
counterion adsorption at high pote ntials at the positive electrode,
while only counterion adsorption occurred at the negative
electrode.

During the recent past year, new in situ techniques were
introduced to the community. In situ electrochemical atomic
force microscopy (AFM) has shown the transition of layering of
ionic liquids and the orientation of cations and anions from
zero volt to the applied voltage on graphite materials. 237 Several
studies carried out by in situ scanning tunneling microscopy
(STM) demonstrated the interaction and structural change of
ionic liquids at the surface of a polarized metal electrode. 238…240

These techniques are useful for investigating the electrode/
electrolyte interface. To understand the EDL changes during
polarization, in situ vibrational spectroscopy measurements
were made in an organic electrolyte system.241 Combined with
MD simulation, the solvation shell of charged ions and the
compositional change of the EDL were observed. This techni-
que can serve to establish modern EDL models for ionic liquid
and concentrated electrolyte systems. To study the ion
dynamics, in complement to EQCM and classic in situ NMR
techniques, in situ nuclear magnetic resonance imaging (MRI)
has been proposed, pioneered by Grey•s group for energy
storage study.242 A 1-dimensional ion concentration profile
was recorded during the charge/discharge of a supercapacitor
cell.243 This approach gives a visual and realistic view of the
interactions of ions and carbon electrodes inside the electrode
and in the cell, which can be also useful for industrial
purposes.

3.5 Modeling and simulation

A lot of work has been dedicated to modeling the interface of
electrode materials and electrolytes. We will highlight in this
section some works focusing on ion confinement in nano-
porous carbon-based materials.

After the experimental discovery of the capacitance increase
in carbon nanopores smaller than the solvated ion size, various
nanoporous carbon structures and electrolytes have been used
for modeling not only to improve the theoretical EDL models
but also to resolve the underlying theory and predict optimized
carbon structures.36,82,83,138,139,244…249For example, in aqueous
electrolytes, the desolvation process of ions in nanopores has
proven to be crucial to explain their transport properties using
molecular dynamics (MD).246,250,251 However, the origin for
such a phenomenon was not yet clear until the group of
Kornyshev brought up the ••superionic state•• of ions confined
in nanopores.252 A schematic overview is shown in Fig. 14a. The
superionic state, recently confirmed by experimental SAXS
measurements as mentioned before,204 is attributed to two
effects. Firstly, the metallic properties of carbon materials
weaken the electrostatic interactions of ions, resulting in breaking
the Coulombic ordering of ions in the nanopores, by the creation
of image charges. Second, the negative free energy of ions entering
the pores from the bulk due to the desolvation of ions favors the
increase of ion density inside the pores. They applied mean field
theory on a slit-shaped pore model and reproduced the capaci-
tance increase versus pore width. The comparison results are
displayed in Fig. 14b. In addition , the transition from ion-rich-

Fig. 14 (a) The cross-section of a single, laterally infinite, slit-like narrow pore as a part of a porous electrode (L: pore width; V: applied voltage;
d: diameter of ions). (b) Differential capacitance per surface area versus pore width. Evidence of capacitance increase in carbon nanopores by using
different approaches: (c) the packing ratio at different voltage. At Vf, the total ion density reaches its maximum. (d–f) Visual views of co-ion pairs of anions
of EMITFSI (R is the anion–anion pair ratio) and (g–i) the population in the first coordination shell around a TFSI anion in the 0.7 nm pores under 2, 0 and
�2 V. Reproduced from ref. 204, 252 and 253 with permission from IOP Publishing (copyright 2010), Royal Society of Chemistry (copyright 2011), and
Springer Nature (copyright 2017), respectively.
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