays various important roles in controlling 
the electrochemical performances of supercapacitors. 
Therefore, a detailed molecular level understanding of the SEI 
comprised of RTILs in confined porous carbon matrices is of 
eminent importance. 

Exploring the structure and dynamics at electrolyte-
electrode interfaces in supercapacitors requires 
implementation of a wide array of techniques that can provide 
the pertinent information at various length scales, including 
molecular-level information at the nano scale. Since 
electrolyte/electrode interfaces are complex by their nature, 
there are few experimental techniques that can facilitate 
molecular level understanding of the interfaces. Furthermore, 
the interfaces change significantly during charging and 
discharging, which adds another level of complexity to their 
characterization, i. e., in-situ capability requirements to the 
instrumentation methods, which are not available with most of 
the instruments that can probe interfaces. 

There are several experimental techniques that can 
characterize the fluid-solid interfaces. X-ray photoelectron 
spectroscopy (XPS) and Fourier transform infrared (FTIR) 
spectroscopy have been used to investigate the chemical 
modifications of the SEI. It should be noted that high vacuum 
required for application of surface-sensitive techniques, such as 
XPS, is often associated with a modification of the surface 
probed.   XPS explores the interface of 5 nm or smaller thickness 
and provides chemical compositions as well as valence states of 
the chemical species present,44 but, to investigate bulkier 
interface comprised of solid (electrode) and liquid (electrolyte), 
FTIR45 has been employed. Besides these techniques, nuclear 
magnetic resonance has also been extensively used46-48 to 
resolve the structure and dynamics of the interfaces in working 
electrodes in real time. Because of the elemental selectivity, this 
technique probes structure evolution together with the 
mobility of chemical species such as ions, electrolytes, and 
solvent molecules at the interface, while the system is in 
operational configurations. Dynamics studies involving NMR 
provide the time scale of the motion of those chemical species, 
but not the nano-scale spatial information regarding this 
motion. From the computational side, classical density 
functional theory (cDFT)29, 49, 50 has been extensively applied to 
predict the SEI structure of the RTILs and porous carbon. On the 
other hand, to obtain both the temporal and the spatial 
information, molecular dynamics (MD) simulations51, 52 have 
been widely used to investigate the SEI comprising RTILs and 
porous carbon, from which translational diffusivities along with 

the diffusion jump rate and length can be derived. Quasielastic 
neutron scattering is the only experimental technique that 
explores simultaneously the structure and dynamics at nano 
scales. QENS has been extensively used to investigate the 
dynamics of various RTILs in bulk state, but the use of QENS to 
explore the interfaces of RTILs and porous carbon has been 
attempted only recently. There are several RTILs and porous 
carbon confining systems where QENS has revealed the 
mechanisms by which ions become adsorbed on the surfaces of 
the electrodes, thereby altering the device electrochemical 
performance. To interpret the results of such QENS studies, it is 
helpful to have a basic understanding of this technique’s 
capabilities and limitations. 

Quasielastic neutron scattering as a probe of microscopic 

dynamics 

Neutron is a neutral sub-atomic particle of half spin with a 
magnetic moment that exhibits a wave-mechanical duality. 
Kinetic energy and wave vector are associated with a neutron. 
Depending on the production sources, neutrons may have 
variable energies and wavelengths. The energy associated with 
“cold” neutrons (less than ca. 25 meV) is on the order of 
intermolecular energies, and the corresponding wavevector is 
on the order of molecular dimensions. These properties of 
neutrons make them a powerful tool to investigate the 
structure and dynamics of materials in neutron scattering 
experiments. Neutron scattering is exceptionally sensitive to 
hydrogen because of hydrogen’s high incoherent neuron 
scattering cross-section. The total scattering cross-section of 
natural H is 82.02 barn for 25 meV neutrons (1 barn = 10-28 m2), 
with the incoherent cross-section accounting for 80.26 barn. 
The total scattering cross-sections of most other elements are 
in the range of a few barn. The high incoherent scattering cross-
section of hydrogen makes diffraction studies of hydrogen-
bearing systems problematic, unless substitution with 
deuterium is performed. On the other hand, it makes neutron 
scattering a powerful probe to resolve microscopic dynamics of 
hydrogen-bearing species, such as ionic liquids in bulk and in 
confinement. While all the elements in the sample contribute 
to the neutron scattering signal, for a typical hydrogen-bearing 
compound more than 90 % of neutrons are scattered by its 
hydrogen atoms. For a chemical confined in a carbon- or oxide-
based matrix, the total scattering from the matrix may even 
dominate the signal in some cases, depending on the relative 
volume filled with the hydrogen-bearing material, yet in most 
cases the contribution from the confined chemical remains 
significant, and its microscopic dynamics can be analyzed. 

The QENS technique has been successfully employed to 
probe microscopic dynamics in bulk and confined water,53 as 
well as in polymers,54-57 biopolymer58 and hard condensed 
matter.59, 60 In a typical QENS experiment, one measures the 
amount of energy and momentum transferred between the 
neutron and the scattering species. A change in the energy of 
neutrons provides a time scale of the atomic dynamics of the 
probed system, whereas the momentum transfer, which can be 
related to the scattering angle, provides the length scale 
information. Hence, QENS is a technique to probe both the 
diffusivity and diffusion mechanism at an atomic/molecular 
level. Since most elements have both coherent and incoherent 
neutron scattering cross-sections, the measured QENS intensity 
has a contribution from both types of scattering events. Double 
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differential scattering cross-section, which is measured during 
the scattering process, is given by:61  

         
𝜕2𝜎

𝜕Ω𝛿𝐸
= (

𝜕2𝜎

𝜕Ω𝛿𝐸
)

𝑖𝑛𝑐𝑜ℎ

+ (
𝜕2𝜎

𝜕Ω𝛿𝐸
)

𝑐𝑜ℎ

                               (3) 

where σ is the scattering cross-section of the elements, Ω is the 
solid angle, and E is the energy transfer of neutron, 𝐸 = ℏ𝜔. The 
first term on the right side of equation (3) is the contribution 
from incoherent scattering, which depends on the individual 
atomic nuclei and represents the single-particle dynamics of the 
scattering species. The second term on the right side of 
equation (3) is the coherent contribution, which represents the 
collective motions of the atoms/molecules in a sample. When 
hydrogen atoms (which has a very high incoherent scattering 
cross-section) are present in the sample, the coherent 
contribution oftentimes becomes relatively small and usually 
can be neglected, except at the momentum transfers 
corresponding to the strong structural peaks. Therefore, we 
only focus on the incoherent part of the double differential 
scattering cross-section, which is related to the individual 
particle’s incoherent scattering cross-section, 𝜎𝑖𝑛𝑐𝑜ℎ , and 
dynamic structure factor, 𝑆𝑖𝑛𝑐𝑜ℎ(𝑄, 𝐸), as:61 

𝜕2𝜎

𝜕Ω𝛿𝐸
= (

𝜕2𝜎

𝜕Ω𝛿𝐸
)

𝑖𝑛𝑐𝑜ℎ

=  
1

4𝜋𝑁

|𝑘𝑓
⃗⃗⃗⃗ |

|𝑘𝑖
⃗⃗  ⃗|

[𝜎𝑖𝑛𝑐𝑜ℎ𝑆𝑖𝑛𝑐𝑜ℎ(𝑄, 𝐸)]         (4) 

Here, N is the total number of scattering centers, 𝑘𝑓  and 𝑘𝑖  are 

the magnitude of the final and initial wave vectors of the 

neutron, and the momentum transfer Q = |�⃗⃗� | = |𝑘𝑖
⃗⃗  ⃗ − 𝑘𝑓

⃗⃗⃗⃗ |. 

𝑆𝑖𝑛𝑐𝑜ℎ(𝑄,𝐸) is the incoherent dynamic structure factor that has 
the information on the single-particle dynamic processes in a 
sample. It is also a time-Fourier transformation of the 
intermediate scattering function, I(Q,t), which, upon additional 
space-Fourier transformation, gives the single-particle auto 
correlation function, G(r,t). The decay of the I(Q,t) with time 
(particularly, at t = ∞) suggests the types of atomic or molecular 
motions (long-range translational diffusion, or local) of the 
particles in the system. In the case of long-range translational 
diffusion, the I(Q,t) decays to zero at t = ∞, whereas for localized 
motion, the I(Q,t) plateaus at a finite value at t = ∞. Therefore, 
a possibility to directly compare the intermediate scattering 
function, or the auto correlation function calculated from the 
molecular dynamic simulations, with the QENS data further 
attests to the usefulness of this technique. QENS experiments 
can be performed using backscattering or time-of-flight (TOF) 
spectrometers. Backscattering spectrometers use crystal 
analyzers to select the neutron final energy, whereas the initial 
neutron energy is determined by some other means.   These 
spectrometers built at neutron reactors provide sub-µeV 
resolution with somewhat limited dynamic range of accessible 
energy (ca. ±30-35 µeV). When built at spallation neutron 
sources, such spectrometers feature somewhat coarser energy 
resolution (down to a few µeV), but a much wider range of 
accessible energy transfers of hundreds of µeV. TOF 
spectrometers use either a system of choppers or a 
monochromator to select the initial neutron energy, whereas 
the neutron final energy is determined from its time-of-flight. 
TOF spectrometers are versatile and allow easy tradeoff 
between the energy resolution and intensity, but generally 
feature coarser energy resolution compared to their 
backscattering counterparts.    

 In many QENS experiments, the measured scattering 
intensity, S(Q, E), can be analyzed using an empirical expression: 
61 

𝑆(𝑄, 𝐸) = [𝑥(𝑄)𝛿(𝐸) + (1 − 𝑥(𝑄))𝑆𝑖𝑛𝑐𝑜ℎ(𝑄,𝐸)]⨂𝑅(𝑄,𝐸)
+ 𝐵(𝑄, 𝐸)                                                         (5) 

The elastic scattering contribution weight, x(Q), accounts for 
the fraction of particles immobile on the time scale defined by 
the spectrometer resolution and can be zero in experiments on 
liquids whose diffusion mobility can be fully resolved. 𝛿(𝐸) is 
the Dirac delta function, accounting for the completely elastic 
scattering events. 𝑅(𝑄, 𝐸) is the instrument resolution, often 
measured from the very same sample at a low temperature (≤ 
20 K), where all diffusion mobility has ceased. 𝐵(𝑄,𝐸)  is a 
background term that accounts, besides the measurement 
backgrounds, for the motions much faster than the motions 
which can be probed with a given spectrometer. In a typical 
approach, when QENS spectra are analyzed to determine 
𝑆𝑖𝑛𝑐𝑜ℎ(𝑄,𝐸)  at each Q value independently and then the Q 
dependence of the resulting 𝑆𝑖𝑛𝑐𝑜ℎ(𝑄,𝐸) is analyzed, the x(Q) 
is a fitted parameter and B(Q,E) is a fitted function (usually, but 
not always, linear in E, or a constant). Very recently, QENS data 
for a bulk RTIL (for which x(Q)=0) have been successfully 
analyzed using simultaneous fitting at all Q values with a 
“global” 𝑆𝑖𝑛𝑐𝑜ℎ(𝑄, 𝐸).62 𝑆𝑖𝑛𝑐𝑜ℎ(𝑄,𝐸) will be referred to hereon 
out as 𝑆𝑄𝐸(𝑄, 𝐸) because in QENS inelastic peaks are not 

observed together with a quasielastic signal due to the limited 
dynamic range accessible to the instrument. 𝑆𝑄𝐸(𝑄,𝐸) appears 

as a broadening of a scattering signal over the elastic peak, 
called quasi-elastic (QE) broadening. While width of QE 
broadening represents the time scale of particle motion 
measured in the sample, the shape of the peak reflects the 
character of the respective dynamic process. The 𝑆𝑄𝐸(𝑄,𝐸) for 

a long-range translational motion (mostly in liquids) is a simple 
Lorentzian function. For the localized motion (such as diffusion 
in confinement), an additional delta function term is present in 
the 𝑆𝑄𝐸(𝑄,𝐸). However, when the system becomes more 

complex, a more complex model scattering function may be 
required. Often, though not always, 𝑆𝑄𝐸(𝑄,𝐸) can be modeled 

to either a single Lorentzian function, or a sum of two 
Lorentzian functions, as63  

𝑆𝑄𝐸(𝑄, 𝐸) = 𝑝𝑛𝑎𝑟𝑟𝑜𝑤(𝑄)
1

𝜋

𝛤𝑛𝑎𝑟𝑟𝑜𝑤(𝑄)

𝛤𝑛𝑎𝑟𝑟𝑜𝑤
2 (𝑄) + 𝐸2

+ (1

− 𝑝𝑛𝑎𝑟𝑟𝑜𝑤(𝑄))
1

𝜋

𝛤𝑏𝑟𝑜𝑎𝑑(𝑄)

𝛤𝑏𝑟𝑜𝑎𝑑
2 (𝑄) + 𝐸2

            (6) 

In equation (6), 𝛤𝑛𝑎𝑟𝑟𝑜𝑤(𝑄), and 𝛤𝑏𝑟𝑜𝑎𝑑(𝑄) are the half width 
at half maximum (HWHM) of two Lorentzians with their 

corresponding spectral weights of 𝑝𝑛𝑎𝑟𝑟𝑜𝑤(𝑄)and (1 −

𝑝𝑛𝑎𝑟𝑟𝑜𝑤(𝑄)) respectively. The narrow and broad Lorentzian 

functions correspond to the slower and faster dynamic 
components in the system. The distinct dynamic components 
are not always directly associated with distinct populations of 
species of variable mobility. Depending on the measured E and 
Q range, the same molecular species could give rise, e.g., to the 
faster dynamic component due to the localized motion and 
slower dynamic component due to the long-range translation 
diffusion. The Q-dependence of the HWHMs is used to 
characterize the nature of the diffusion processes that give rise 
to the QE broadening. 

In more complex systems, QE broadenings may deviate from 
Lorentzian shape. In those cases, 𝑆𝑄𝐸(𝑄, 𝐸) can be modeled to 
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a more complicated functional forms, such as Cole-Cole 
distribution64 or Fourier transformed stretched exponential 
functions.65 Both of those functions have one extra parameter, 
called a stretch exponent, that accounts for the dynamic 
heterogeneity in the systems. Regardless of the model function 
chosen, one can always extract the width of the peak (i. e., 
HWHM). Dependence of HWHM on the momentum transfer 
vector is used to characterize the geometry of diffusion motion. 
In many cases, the HWHM, 𝛤𝑖(𝑄), is related to momentum 
transfer (Q) as: 

                       𝛤𝑖(𝑄) =
𝐷𝑖  𝑄

2

1 + 𝐷𝑖𝑄2𝜏𝑜,𝑖
                                               (7) 

where 𝜏𝑜  is the residence time between successive diffusion 
jumps and D is the diffusion coefficient. If there is no residence 
time (𝜏𝑜  = 0), the diffusion process is of Fickian type 
(continuous, as opposed to jump, diffusion). A finite value of 
residence time implies a jump diffusion process. In this case, the 
fitted diffusion coefficient can be used to evaluate the jump 
length associated with the jump diffusion process, L, as 
𝐿2 = 6𝐷𝜏0. In practice, at first it is determined, oftentimes 
empirically through the data fitting, whether the QENS spectra 
at the measured Q values could be reasonably well described by 
a Lorentzian or a combination of Lorentzians as a function of E, 
or a more complicated, “stretched” functional form of the 
model scattering function as a function of E is necessary. Then 
it is determined whether the Q dependence of the fitted 
broadening parameter of the model scattering function (for a 
Lorentzian, simply its HWHM) can be described as a Fickian 
diffusion process, a jump diffusion process, or a more 
complicated diffusion process.  

It should be noted that QENS signal is typically dominated 
by and essentially probes the hydrogen-bearing cations of RTILs, 
whereas the anions that lack hydrogen atoms make a relatively 
small contribution to the scattering signal. 

Quasielastic neutron scattering studies of room-temperature ionic 

liquids in supercapacitor electrode materials 

Ionic liquids are non-volatile, thermally stable, and electrically 
conductive liquids of low melting points comprised of dissociated 
cations and anions. The structure of many room temperature ionic 
liquids has been investigated by x-ray and neutron scattering 
techniques.66, 67 These studies have revealed a self-assembled 
nanostructure in a wide range of ionic liquids. Solvophobic 
segregation of ionic liquids results in a formation of nanometer-scale 
structures due to the presence of polar anions and the cations with 
polar head and long alkyl chain.68 Nano structures in ionic liquids 
have also been observed using MD simulations.69-72 These self-
originated structural heterogeneities in bulk ionic liquids create 
complex dynamic environments to the ions. Therefore, dynamics of 
ions in ionic liquids can be expected to exhibit different types of 
relaxation processes, spawning different time and length scales. 
Microscopic dynamics of many ionic liquids in bulk form have been 
investigated using various techniques, such as dielectric 
spectroscopy, optical Kerr effect spectroscopy, electron spin 
resonance, pulsed-field-gradient spin-echo nuclear magnetic 
relaxation, and QENS.73, 74 Aside from QENS, other techniques 
mentioned above measure mostly the rotational, and in some cases 
both rotational and translational dynamics, but typically cannot 
reveal the geometry of the dynamics processes involved. Pulsed-field 
gradient NMR measures the self- diffusion coefficients associated 
with long-range ion mobility, but in most cases, the time scale it 
probes is not sufficient to capture the internal motion of ions. On the 

other hand, QENS, which explores dynamics on nano- to picosecond 
time scales, can resolve both reorientation motions and long-range 
translation mobility of ions, and reveal mechanism of the dynamic 
processes involved, which we review in the following section. 

Ionic liquids in bulk  

RTILs are known to exhibit nano-phase separation in their bulk state 
and have a long-range ion pair distribution with layers of oppositely 
charged ions (all ions of the RTIL) forming ordered structure.67, 75 The 
complexity of the structure depends on the nature of the cations and 
anions. The ions are involved in different types of interactions 
impacting their mobility. Strong ionic attraction significantly reduces 
the motion of ions, resulting in an increase of the viscosity, which 
decreases the conductivity when RTILs are used as electrolytes. 
Therefore, it is imperative to understand the dynamics of ionic liquids 
at a molecular level for their applications in different fields, 
especially, in energy storage devices.  Triolo et al.76 employed QENS 
to investigate the dynamics of ionic liquids for the first time. They 
observed two different relaxation processes (fast and slow) in 1-n-
butyl-3-methylimidazolium hexafluorophosphate ionic liquid. The 
fast process, which occurs on sub-picosecond time scale and is 
independent of momentum transfer (Q) and temperature, was 
attributed to the localized librational motion of the H atoms. The 
slow process was assigned to the conformational transitions of the 
cation that spans nanosecond time scale. Similar observations were 
made by Ribeiro et al.77 on the same ionic liquid, BmimPF4, as a 
function of temperature using quasielastic Raman scattering. 
Yamamuro et al.78 used QENS to observe both the fast and slow 
processes in a series of ionic liquids with different anions and dipole 
moments. The same group reported the presence of a fast β process 
above the glass transition temperature (Tg) and a slow process 
involving the cation exhibiting simple diffusion behavior in a 
model ionic liquid, BmimCl.78  

After a few successful QENS studies of dynamics in 
prototype ionic liquids, other research groups investigated 
more complex ionic liquids in bulk state using QENS. Mamontov 
et al.63 investigated the dynamics of N,N,N',N'-
tetramethylguanidinium bis(perfluoroethylsulfonyl)imide 
([H2NC(dma)2][BETI]) and reported the presence of four 
distinct dynamic processes in this ionic liquid. Two of those 
were the localized processes, observed below the melting 
temperature of the ionic liquid and attributed to the methyl 
group rotation and the protons of the -NH2 group. Two other 
processes (fast and slow) appeared above the melting 
temperature and were attributed, respectively, to the localized 
and long-range translational motion of cations center-of-mass. 
Similar observations regarding two types of the center-of-mass 
motions were made in silver complex-based ionic liquids, 
Ag(propylamine)2

+][Tf2N-] and [Ag(1-pentene)+][Tf2N-] (Tf2N = 
trifluoromethanesulfonyl), with an additional dynamic 
component originating from -NH2/CH2-.79 Combined molecular 
dynamics simulations and QENS studies of 1-ethyl-3-methyl-
imidazolium bromide (EmimBr) by Aoun et al.80 also 
demonstrated the presence of two types of relaxation 
mechanisms (reorientational and translational) in EmimBr. This 
group claimed that the restricted localized translational type of 
mobility which was observed in ([H2NC(dma)2][BETI])63 was not 
present in EmimBr and believed that the faster motion 
originated from the localized β-relaxation of the alkyl chain. A 
study of dynamics in an ionic liquid with a long alkyl chain, (1-
octyl-3-methylimidazolium chloride (C8mimCl)) by Yamamuro 
et al.81 showed a faster relaxation of the alkyl chain and a slower  
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process involving the entire cation. Two dynamic processes, 
faster-localized and slower-diffusive, were also found in QENS 
studies of pyridinium based ionic liquids82-84 and protic ionic 
liquid85. The same group observed enhancement of the 
localized dynamics of the alkyl side group on increasing the 
carbon chain length, whereas the opposite trend was reported 
for the translational motion of ions in N-alkylpyridinium-based 
ILs [CnPy][Tf2N] with n = 4, 5, 6, 7, 12).86 In order to clarify the 
complexity of dynamics present in ionic liquids, Kofu et al.87 
investigated the dynamics of a series of imidazolium based ionic 
liquids, which have different anions and cations (of varied alkyl 
chain lengths), with QENS technique by employing two 
spectrometers, together covering the dynamics on 0.1 ps to 10 
ns time scales. This extensive study revealed the presence of 
three relaxation processes in ionic liquids. The very fast process 
(on the time sale of ~ 1ps) was attributed to the reorientation 
of alkyl chain, which was found to be insensitive to the anions 
and the alkyl chain length. In contrast, out of the other two 
processes, one was from the relaxation of imidazolium ring, was 

restricted, and depended weakly on the anions, whereas the 
slowest process was found to be Q-dependent and resulted 
from the diffusion of ions. The activation energy of this long-
range jump diffusive process was inversely related with the size 
of anions.  
 

Mixing of ionic liquids with other ionic liquids, salts, co-solvents, 
or impurities provides a new platform to tune the properties of RTILs 
for different applications (specifically, energy storage) and is a focus 
of active research.88-92 The presence of two relaxation processes in 
an ionic liquid, (1-butyl-3-methyl-imidazolium bis-
(trifluoromethylsulfonyl), [BMIM+][Tf2N−]) was demonstrated (Fig. 2) 
by Osti et al.93 by displaying the imaginary part of dynamic 

susceptibility, 𝜒"(𝑄, 𝐸), obtained from the QENS spectra. Dynamics 
susceptibility is a response function that describes a small linear 
change on a system as a result of an external perturbation that 
depends on time and space. To display its imaginary part, the QENS 
spectra are normalized to the Bose thermal population factor, 

𝑛𝐵(𝐸) = 1/(exp(
𝐸

𝑘𝑇
) − 1) , as 𝜒"(𝑄, 𝐸) =

𝑆(𝑄,𝐸)

𝑛𝐵(𝐸)
.  Bose thermal 

population factor is the number of scattering entities having a 
specific energy at a given temperature. This presentation displays 
various relaxation processes as separate peaks as a function of 
energy transfer and delivers a key information about the dynamics 
of materials at the molecular level. Regardless of the presence and 
concentration of co-solvents, they observed separation into an ionic 
liquid rich and a solvent rich phases in [BMIM+][Tf2N−]/solvent 
mixtures, with the corresponding slow and fast cation dynamics 
evident from the two distinct peaks observed in the dynamic 
susceptibility spectra (Fig 2a and 2b). Furthermore, they also 
explored how the conductivity and ion dynamics of [BMIM+][Tf2N−] 
change in mixtures with aprotic co-solvents of different dipole 
moments. Their studies showed an increase in conductivity of the 
ionic liquid as a function of increasing co-solvent concentration, 
reaching a maximum at 1:1 ratio of the liquid with the organic 
solvents. They obtained a linear relationship between the 
microscopic dynamics of the ionic liquid and the dipole moments and 
the concertation of organic solvents (Fig 2c and 2d). This relationship 
was correlated with the ability of solvents to screen the ion-ion 
interactions within the liquid, which scales with the energy 
associated with an ion pair separation, as evidenced by the MD 
simulations. In this study, they also showed an increase in the 
diffusivity of both the localized restricted and the long-range 
translational diffusion of ions as a function of increasing 
concentration and the dipole moments of organic co-solvents. 
Thompson et al.94 subsequently employed a comprehensive 
computational screening approach to investigate the influence of 
other co-solvents properties, besides dipole moment, on the 
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diffusivity of 1-butyl-3-methylimidazolium bis-  
(trifluoromethanesulfonyl)imide ([BMIM+][Tf2N−]) ions in its 
mixtures with 22 different solvents. They concluded that the 
mobilities of ([BMIM+] and [Tf2N−]) ions depend heavily on the pure 
solvent diffusivity. Osti et al.95 tested these MD simulations results 
experimentally by selecting four organic solvents of similar polarities, 
but different bulk diffusivities. From QENS measurements using two 
neutron scattering spectrometers and MD simulations, they found a 
nanophase separation into ionic-rich and solvent-rich  phases, as 
evidenced by a single peak in the susceptibility plot of pure ionic 
liquid that splits into two peaks when the solvent concentration is  

increased to 20% or higher (Fig. 3a). This phase separation is 
illustrated by an MD simulation snapshot (Fig. 3b, inset) together 
with the cluster analysis presented in Figure 3b. Furthermore, they 
also found a strong influence of diffusivity of pure organic solvent on 
the long-range translational mobility of the cation, which becomes 
more pronounced for the ions in the solvent-rich phase. 

To summarize the results of QENS studies of bulk RTILs, the 
intra-particle dynamics, which is highly ion-specific (e.g., related 
to the cation alkyl chain), manifests itself on the faster side of 
QENS sensitivity range (sub-picoseconds to picoseconds). On 
the other side of sensitivity range, spanning characteristic times 
from tens of picoseconds to nanoseconds, there are center-of-
mass motions that generally exhibit a faster component due to 
localized motions and a slower component linked to long-range 
translational diffusivity. The slower components generally 
exhibit stronger temperature dependence. 63 The unique 
sensitivity to all center-of-mass motions, both localized and 
translational, which are closely linked to the transport 
properties, is a general feature of QENS measurements of 
liquids,63, 96, 97 not specific exclusively to RTILs. For RTILs in their 
bulk states, molecular dynamics simulations98, 99 of imidazolium, 
pyrrolidinium, and pyridinium based ionic liquids have 
supported existence of both localized and long-range 
translational diffusion of ions. However, the microscopic 
dynamics of ionic liquids becomes significantly different in 
confinement, which we will review in the following section. 

Ionic liquids in in carbon-based electrode materials for 

supercapacitor 

s 

Ionic liquids Matrix Reference 

[bmim+][Tf2N-] Ordered mesoporous carbon 103 

[H2NC(dma)2][BETI] Ordered mesoporous carbon 106 

[EMIM][Tf2N], [HMIM][Tf2N],  [EMIH][Tf2N], and 
EmimBF4 

Onion-like carbon 107, 130 

[EMIM][Tf2N] TiC derived carbon; defunctionalized, 
hydrogenated and aminated. 

111 

[EMIM][Tf2N] SiC derived carbon; defunctionalized and 
Oxygen rich 

Non-porous system: graphene 
nanoplatelets 

112 

[emim][Tf2N] Under applied electric field 
Meso and micro porous carbon matrix 

133 

[BMIm+][Tf2N-] and [OMIm+][TFSI-] Mo2C derived carbons 115, 123 

[EMIM+][Tf2N−],[BMIM+][Tf2N−], and 
[HMIM+][Tf2N−] 

SiC derived carbon 119 

C3mimTFSI and C12mimTFSI,  Ordered mesoporous carbon 120 

[EMIm+][Tf2N−] MXene (Ti3C2) 161 
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Ionic liquids are confined in porous matrices for energy storage 
applications. Once they are confined inside the pores, their 
intrinsic properties, such as melting and boiling points, vapor 
pressure, and density depart significantly from the bulk values. 

Interactions between the ionic liquids and the surface of the  
charge/discharge processes in supercapacitors. The structure 
and dynamics of the electrolytes at SEI show the effects due to 
the pores shape and size and from the types of chemical species 
present on the surface of the electrode pores. Furthermore, the 
size of the ions (cation and anions), along with the chemistry of 
the ionic liquids, are the other factors that affect the 
performance of supercapacitors. In supercapacitors, ions 
adsorbed on the surface of the pores are responsible for the 
capacitance, whereas the mobility of the ions inside the pores 
determines the rate handling capability.14, 100-102 The structure 
of the electro-absorbed ions, as well as their mobility away from 
the walls of the pores, presents a complex picture in EDLCs. In 
addition to this, charging and discharging significantly alters the 
arrangement of ions inside the pores. QENS has been 
successfully employed to different experimental conditions. A 
list of the investigated ionic liquids and carbon matrices is 
presented in Table 1. 

The first QENS experiment on an ionic liquid, 
[bmim+][Tf2N−], confined in a mesoporous carbon (pore sizes = 
8.8 ± 2.1 nm in diameter) was performed by Chathoth et al.103 
using the backscattering silicon spectrometer (BASIS).104 This 
neutron spectrometer, which has an  energy resolution of 3.5 
µeV at the elastic line and resolves the dynamics on a few 

picoseconds to a fraction of nanosecond time scale with a 
momentum transfer coverage of 0.2 A−1 to 2.0 A−1, has been 
used in numerous QENS studies of bulk and confined RTILs. 
Similar to the bulk ionic liquid systems studies,63, 79 the study by 
Chathoth et al. showed the presence of two dynamic processes 
(slow and fast) in the ionic liquid confined in the mesopores. The 
slower process was attributed to the long-range translational 
diffusion of the cations, whereas the faster process was 
assigned to the spatially localized mobility of the cations. More 
interestingly, this work revealed a more pronounced 
broadening of the quasi- elastic spectra measured from the 
confined ionic liquid compared to the spectra of the bulk liquid 
(Fig 4, left side). This increased mobility of the confined ions 
resulted in shorter relaxation times compared to the ions in bulk 
state. This conclusion became more evident from the display of 
the decay of the I(Q,t)/I(Q,0) as a function of the Fourier time 
derived from the QENS data, as presented in the bottom right 
panel of Fig 4. A detailed analysis of the QENS spectra showed 
an increase in diffusivity for a fraction of cations in the confined 
ionic liquid compared to the bulk counterpart at all the 
measured temperatures. This higher diffusivity for a fraction of 
cations was attributed to the excess (compared to the bulk 
state) density of cations near the pore walls, which leaves fewer 
cations in the middle of the pores, allowing for their faster 
diffusion. The faster diffusion of ionic liquids in mesoporous 
carbon has also been well demonstrated by Pinilla et al.105 using 
MD simulations. Furthermore, Chathoth et al.106 also reported 
the existence of two diffusion processes in an ionic liquid, 
[H2NC(dma)2][BETI], confined in the similar type of mesoporous 
carbon. Since the pore size was similar to the one investigated 
in ref. (103), whereas the cations and anions were different, their 
study suggested that an increase in long-range diffusivity for a 
fraction of cations of an ionic liquid in nano-confinement may 
be a general feature of RTILs. Besides, they also reported an 
unusual situation where the localized restricted fast motion of 
[H2NC(dma)2][BETI] confined in mesoporous carbon slowed 
down as a function of increasing temperature (Fig. 5). This 
unusual temperature dependence was rationalized based on 
the structural modification of the adsorbed ions, when the 
layered structure of the RTIL near the pore walls dissipates at 
higher temperatures to give rise to the bulk-like RTIL structure. 
 Van Aken et al.107 investigated, for the first time, the 
dynamics of ionic liquids confined on the surface of carbon 
particles and established a correlation between cation mobility 
and electrochemical performance. They used onion-like carbon 
(OLC) particles of 5-7 nm in diameter with interparticle space of 
3-20 nm, synthesized by high temperature annealing of 
nanodiamond precursor.108 They employed QENS, together 
with electrochemical impedance spectroscopy (EIS) and MD 
simulations, to explore the impact of cation type on the 
dynamics and electrochemical performance of ionic liquids 
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featuring the same anion. For this study, three ionic liquids were 
chosen, with [EMIM], [HMIM], and [BMIH] as cations and [Tf2N] 
as the anion. The size of the cations was in the increasing order 

of [EMIM]  [HMIM]  [BMIH]. They showed an increasing trend 
in capacitance (Fig. 6) by the three ionic liquids in the order of 
their decreasing cation size at all measured temperatures and 
scan rates. The increase in capacitance of supercapacitors, 
involving ionic liquids and OLCs, as the temperature is 
increased,109  has also been demonstrated from MD 
simulations. Furthermore, this increasing trend of capacitance 
with the decreasing cation size is correlated with the increasing 
diffusivities (Fig 7) as the cations become smaller, which is 
demonstrated by QENS, EIS, and MD simulations. Faster 
diffusivities obtained from EIS measurements, compared to 
QENS and MD simulations, were associated with the 
applications of the electric field during the measurements. 
Small discrepancies between MD and QENS values were 
attributed to the neutral systems, together with a simplified 
model, considered in the MD simulations.  

A structural study of [C4mim+][Tf2N–] confined in carbon 
substrate of an hierarchical porous structure by Bañuelos et 
al.110 showed the strong impact of the pore size to ion size ratio  
and the attraction between the ions and the surface of the wall 
on the density of the ionic liquid confined inside the pores. In 
addition to the ion-pore size ratio, the presence of chemical 
species on the pore wall or on the particle surfaces controls the 
surface-ions interactions, impacting the charge storage 
mechanism of supercapacitors. In order to understand the 
influence of surface chemistries on the dynamics of ionic liquid 
and on electrochemical performance, Dyatkin et al.111 looked at 
the mobility of [EMIm+][TFSI−] confined on the surface of the TiC 
derived carbons (CDCs). They have used three different CDCs 
with roughly the same pore size distribution, but different 
surface chemistries. The use of CDCs with identical porosities 
but of different surface chemistries allowed them to decouple 
the pore size effect from the molecular interactions that exist 
between the ionic liquid and the CDCs surfaces. For that, they 
synthesized defunctionalized (annealed) CDCs by annealing the 
precursor at 1200oC. Two more CDCs, one hydrogen-rich 
(hydrogenated-CDC) and another nitrogen-rich (aminated-CDC) 
were also synthesized. All these three types of CDC pores were 
filled with [EMIm+][TFSI−] using an identical approach. 
Electrochemical measurements showed a higher capacitance 
with a greater rate handling ability (Fig. 8a) of hydrogenated 
CDC compared to its defunctionalized and aminated forms. This 
higher capacitance of hydrogenated CDC was attributed to the 
adsorption of greater numbers of [EMIm+][TFSI−] cations on the 
pore surface, as revealed by the higher observed value of the 

elastic scattering fraction (Fig. 8b) from QENS measurements. In 
a QENS measurement of a liquid, the scattering signal that 
appears elastic (that is, observed within the resolution function) 
is due to either the matrix, or the immobilized (on the time scale 
defined by the spectrometer energy resolution) particles, 
usually in direct contact with the matrix. Bulk-like liquids give 
rise to no elastic signal in QENS measurements. Thus, the 
fraction of elastic signal is proportional to the fraction of 
immobilized cations. The variation in the fraction of cations 
immobilized on the CDC surface demonstrates that the 
interactions between the cation and the surface of 
hydrogenated CDC is the most favorable among the three 
samples. Therefore, cations are retained strongly, resulting in a 
higher elastic scattering fraction, which in turn, provides a 
higher capacitance. Since more ions are attracted to the wall of 
the hydrogenated CDC, there are also relatively more ions 
which can move freely, providing an improved rate handling 
capability. This study highlighted the impact of surface 
chemistries on the electrochemical performance of ionic liquids 
in confinement. 

In order to  expand understanding of the surface chemistry 
impact on ions adsorption and electrochemical performances of 
ionic liquids-carbon based supercapacitors, Dyatkin et al.112 
investigated the influence of surface oxidation on the 
electrochemical performance and ion dynamics of 
EMIm+][TFSI−] confined in oxidized and defunctionalized silicon 
carbide derived porous CDCs using inelastic and quasielastic 
neutron scattering techniques together with MD simulations 
and electrochemical measurements. Similar to hydrogenated-
CDC systems,111 they observed a higher capacitance (Fig 8a) and 
the rate handling ability for ions confined in oxidized CDC due 
to accumulation of a larger number of ions on the surface of the 
oxidized pores. Oxidized surfaces are ionophilic and attract 
anions strongly, making a compact layer of cations next to them. 
This is further confirmed by the higher elastic scattering fraction 
from the QNES measurements observed for the ions confined in 
the oxidized pores compared to those in defunctionalize pores. 
The cations, which are firmly bound to the surface-bound 
anions, remain immobile and contribute to the elastic scattering 
on the time scale of the measurements. Densification of such 
cations on the surface of the electrodes has been observed in 
the atomistic MD simulations of nano-confined imidazolium-
based ionic liquid.113 When most of the cations are held 
stationary on the pore walls, a few cations remain in the center 
of the pore. They are free to move within the free space 
available away from the pores wall. This conclusion is supported 
by the higher values of extracted HWHM (half width at half 
maximum) of the QENS signal collected from EMIm+][TFSI−] 
filled oxidized pores compared to defunctionalized pores, 
confirming the higher mobility of ions, which is responsible for 
the higher rate handling capability in the oxidized pores. QENS 
results further highlighted the fact of obtaining improved 
capacitance from the ionic liquid particles arrested in the 
oxidized CDC, due to the accumulation of more immobile 
cations on the surface of the pore walls, as illustrated by the 
higher values of elastic scattering fraction (Fig 8b) from the ions 
filled in the ionophilic (hydrogenated-CDC) pores. 

Most of the ionic liquid-CDC systems that we have discussed 
so far used ionic liquids with ions roughly matching the pore 
sizes of the carbon substrate. Those CDCs have a unimodal pore 
size distribution, where pore sizes are on the order of ~ 1 nm. 
Control over the pore sizes and their distribution together with 
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the pore surface chemistries depends on the Cl2 etching 
conditions applied to the precursor metal carbides. By altering 
the synthesis procedure, one can control the CDCs pore size and 
surface chemistries that ultimately allows to manipulate the ion 
density inside the pores.114 Several studies107, 111, 112 have 
explored the ion dynamics in ionic liquids confined either in 
uniform micropores or uniform mesopores of carbon substrate 
(with a monomodal pore size distribution). Those studies have 
used ionic liquids with the dimensions of the ions roughly 
matching the nano pore sizes. However, there are many ionic 
liquids with asymmetric ions (i.e., when the cation is 
significantly larger than the commonly used anion). Control 
over etching conditions facilitates production of CDCs with 
bimodal pore distribution (having micropore and mesopores 
within the same CDC substrate). Electrochemical performance 
together with the ion dynamics of an ionic liquid having 
significantly longer alkyl chain, 1-octyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide ([OMIm+][TFSI-]) confined in 
molybdenum carbide (Mo2C) derived CDC with varied surface 
chemistries (oxidized and defunctionalized) and bimodal pore 
size distribution has been investigated by Dyatkin et al.115 The 
choice of Mo2C  allowed production of CDCs with both 
micropores and mesopores because of the large size of the 
molybdenum atom (compared to Ti and Si atoms), where the 
dimension of the micropores is suitable for holding anions, and 
the mesopores are suitable for holding cations with bulky alkyl 
chain, [OMIm+]. QENS spectra (Fig. 9a) reflecting the 
contribution of OMIm+ cations reveal a faster mobility (higher 
values of HWHM, Fig 9b) of the ions confined in the oxidized 
pores from the data analysis using Cole-Cole distribution model 
scattering function. Similar to the dynamics of [EMIm+] confined 
in functionalized SiC-CDC pores,111 this study attributed the 
faster diffusivity of cations to the less densely packed ions in the 
center of the pores originating from a complete wetting of the 

oxidized pores by [TFSI-] anions, which draw more [OMIm+] 
cations towards the pore walls. A larger number of cations 
immobilized on the pore surfaces of the oxidized pores 
contributed 6-14% more to the elastic scattering fraction 
compared to the same amount of [OMIm+][TFSI-] confined in 
defunctionalized Mo2C-CDC pores. [OMIm+] in defunctionalized 
pores shows a reduced mobility because of the higher density 
of the ions in the center of the pores. However, unlike for the 
ionic liquid in functionalized CDC pores of uniform porosity,111 
the SSA normalized capacitance (Fig. 9c) measured from 
[OMIm+][TFSI-] confined in oxidized Mo2C-CDC of bimodal pore 
size distribution is smaller than the capacitance from the 
defunctionalized pores. This observation agreed with the MD 
simulation results, but contradicted the previous findings.111 
The result was understood as originating from the minimum 
charge densities of cation away from the pore walls resulting 
from a strong attraction of anions (TFSI-) towards the surfaces. 
At the same time, there is a repulsion of hydrophobic [OMIm+] 
ions, causing a significant reduction in the number density of 
electro-adsorbed ions on the surfaces. 

Apart from modifications of the surface chemistry and 
topological characteristics of electrode materials to optimize 
electrochemical performances in device applications, molecular 
parameters of ionic liquids are the other controlling factors that 
can be altered to improve electrochemical devices’ 
performance. For example, viscosity and melting points of ionic 
liquids can be tuned simply by changing the molecular 
dimensions of the ions.116-118 When changing the alkyl chain 
length of the cation of the imidazolium based ionic liquids, their 
viscosity, together with the conductivity, can be modified. 
These modifications allow to selectively tune the size of the ions 
based on the pore size of the electrodes to optimize the rate 
handling ability and capacitance of EDLCs. Dyatkin et al.119 
investigated the influence of the length of alkyl chain attached 
to the cation of an imidazolium based ionic liquid on the ion 
dynamics along with the electrochemical performance in SiC-
CDC based supercapacitors by employing QENS, 
electrochemical measurements, and MD simulations. For this 
investigation, they used three imidazolium-based ionic liquids 
that have the same anion, TFSI-, but different cations with ethyl 
(n = 2), butyl (n = 4), and hexyl (n = 6) groups attached to the 
imidazolium ring. This comprehensive approach of probing the 
dynamics of ions confined in CDC with narrow pores (0.8 nm) in 
the absence of applied potential has revealed a monotonic 
decrease in the long-range cation diffusivity on increasing the 
alkyl chain length as evidenced by QENS measurements. A 
diffusion coefficient of C2mim+ was found to be 2.83 ± 0.34 × 

10
-10

m
2
s

-1
, which decreased by a factor of three, to 0.92± 0.05 × 

10
-10

m
2
s

-1
, when the number of carbons on the chain was 

increased by four. However, there was only a very small 
decrease in the diffusivity when moving from C2mim to C4mim, 

which, for the latter cation, was 2.32 ± 0.22 × 10
-10

m
2
s

-1
. The 

capacitance (Fig. 10a) and the electrosorption dynamics (in the 
presence of potential) from electrochemical measurements 
also showed similar trends as a function of the alkyl chain 
length. Consequently, the alkyl chain length effects were more 
impactful at higher sweep rate, where the chain length 
influence was relatively similar between C4mimTFSI and 
C6mimTFSI compared to C2mimTFSI. On the other hand, they 
found a similar behavior between C2mimTFSI and C4mimTFSI 
compared to C6mimTFSI in their electrosorption resistance 

Page 10 of 22Sustainable Energy & Fuels



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name .,  2013, 00 , 1-3 | 11  

Please do not adjust margins 

Please do not adjust margins 

near-static potential.  MD simulations (Fig. 10b) have further 
confirmed the observations made with QENS and 
electrochemical measurements. 

To further understand the influence of the alkyl chain length 

on the electrochemical performance and the electrodynamics 

of ionic liquids in supercapacitors, Osti et al.120 examined the 

fundamentals of ion dynamics and electrosorption of two 

imidazolium-based ionic liquids of different cation length 

(C3mim+ and C12mim+) and of same anion (TFSI-), by confining 

them in ordered mesoporous carbon (OMC) having both micro 

and mesopores. They investigated the impact of alkyl chain 

length on the dynamics of cation and studied the influence of 

those dynamics on the capacitive behavior of the 

supercapacitors using QENS, electrochemical measurements, 
and cDFT calculations. They found that the size of cation had a 
major impact on the electrochemical behavior, especially the 
rate handling and impedance, while the applied potentials were 
found to control the wetting/filling (charge storage) of the pore 
walls, particularly, for the ionic liquid with the larger cation (Fig. 
11a and 11b). Results from cDFT calculations using a coarse-
grained model corroborated the electrochemical observations, 
showing a 16% decrease in capacitance on increasing the alkyl 
chain length from C3 to C12. They employed QENS to probe the 
mobilities of both the C3mim+ and C12mim+ cations confined in 
OMC. They expected to observe the dynamics on different time 

scales when the alkyl chain becomes longer; therefore, a cold 
neutron multi-chopper spectrometer (LET)121 was used to 
perform the dynamic measurements. Using the repetition rate 
multiplication capability of the spectrometer, they observed 
localized dynamics of cations confined in pores (based on the Q-
independent broadening of the dynamic susceptibility peaks) 
for both C3mim+ and C12mim+ cations. Interestingly, using 
analysis of QENS data with the Cole-Cole distribution model 
scattering function, they observed a higher value of HWHM (Fig. 
12a and 12b) from C12mim+, suggesting a higher mobility 
coming from the larger ions, which is surprising in the view of 
the established fact that the bigger ions generally move slower. 

Furthermore, non-quadratic dependence of the extracted 

HWHM (Fig. 12a and 12b) on the Q, observed for both 

C3mim+TFSI-  and C12mim+TFSI- confined liquids, ruled out a 

possibility that the long-range diffusivity might have been 

observed in the experiment, suggesting instead the observation 

of a spatially confined motion of the ions. A weaker Q-

dependence of the average relaxation time of the ions confined 

in mesopores (> 1 nm) suggests the dynamic decoupling of alkyl 

chain from the imidazolium ring, therefore giving rise to the 

higher mobility observed from the ions with longer alkyl chain. 

This concept of dynamics decoupling in cations with a longer 

alkyl chain has been further proved by calculating the structural 

relaxation time, τ0. The relaxation time was found longer for 

C3mim+ and was instrument resolution dependent (Fig 12c and 

12d), confirming that the relatively faster motion in C12mim+ 

originated from the undulation of the chain, completely 

decoupled from the ring dynamics. This decoupling was proved 

by calculating the number density from cDFT that showed 

density spikes for C12mim+ (Fig. 13a and 13b) away from the 

walls, towards the center of the mesopores, where interactions 

are weak between the ions and the pore walls. 

 Most of the ionic liquids undergo nano-phase separation, 

due to the presence of different interactions that exists within 

the ionic liquids, giving them a higher viscosity, which severely 

impacts the conductivity of ionic liquids. The low conductivity 

associated with ionic liquids originates from the reduced ion 

mobility, which also significantly lowers the rate handling 

capability in supercapacitors. Not only in the bulk state, but also 

in confinement, an increase in conductivity of ionic liquids can 

be achieved by mixing them with salts, organic solvents, and 

other ionic liquids.91, 93 Mixing those components remarkably 

changes the physicochemical properties of the ionic liquids by 

disrupting the interionic Columbic interactions. This is one way 

of formulating a new electrolyte with improved properties for 

energy storage applications. On the other hand, the use of 
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inorganic solvents, such as water, is found to accelerate the 

nano aggregation in ionic liquids.122 Osti et al.123 attempted to 

investigate the electrochemical performance of an ionic liquid, 

[BMIm+][Tf2N−], confined in Mo2C-CDC of pores (0.7-3.1 nm) 

under the influence of water (D2O was used for neutron 

scattering measurements due to the smaller scattering cross-

section of deuterium) vapor using QENS, together with 

electrochemical measurements and MD simulations. QENS data 

analysis showed a direct effect of water uptake with a twofold 

increase in the cation diffusivity (Fig. 14a) after 4 hours of water 

vapor exposure. Even though the amount of D2O absorbed by 

[BMIm+][Tf2N−] with a hydrophobic butyl chain in confinement 

is relatively high compared to its bulk state, it produces only a 

small decrease in the elastic incoherent scattering fraction, 

suggesting that most of the D2O is absorbed on the CDC’s wall, 

thereby displacing some of the BMIm+ cation from the pores 

wall. They attributed the higher diffusivity of the cation, before 

the pores become totally saturated with water, to the combined 

impacts of both cation displacement and the screening of 

attraction between the ionic liquid molecules by water. These 

QENS findings were corroborated by an increase in the 

capacitance along with the rate handling (Fig. 14b) and a 

decrease in the ion densities (Fig. 14c) on the pores walls upon 

increasing the water content, as observed in the MD 

simulations. 

Despite having properties superior to many organic and 

aqueous electrolytes used in EDLCs, RTILs still do not function 

well over the entire theoretically accessible voltage window.124 

This is due to the different activities of cations and anions on 

the surfaces of the electrodes. Those different activities result 

in an asymmetric working potential of EDLCs that limits their 

operational voltage window.125, 126 The asymmetricity in 

working potential has been corrected through the modifications 

of electrode materials.125, 127, 128 In 2015, Van Aken et al.90 

introduced a new concept of correcting the asymmetricities by 

mixing two ionic liquids, with the same cations, but anions of 

different sizes and chemistries. They tested mixtures of 

EmimTFSI and EmimBF4 at various compositions as electrolytes, 

using onion-like carbon (OLC) as electrodes in supercapacitor 

configurations. Their studies showed a balanced charge storage 

on identical OLC electrodes using 4:1 mixture of EmimTFSI and 

EmimBF4, resulting in a symmetric supercapacitor. They 

postulated that the optimal mixture acts as a new electrolyte, 

having properties that are totally different from those of its 

individual constituents. Similar electrodes and electrolytes 

systems have been studied using the cDFT.129 cDFT has shown a 

maximum capacitance at this 4:1 composition because of an 

increase in the contact density of the cation, Emim+, on the 

electrode surface, which  resulted from the reduction of the 

layered structure due to the presence of smaller anions (BF4 -) 

under the applied potential. Osti et al.130 explored the 

structures and dynamics of those ionic liquids  (EmimTFSI and 

EmimBF4) mixtures at various compositions using QENS and 

cDFT under zero applied potential. Their analysis of QENS data 

showed no significant changes in the diffusivities and phase 

behavior of bulk EmimTFSI and EmimBF4 mixtures compared to 

the individual values for bulk EmimTFSI and bulk EmimBF4. 

However, QENS data for the mixtures adsorbed on the OLC 

surfaces exhibited significantly different behavior. The average 

elastic scattering fraction, which represents the contribution of 

the cation absorbed on the electrode surface, as obtained from 

QENS data analysis (Fig. 15a), showed a maximum at the 

optimal composition of 4:1 (EmimTFSI:EmimBF4 = 4:1), which 

precisely correlated with the excess adsorption of the cation 

calculated from cDFT.  This is evident from the QENS data for 

the 4:1 mixture of EmimTFSI and EmimBF4 confined in OLC that 
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had a higher scattering intensity at the elastic line (Fig 15b 

inset). Data analyses also showed a higher elastic scattering 

fraction (Fig 15b) and a higher diffusivity (Fig 15c) of the Emim+ 

at 4:1 composition compared to the neat confined liquids. This 

was due to the adherences of a larger number of cations to the 

surface of the OLC, thus leaving more room for the remaining 

cations to move freely away from the electrolyte-electrodes 

interface, resulting in a higher diffusivity.  

All the QENS experiments that we have reviewed so far were 

conducted on ionic liquids-filled carbon pores without applied 

potential. The structure of EDL, which largely controls the 

transport mechanism of nano confined fluids and thereby the 

performances of supercapacitors, changes significantly during 

charging and discharging of EDLC. Structural modifications of 

the EDL during charging have been studied by Lian et al.131 by 

employing the time-dependent density functional theory 

(TDDFT), taking electrostatic correlations and the ion’s steric 

effects in account. They showed a non-monotonic increase of 

surface charge with an enhancement of dispersion interactions 

during charging. Furthermore, the discernment of ions and the 

partitioning in ionic liquids having various types of ions in a 

substrate of hierarchical pore structures become very 

influential in determining selectivity and packing, relative to the 

sizes of ions and their concentration, as demonstrated by 

cDFT.132 To understand the microscopic dynamics of nano-

confined fluids under the influence of applied potential in a 

carbon substrate of hierarchical pore sizes, Mahurin et al.133 

investigated the dynamics of [emim][Tf2N] confined in porous 

carbons  under an applied potential (charged and discharged 

states) using QENS and MD simulations. They performed an in 

situ QENS experiment by confining [emim][Tf2N] in two 

separate carbon electrodes, mesoporous (6.7 nm diameter 

pores) and microporous (1.5 nm diameter pores), in a custom-

built electrochemical cell. Diagnostic temperature-dependent 

scans showed bulk-like behaviors of [emim][Tf2N] confined in 

6.7 nm pores, but severely suppressed mobility of [emim][Tf2N] 

in 1.5 nm pores. Furthermore, they observed a change in the 

elastic scattering intensity upon changing the applied potential 

without an appreciable modification on the quasielastic wings 

(insets in Fig. 16) of the spectra, thus verifying an impact of 

applied voltage on the dynamics of ions present near the pore 

walls. A similar cation immobilization on the electrode surfaces 

of silver and graphene has been observed under applied 

potential using the surface-enhanced Raman spectroscopy.134 

Elastic scattering intensities, as a function of applied potential 

from [emim][Tf2N] confined in 6.7 nm pores (Fig. 16a), showed 

a monotonic dependence on the applied voltage, resulting in a 

complete restoration of the originally measured elastic 

intensities after the removal of the applied potential. However, 

the experiments carried out at various temperatures and 

applied voltages (both negative and positive, Fig 16b-16d) 

showed that the initial immobilization of ions in microporous 

carbon (1.5 nm) is irreversible. Once the ions (either the cations 

or anions) are attached to those narrow pores by the initial 

application of potential, they remain static over hours and days 

long measurements, despite subsequent applications of a 

different potential. These observations are supported by the 

ions number densities calculated by the authors using MD 

simulations and further rationalized from the standpoint of the 

severely impeded in the 1.5 nm pores ion dynamics.135 

To summarize the results of QENS studies of RTILs confined 

in carbon-based electrode materials, most experiments show a 

separation of the scattering signal into the elastic and 

quasielastic part. The former originates from the ions adsorbed 

on the pore walls, with mobilities too low to be resolved on the 

nanosecond time scale, whereas the latter represents the 

mobile ions away from the pore walls. Manipulation of the 

electrode materials (via chemical functionalization or applied 

electric potential) can change the amount of the adsorbed ions, 

also indirectly influencing the packing of the remaining ions 

away from the pore walls and their diffusivity. Both the EDLC 

capacitance and rate handling can be influenced by these 

means. 

Most of the EDLC systems that we have reviewed so far have 

ionic liquids confined either on the surface or inside the pores 

of carbon-based matrices, where the capacity is determined 

from the electrosorption of ions on the surface of the 

electrodes. Different approaches have been employed to boost 

the energy density of the capacitors. Besides employing hybrid 

devices, the use of layered materials that allow intercalation of 

ions between the layers has been explored extensively. These 

ions-intercalated layered electrodes exhibit high 

electrochemical performances in supercapacitors. The 

intercalation of ions depends on the chemical nature of the 

electrode surfaces, which ultimately determines the 

conductivity and hydrophobicity of the materials. The nature of 

chemical species present on the materials’ surface determines 

the hydrophobicity, whereas the electron density of states is 

responsible for the conductivity. Most of the electrode 

materials used in supercapacitors are either hydrophilic, but 
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poor conductors, or hydrophobic, but highly conductive. In 

2011, Naguib et al.136 discovered 2D layered materials, called 

MXenes, which allow intercalation of different chemical 

species137-139 between the layers. MXenes are highly hydrophilic 

and conductive, which is a unique combination in 2D 

materials,136, 140 therefore, they have a broad potential range of 

applications, especially in energy storage.141 Within the short 

period of time following their invention, there has been a 

tremendous interest in MXenes that resulted in a synthesis of 

more than ~ 25 different MXenes. Many research papers and 

reviews of MXenes141-146 focusing on synthesis, structure, and 

properties, based on experiments, DFT/ab initio computational 

effort, and theoretical approaches have been published. Here 

we intend to discuss the recent efforts to understand the 

structure and dynamics of ionic liquids confined in MXenes, in 

the context of ion dynamics and electrosorption of ions on the 

surfaces, investigated primarily by INS (inelastic neutron 

scattering) and QENS, which we review in the section below. 

 

Ionic liquids in MXene electrode materials for supercapacitors 

MXenes are early transition metal carbides, nitrides, or 

carbonitrides of two-dimensional layered structure, which are 

synthesized from a selective etching of aluminum (Al) from their 

MAX phases (where M = early transition metals, A = aluminum 

and X = C, N or C and N together).136 The chemical nature of the 

etchants used to dissolve Al layer yields MXene with different 

surface terminations (Tx = F, OH and O), allowing to intercalate 

a variety of chemical species between the MXene layers for a 

wide range of applications. A single molecular sheet of the 

MXene, which is made of carbides, nitrides, and carbo nitrides 

of transition metals, is called as a layer. When such layers are 

held together, they make a stack of MXene layers. The space 

between the two molecular sheets is an interlayers space (c-

lattice), and that between the stacks is an inter-stack gap. 

Intercalation of metal ions and other chemical species in 

MXenes has been exercised extensively to achieve the desired 

material properties. Characterization and properties evaluation 

of those MXenes have been carried out using different 

techniques, which are well reviewed144, 147, 148 and not intended 

to be discussed here. Intercalation and confinement of fluids, 

primarily ionic liquids, in MXenes, and its effect on the structure 

and dynamics, together with electrochemical performance in 

supercapacitors, have recently attracted much interest,148-150 

and we focus on these topics in the context of neutron 

scattering studies, specifically by INS and QENS. Both 

techniques are sensitive to the large incoherent scattering of 

hydrogen. INS probes the bonding between the surface 

termination groups of MXenes and the hydrogen-bearing 

chemical species, whereas QENS probes the motions (long 

range translational and localized) of the mobile species.  

Intercalation of metal ions, as well as organic and inorganic 

species between MXene layers, has been a common practice to 

alter the materials’ structure and properties for energy storage 

applications. Lukatskaya et al.137 explored the impacts of cation 

intercalation on the capacitance of Ti3C2Tx MXene for the very 

first time. They reported a high capacitance from MXenes 

intercalated with Na+, K+, NH4
+, Mg2

+, and Al3+ ions compared to 

the values obtained from the supercapacitors comprised of 

porous carbon electrodes. Mashtalir et al.139 synthesized the 

organic molecules (hydrazine) intercalated MXene and studied 

its electrochemical performance in acid electrolytes. They 

reported a significantly increased capacitance from the 

hydrazine intercalated MXene compared to its pristine analog. 

Furthermore, the same group138 investigated the intercalation, 

co-intercalation, and delamination behavior of different types 

of MXenes with hydrazine, N,N-dimethylformamide, and 

dimethyl sulphoxide. They reported an increase in the c-lattice 

parameter after intercalation of hydrazine, followed by a co-

intercalation of N,N-dimethylformamide. They found a high 

capacity for Li-ions on the MXene paper (delaminated MXene 

sheets), produced after sonication of dimethyl sulphoxide 

intercalated MXene. An increase in the c-lattice parameter 

significantly reduces the van der Waals forces between the 

MXene layers, providing more surface area for ions 

(de)intercalation during charge-discharge processes. Relatively 

high in-plane conductivity, compared to out of plane, of MXene 

makes c-lattice parameter more important tunable parameters 

for the optimization of MXene properties.  Xie et al.151 looked at 

the dependence of Li-ion storage capacity of MXene, based on 

the surface termination groups, and found the highest 

capacities in oxygen-terminated MXenes. They used inelastic 

neutron scattering for the first time on a MXene to figure out 

the state of water and the OH groups at a relatively high 

temperature. The absence of all the peaks (Fig. 17, blue curve) 

related to water and hydroxyl groups in the annealed samples 

indicates their removal at high temperature. Later on, Wang et 

al.152 used neutron total scattering in conjunction with 

multilevel structural modeling to reveal a complex structural 

pattern of MXene. INS has been employed to investigate the 

surface modifications of MXene after the intercalation of 

hydrazine between the layers by Mashtalir et al..139 They found 

a significant amount of water with strong bonds with OH groups 

in the pristine MXenes. After intercalation of hydrazine, a large 

reduction of water and OH terminations, resulting in an increase 

in volumetric and gravimetric capacitance, has been reported. 

Furthermore, the decomposition of urea intercalated in Ti3C2Tx 
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MXene to ammonium ions and carbon dioxide has been 

reported by Overbury et al.153 using INS technique. Based on the 

INS results, they proposed formation of ammonium 

intercalated MXene from a rapid hydrolysis of urea during urea 

treatment of the MXene.  

Water is one of the natural constituents originating from the 

synthesis that resides either in between the layers or in the 

inter-stacks gaps of MXenes. Structure and dynamics of water 

confined in MXenes have been explored using neutron 

scattering techniques. Osti et al.154 started probing the 

dynamics of water confined between the Ti3C2Tx MXene using a 

combination of QENS, x-ray, and MD simulations. The structure 

of the MXenes synthesized using 48% HF solution, in the air 

dried and vacuum annealed (110 oC) states, was investigated by 

x-ray diffraction (XRD). Diffraction patterns from both air dried 

and annealed samples (Fig. 18 a) have almost the same c lattice 

(c-L) parameters (19.88 Å and 19.64 Å, respectively). XRD 

derived c-L parameter matches well the c-L parameters 

obtained from ReaxFF molecular dynamics simulations (20.14 Å 

at 300 K) for a bare Ti3C2Tx MXene (Fig 18 b). From this 

observation, they concluded that water in the Ti3C2Tx MXene 

resides not between the layers, but instead in the inter stack 

gaps (Fig. 18 c). However, the elastic neutron scattering 

intensity does not show any steps when measured as a function 

of temperature, thus suggesting that the water in the inter stack 

gaps is still relatively strongly confined (Fig. 19, inset I).  

Furthermore, this water exhibits a diffusivity at ca. 50 % of the 

bulk water diffusivity, as demonstrated by QENS measurements 

(Fig. 19 and inset II). Their studies have also shown an increase 

in the c-L parameter after the metal ion (K+) intercalation, where 

the metal ions hold the water tightly (hence, two order of 

magnitude decrease in water diffusivity as observed by QENS) 

between the layers. However, in Ti3C2Tx MXene, synthesized 

using a mixture of LiCl and 10% HF, Muckely et al.155 found 

water residing between the layers (Fig. 20 a, elastic scan 

showed no sign of bulk water), with its diffusivity dropped by 

two order of magnitude (Fig. 20 b and c) compared to the value 

reported for the 48% HF etched MXene. More interestingly, 

they reported a higher diffusivity of water (Fig. 20 c in the 

MXene intercalated with Mg2+ ions, which form a stronger 

hydration bonding compared to K+. Based on this result, they 

concluded that it is the d-spacing, i.e., the structure the MXene, 

rather than the character of the ion-water bonding, that 

determines the mobility of water confined between the MXene 

layers. Additionally, Osti et al.156 performed elastic and inelastic 

neutron scattering studies of annealed Ti3C2Tx MXene. They 

showed the presence of hydrogen trapped in the MXenes, as 

evident from the step III in the elastic intensity scan (Fig. 21 a), 

that were synthesized using 48% HF to etch their parent MAX 

phases. This study was concerned with possible use of MXene 

in hydrogen storage and hydrogen evolution reaction catalysis. 

Their study further highlighted the fact that the milder etchant 

(Fig. 21 b), higher temperatures (~ 200 oC), and metal ions 

intercalation all produce MXenes without trapped hydrogen. 

Furthermore, Osti et al. 157 investigated the vibrational 

dynamics of water confined between MXene layers together 
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with metal ions using INS (Fig. 22) and MD simulations. INS 

spectra showed all the vibrational bands characteristic of water 

molecules, such as intermolecular translational modes (0–40 

meV, Fig. 22 a), librational modes (40–140 meV, Fig. 22 b), 

intramolecular H-O-H bending (∼205 meV, Fig. 22 c), and O-H 

stretching modes (400−450 meV, Fig. 22 d). However, 

compared to pristine MXene, they found a very small amount 

of water in metal ions (Li, Na and K) intercalated MXenes, where 

the water molecules were found to be more ordered. They 

reported an increasing trend on the ordering of the water 

molecules as the size of the ion is increased, which was further 

supported by the ion size dependent interference of water 

molecules observed in MD simulations.   

Similar to carbon-based supercapacitor systems, 

performance of MXenes in electrochemical energy storage 

applications depends on the types of the electrolyte used. With 

a goal of increasing the energy and power density of MXene 

based supercapacitors, application of ionic liquids as 

electrolytes has recently started. Dall’Agnese et al.158 measured 

the electrochemical performances of Ti3C2 MXene using 1 M  

solution of EmimTFSI in acetonitrile and then compared the 

results with 1 M solutions of EmimBF4 and TEABF4 

(tetraethylammonium tetrafluoroborate). They demonstrated 

an increase in capacitance with a good electrochemical stability 

of Ti3C2Tx MXene in the 1 M solution of EmimTFSI due to the 

simultaneous intercalation and deintercalation of Emim+ 

between the MXene layers during cycling through the 

electrodes. Moreover, they also found an increase in 

capacitance while using MXene-carbon nanotube composites as 

electrodes due to the high charge filtration of the electrodes. 

Later on, Jackel et al.149 discovered that the Ti3C2Tx MXene, even 

in the absence of external voltage, undergoes spontaneous 

cation intercalation when it comes in contact with ionic liquids, 

but the number of intercalated cations  increases upon applying 

a negative potential. They further observed that the application 

of a positive voltage contracts the MXene electrodes 

significantly, leading to a thickness smaller than that at zero 

applied potential. A similar type of Ti3C2Tx MXene electrodes 

expansion and contraction in EmimTFSI ionic liquid electrolytes 

has been reported in MD simulation.159 

 In all the MXene-electrolyte systems that we have discussed 

above, ionic liquids are mixed with organic solvents and used as 

electrolytes. Lin et al.160 for the first time used an ionic liquid, 

EmimTFSI as electrolyte and ionogel MXene as electrode 

(prepared by exchanging EmimTFSI with acetone and water), 

and investigated their electrochemical performances in a 

supercapacitor setup. They reported a higher gravimetric 

capacitance of 70 F g-1 from the MXene ionogel electrodes 

compared to 1 F g-1 from the dried Ti3C2Tx MXene, even at high 

scan rate of 20 mV S-1 within the operational potential window 

of 3 V due to the insertion of ions (cations and anion) between 

the MXene layers. They observed a capacitance of ~ 53 F g-1 at 

even higher scan rate of 50 mV S-1, indicating a higher power 

handling capability of the MXene ionogel electrodes. 

 In most MXene-electrolyte based systems, charge storing 

mechanisms are related to the solvent assisted intercalation of 

ions between the MXene layers, leading to an increase in d-

spacing during cycling. Optimization of electrochemical 

performances of MXene-based systems is attempted by using 

either different MXene electrodes, or different types of the 

electrolytes. Wang et al.89 investigated the influence of the 

solvents of an electrolyte on the charge storing capability of 

Ti3C2 MXene (synthesized by etching MAX phase by a mixture of 

HCl + LiF) using electrochemical measurements, MD 

simulations, and QENS techniques. They observed different 

arrangements of ions in the Ti3C2 MXene based on the chemical 

nature of the electrolyte solvents. They reported that the 

MXene doubled the charge storage when an electrolyte 

comprised of a mixture of propylene carbonate (PC) and lithium 

bis(trifluoromethylsulfonyl)amine (LiTFSI) was used. They found 

the presence of completely desolvated Li ions in the small 

interlayer spacing (< 2.9 Å) of Ti3C2 MXene in the PC/LiTFSI 

electrolyte system. Bulk-like behavior observed from the PC 

solvent in the QENS measurements further affirms the notion 

that PC does not enter in between the MXene layers but 

facilitates the intercalation/deintercalation of Li ions upon 

charging/discharging of the electrodes. They highlighted 

complete absence of solvent-ion interaction and fluid-solid 

interface formation between the MXene and the PC+LiTFSI 

electrolyte system.  

Electrochemical behavior of MXene-ionic liquid systems for 

energy storage applications depends on the amount of charged 

species, as well as their mobilities within the MXene electrodes.  

With an aim of understanding the microscopic dynamics of ions 
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and correlating the ions mobilities with electrochemical 

performance, Osti et al.161 investigated the dynamics of 

EmimTFSI confined in the Ti3C2Tx MXene and explored the 

impact of humidity on the ion mobility using QENS and MD 

simulations for the first time. Elastic neutron scattering showed 

the presence of a two-step melting transition (Fig. 23 a), one 

from bulk-like ionic liquid and another from confined ionic 

liquid, as opposed to one step transition observed in bulk ionic 

liquid (Fig. 23 b). However, they reported a very small impact of 

water exposure on the ionic liquid confined in MXene compared 

to the bulk ionic liquid. The representative QENS spectra (Fig 23 

c) from D2O vapor exposed sample is broader compared to the 

dry sample, indicating an enhancement on cation mobility upon 

humidity exposure. The model based analysis of QENS spectra 

of MXene + EmimTFSI yielded a diffusion coefficient at roughly 

half ((0.42 ± 0.08)×10−10m2s−1) of the bulk value ((0.92 ± 

0.12)×10−10m2s−1), similar to the situation observed for water in 

MXene154, suggesting that the ionic liquid is not in between the 

layers. This is because one would expect a much more 

pronounced reduction in diffusivities  for the truly nano-

confined fluids compared to their bulk values.53, 154 

Furthermore, XRD patterns collected before and after the 

EmimTFSI intercalation into the MXene gave almost the same 

d-spacing (Fig 23 d), confirming that the ionic liquid indeed 

resides in the MXene inter-stack gaps, and not between the 

layers. Exposure to D2O vapor increases the mobility of the 

cations due to the displacement of the ions from the MXene 

surface, as demonstrated by the MD simulation, which shows 

an accumulation of water molecules on the MXene surface. 

To summarize the results of QENS studies of intercalated 

species in MXenes, they share many similarities with studies of 

RTILs confined in carbon-based materials, but with an additional 

complication due to the more challenging morphology of many 

MXene samples featuring both inter-layer and inter-stack 

space. The latter don’t affect the c-lattice parameter and thus 

cannot be inferred from diffraction studies, yet they may be 

comparable in volume to, or even dominate over, the inter-

layer space. This complex morphology of many MXene samples 

may offer both challenges and opportunities for energy storage 

applications. 

Summary and outlook 

Today’s emerging energy crisis and increasing reliance on the 

renewable energy sources have dramatically impacted and 

reshaped energy storage research. Electrochemical capacitors, 

which store energy either by adsorption of the ions or by the 

redox reaction that takes place on the surface of the electrodes, 

are on the forefront of the energy storage research due to the 

opportunities they offer to optimize the performance by tuning 

the properties of both the electrodes and electrolytes. In EDLCs, 

increasing of the specific surface area of the electrodes and 

operational voltage window of electrolytes has been practiced 

to enhance the capacitance and the rate handing capabilities. 

This review mainly focuses on porous carbon and carbide 

derived electrodes and ionic liquids as electrolytes, which form 

complex interfaces. Carbons with uniform pores that match the 

size of the ions are found to have a larger capacitance. 

Nanoporous carbon electrodes with an ionic liquid as an 

electrolyte exhibit better energy and power density. More 

interestingly, in nano-confined systems, microscopic dynamics 

of electrolyte molecules is found to play a major role in 

controlling the device performance. We have presented many 

cases where QENS has been employed to explore the charge 

storing mechanisms based on the molecular level information 

on the complex structure and dynamics present at solid-

electrolyte interfaces. The unique ability of QENS to probe 

hydrogen-bearing species (cations of ionic liquids) even in the 

presence of a heavy confining matrix provides a powerful tool 

to investigate the charged species attached to the pore walls, 

which are responsible for controlling the capacitance of the 

supercapacitors. Higher rate handling capability observed in 

porous electrodes-ionic liquids supercapacitors has been 

rationalized based on the higher diffusivity of the ions in pores 

away from the walls, as observed in the QENS measurements. 

The impact of humidity on the immobilization of charges on the 

electrode walls, which influences the electrochemical 

performance, can be readily studied by QENS using exposure of 

the electrode-electrolyte system to D2O vapor, since deuterium 

incoherent and total neutron scattering cross-sections are 

much smaller compared to those of hydrogen. Likewise, the use 

of selectively deuterated co-solvents enables mobility studies of 

the specific electrolyte components, which is an added 

advantage of QENS. Similarly, the modifications of the ions 

layering on the surface of the electrodes under applied 

potential can be readily explored through monitoring the 

changes of the elastic scattering intensity obtained from QENS. 

Energy storage research is expanding quickly with the addition 

of new electrodes and electrolytes. A new family of MXene 

materials is an outstanding example of the rapid development 

on the forefront of the materials research for energy storage 

applications. Combinations of those novel electrodes and 

electrolytes in device configurations result in a formation of a 
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very complex interface, where understanding of the molecular-

level structure and dynamics becomes non-trivial. 

Immobilization of ions on the electrode surfaces and the 

packing of the remaining ions in the middle of the pores are two 

important phenomena underlying performance of a 

supercapacitors. The basic properties of neutrons that we have 

discussed in this review make it possible to obtain a detailed 

information on the interfaces, even when they are hidden, thus 

enabling their development and modification to obtain 

supercapacitors of high power and energy density. 
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