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n transport of water-in-salt
electrolytes within micro- and meso-pores of
a multiporous carbon electrode†

M. Tauhidul Islam, a Bernhard Gollas a and Qamar Abbas *ab

Understanding ion transport in porous carbon electrodes is crucial for enhancing the performance of

electrochemical energy storage devices. However, for systems using carbon electrodes and water-in-salt

electrolytes, this is not generally understood. Here, two salts with different ionic interactions in water,

lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) or choline chloride (ChCl), were utilized at

concentrations up to 20 mol kg−1 to explore the ion transport behavior. We report a new method for

calculating the ion diffusion coefficient in carbon pores, considering the diffusivity of the bulk

electrolyte, as well as the tortuosity and porosity of the carbon electrode. Accuracy is validated by

comparing data with bulk electrolyte diffusivity reported from PFG-NMR in the literature, which is further

used together with porosity estimated with nitrogen gas adsorption and tortuosity from electrochemical

impedance spectroscopy. This technique effectively distinguishes between tortuosity in micro- and

meso-pores by considering their volume and surface area. The different ion hydration patterns of ChCl

and LiTFSI at concentrations above 10 mol kg−1 influence the ion transport and the tortuosity to different

extents. This is confirmed by changes in hydrogen bonding observed in the Raman water bands. Lastly,

we introduce a relationship between tortuosity, in-pore ion diffusivity and capacitance to distinguish the

charge distribution within micro- and meso-pores at open circuit voltage as well as under applied bias

voltages. Our findings reveal the degree of ion dissociation in concentrated aqueous electrolytes as

a key parameter determining the charging/discharging rate performance of carbon electrode based

capacitors. This study helps develop carbon materials and compatible electrolytes to ensure that the

capacitor meets the desired performance criteria while being reliable and efficient.
Introduction

Electrochemical capacitors play a vital role in hybrid electric
vehicles, where rapid charging and discharging are crucial. In
both electric double-layer capacitors (EDLCs) and hybrid
capacitors, the power performance of the device primarily arises
from the charge stored in the EDL electrode.1 Nanoporous
carbon stands out as a typical electrode material for EDL charge
storage, wherein ionic charges are physically stored through
electrosorption at the electrode/electrolyte interface and effi-
ciently released during discharge. The energy density E of an
EDLC is directly proportional to the capacitance C and the
square of the voltage U (E = 1

2CU
2). Consequently, achieving

superior performance (power and cycle life of electrochemical
capacitors) involves customizing the pore morphology of
aterials, Graz University of Technology,
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tion (ESI) available. See DOI:

, 25504–25518
carbon electrodes and utilizing electrolytes with high electro-
chemical stability.

Non-aqueous electrolytes have been shown to withstand
high voltages of up to 3 V.2–4 However, these electrolytes
require strictly moisture-free processing, resulting in high
costs, and pose safety and environmental risks.5–7 On the other
hand, aqueous electrolytes possess high ionic conductivity
while being safe and inexpensive, avoiding the above-
mentioned drawbacks.5 In order to avoid water oxidation/
reduction reactions that limit the stability of classical
aqueous electrolytes, Suo et al. in 2015 proposed water-in-salt
electrolytes. In lithium bis(triuoromethanesulfonyl)imide
based electrolyte at high concentrations up to 21 mol kg−1, the
salt fraction exceeds the solvent in both volume and mass,
which enabled a battery operating at 2.3 V with Mo6S8 as the
anode and LiMn2O4 as the cathode.7 Following this initial
demonstration, LiTFSI-based water-in-salt electrolytes have
undergone extensive research for their applicability in various
energy storage devices, including EDLCs8–10 and hybrid
capacitors.11 More recently, cost-effective and environmentally
friendly alternatives, such as choline chloride, choline nitrate,
and choline iodide, have also been investigated as potential
This journal is © The Royal Society of Chemistry 2024
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water-in-salt electrolytes for high-energy electrochemical
hybrid capacitors.12,13 However, using water-in-salt electrolytes
leads to certain challenges, such as restricted ion transport,
insufficient wetting of carbon electrodes,14 and unsatisfactory
low-temperature performance. For example, Lannelongue
et al. reported a decrease in capacitance of around 15% and
33% aer 2000 charge/discharge cycles with a current loading
of 0.8 A g−1 for 7 mol kg−1 and 31.3 mol kg−1 LiTFSI, respec-
tively. They suggested a compromise between voltage, power
density, energy density, and stability to address these effects.6

Hence, investigating the ion dynamics of water-in-salt elec-
trolytes both in bulk solution and within the pores of carbon
electrodes is essential for unlocking their full potential and
expanding their range of applications.

Several research groups have reported the ion dynamics in
bulk water-in-salt electrolytes of LiTFSI using PFG-NMR.15–18

Abbas et al. compared the ion diffusivity and dissociation of
bulk water-in-choline uoride with water-in-LiTFSI and found
enhanced ionicity for the choline salts.13 Mangiacapre et al.
measured the diffusivity of choline ions in aqueous bulk ChCl
solution using PFG-NMR.19 Unfortunately, due to the rapid
relaxation of the 35Cl nucleus, the diffusivity of chloride ions
could not be determined by PFG-NMR.20 These reports primarily
focus on the diffusivity of bulk water-in-salt electrolytes
prepared from LiTFSI and ChCl, without providing information
on ion hydration. To comprehend device performance fully, it is
crucial to interpret the complex phenomena of ion transport
within the networks of nanoscale carbon pores characterized by
different diameters, porosity, tortuosity, permeability, and
bottlenecks.21–24 To the best of our knowledge, only Moreno-
Fernández et al. have offered insights into the in-pore transport
of LiTFSI water-in-salt electrolytes based on the relaxation time
of 19F and 7Li nuclei in solid-state NMR during electrolyte
diffusion.23

Various electrochemical methods, including cyclic voltam-
metry (using the Randles–Ševč́ık equation),25,26 electrochemical
impedance spectroscopy (using the Randles–Warburg model,
electrode thickness and knee frequency),27–29 galvanostatic and
intermittent titration techniques30 or step potential electro-
chemical spectroscopy,31 have been used to determine the in-
pore ion diffusivity of various classical electrolytes. Although
a similar trend was found, conicting diffusivity values have
been determined with these techniques.32 On the other hand,
solid-state NMR,23 in situ PFG-NMR,22,24 EQCM (electrochemical
quartz microbalance),33 small-angle X-ray and neutron scat-
tering (SAXS and SANS),34 in situ IR spectroscopy,35 and
computer simulations36 are frequently utilized for a more
precise analysis of the ion transport properties of organic elec-
trolytes within carbon nanopores. These techniques are
sophisticated and expensive and come with a few technical
limitations. For example, not all electrolyte ions may possess
NMR-active nuclei, and the resolution of in-pore NMR peaks
has been reported to be low, particularly for water-in-salt elec-
trolytes, owing to the high proportion of inaccessible sub-
nanometer carbon pores.23 Furthermore, commercially avail-
able carbons used for supercapacitors typically encompass sub-
nanometer micro-, meso-, and macro-pores, making it
This journal is © The Royal Society of Chemistry 2024
challenging for the aforementioned techniques to efficiently
probe and differentiate ion transport behavior in multiporous
carbons.22–24

Here, we studied the effective ion diffusivity of water-in-salt
electrolytes based on ChCl and LiTFSI in the micro- and
meso-pores of commercially available carbon YP80 F. To
comprehend in-pore ion dynamics, we explored the relation-
ship between bulk electrolyte diffusivity, porosity, and tortu-
osity. The average bulk electrolyte diffusivity based on PFG-
NMR has been obtained from several references, while the
porosity was estimated from N2 gas adsorption. The electrode's
tortuosity was determined from electrochemical impedance
spectroscopy (EIS), considering parameters such as maximum
capacitance, knee frequency, in-pore ionic resistance, pore
volume fraction, and surface area fraction.32,37,38 To this end, EIS
is used as a preferred technique, as it is non-invasive and
inexpensive compared to other techniques with the additional
feature of being able to distinguish between diffusivities within
a range of pore sizes of the same carbon electrode. By consid-
ering the micro- and/or meso-pores as inter- and intra-
connected series capacitors, the total equivalent capacitance
has been calculated as the sum of the reciprocals of the indi-
vidual capacitances in these pores. Finally, we correlated the
energy efficiency of capacitors with different concentrations of
water-in-salt electrolytes to the diffusion of ions, ionicity, and
hydration behavior.
Experimental
Electrolytes

Lithium bis(triuoromethanesulfonyl)imide (LiTFSI) and (2-
hydroxyethyl)trimethylammonium chloride (choline chloride,
labelled here as ChCl) were procured from IoLiTec (Heilbronn,
Germany) and Sigma-Aldrich (Germany), respectively, to
prepare a range of electrolytes with concentrations of 1, 5, 10, 15
and 20 mol kg−1. The salt-to-water volume ratio, salt-to-water
weight ratio, and water-to-salt molar mass ratio for different
concentrations of electrolytes are given in Table S1 and Fig. S1
(ESI).†
Characterization electrolytes

The dynamic viscosity (h) of the bulk electrolyte solutions was
determined with a Modular Compact Rheometer (MCR 502 SN
82231668 with a cone plate system, Anton Paar, Graz, Austria) by
adopting a standard protocol at 25 °C. A two-electrode Swagelok
cell with a cylindrical PTFE (polytetrauoroethylene) ring spacer
positioned between two metallic current collectors (Fig. S2†)
was utilized for measuring the electrolyte resistance R by
potentiostatic electrochemical impedance spectroscopy (PEIS).
Ni-alloy (C22) and stainless-steel rods (1.2 cm diameter) were
employed as current collectors for choline chloride and LiTFSI
solutions, respectively. PEIS was performed over the frequency
range of 100 kHz to 1mHz with a single sine sinusoidal signal at
open circuit voltage using a BioLogic VMP-300 Potentiostat
(Paris, France). The ionic conductivity s of the electrolyte is
calculated with eqn (1).
J. Mater. Chem. A, 2024, 12, 25504–25518 | 25505
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s ¼ 1

R
$
l

A
(1)

Here, l is the distance between the electrodes and A is the base
area of the electrolyte cylinder. The series resistance R was ob-
tained from the impedance value of the real axis at 100 kHz and
was used to calculate s. The distinct ionic interaction in ChCl
and LiTFSI was estimated from signicant changes in hydrogen
bonding, as evidenced by the shis of the Raman water bands.
The Raman spectra of bulk electrolyte solutions were acquired
with a LabRAM HR 800 spectrometer (Kyoto, Japan) equipped
with a 532 nm laser at a low power of 0.5 mW, coupled with an
Olympus BX41 microscope.

Electrochemical capacitor cell assembly and characterization

Activated porous carbon sheets used as electrodes in capacitor
cells were fabricated from a mixture of 90 wt% YP80 F
commercial carbon, 5 wt% carbon black SUPER C65 (Imerys) as
a conductive additive, and 5 wt% polytetrauoroethylene
(60 wt% suspensions in water, Sigma-Aldrich) as a binder. The
components were mixed in isopropanol using a material to
solvent ratio of 1 : 20 and the mixture was stirred at 70 °C until
a homogeneous dough was obtained. Subsequently, the dough
was rolled onto a glass plate to produce a ∼140 mm thick sheet.
The carbon sheet was dried at 80 °C overnight and was used as
positive and negative electrodes in the two-electrode symmetric
Swagelok-type capacitor cells described above. 1.0 cm diameter
working and counter electrode disks made from the prepared
carbon sheet sandwiched a 1.2 cm diameter glass microber
separator (Whatman GF/A, 260 mm thick). Water-in-salt elec-
trolyte solutions consisted of concentrated ChCl or LiTFSI.
Electrochemical impedance spectra were collected in the
frequency range of 1 MHz to 1 mHz using a single sinusoidal
signal at open circuit voltage as well as at 0.4 V, 0.8 V and 1.2 V.
A single data point was obtained by averaging ve measure-
ments at each frequency. Capacitance, power, and energy values
were normalized against 90 wt% YP80 F, considering the total
mass of both electrodes. The porosity data for the carbon were
assessed from nitrogen (N2) adsorption and desorption at −196
°C, utilizing a Micromeritics ASAP 2020 surface area and
porosity analyser (Georgia, U.S.A). Prior to isotherm determi-
nation within the relative pressure range of 0.1 < P/P0 < 1.0, the
sample was degassed at a temperature of 140 °C for a period of
12 hours.

Results and discussion
Ion mobility in bulk water-in-salt electrolyte

Fig. 1 presents the dependency of physicochemical electrolyte
properties on their concentration. An increase in concentration
leads to enhanced viscosity for both ChCl and LiTFSI (Fig. 1a
and b) caused by increasing electrostatic interactions. Fig. 1c
illustrates the relationship between electrolyte concentration
and ionic conductivity. It shows that themaximum values are 50
mS cm−1 and 100 mS cm−1 at 5 mol kg−1 for LiTFSI and ChCl,
respectively. However, the maximum conductivity is the result
of a trade-off between the number of ionic charge carriers and
25506 | J. Mater. Chem. A, 2024, 12, 25504–25518
their mobility, which directly depends on the viscosity.18 The
viscosity and ionic conductivity of electrolytes based on choline
chloride and LiTFSI align with trends highlighted in prior
research, as illustrated in Fig. 1a–c. Since superconcentrated
electrolytes have almost saturated salt contents, their physico-
chemical character is expected to differ from that of diluted
electrolytes.

In order to comprehend the EDL charging phenomena
occurring in the porous carbon electrodes, it is essential to
investigate the ionic interactions in both ChCl and LiTFSI
electrolytes and express them in terms of ion transport
parameters. For estimating the transport parameters of the bulk
electrolytes, the average ion diffusivity values of bulk LiTFSI
were taken from previous PFG-NMR studies.13,16–18 Mangiacapre
et al. measured the diffusivity of choline ions in aqueous bulk
ChCl solution using PFG-NMR.19 Unfortunately, due to the
rapid relaxation of the 35Cl nucleus, the diffusivity of chloride
ions could not be obtained by PFG-NMR.20 Tanaka et al.
described the tracer diffusivity of Li+ and Cl− in concentrated
aqueous LiCl (up to 18.6 mol kg−1) using a diaphragm cell
method.43 Here, we measured the viscosity h of choline uoride
and LiCl by maintaining the concentrations specied in the
literature to obtain the hydrodynamic radii of Ch+ and Cl− using
the Stokes–Einstein equation (eqn (2)).44

D ¼ kB$T

6phRH

(2)

Here, kB is the Boltzmann constant (1.38 × 10−23 J K−1), T is the
temperature (298 K), RH is the hydrodynamic radius, h is the
dynamic viscosity, and D is the ion diffusion coefficient.

The dynamic viscosity, diffusivity, and hydrodynamic radii of
LiCl and ChF are listed in Tables S2 and S3.† Subsequently, the
hydrodynamic radii of Ch+ (from ChF) and Cl− (from LiCl)
together with the viscosity of choline chloride solutions were
used in the Stokes–Einstein eqn (2) to calculate the diffusivity of
both Ch+ and Cl−. From the calculated diffusivity andmeasured
viscosity of ChCl, the hydrodynamic radii of Ch+ and Cl− were
determined. The calculated and average diffusivity values of
both electrolytes are shown in Fig. 1d and e, with an expected
declining trend with increasing salt concentration. Further, the
calculated diffusivities of Ch+ and Cl− and the values from both
the diaphragm cell method and PFG-NMR are listed together
with the diffusivities from the literature in Tables S2 and S3.†
Notably, the calculated diffusivities of Ch+ follow the same
trend as the PFG-NMR-based diffusivities of Ch+ in choline
chloride with small deviations for each concentration. The
order of the molecular weight and viscosity of these four salts is
LiCl < ChF < ChCl < LiTFSI. Hence, the diffusivity trend can be
anticipated as LiCl > ChF > ChCl > LiTFSI. In the case of the
diaphragm cell method, the highest diffusivity of Li+ and Cl−

was found for the lowest viscosity of LiCl, and an identical trend
was obtained with PFG-NMR studies (Fig. 1d and e).43 Hence,
the calculated diffusivities of Ch+ and Cl− were condently
utilized in further analyses.

The diffusivity ratio of cations to anions is shown in Fig. 1f,
to correlate the ion dissociation phenomena. The DLi+/DTFSI−

increases from 1.2 to 2.4 with increasing salt concentration,
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Effect of concentration on the transport properties of bulk ChCl and LiTFSI solutions at 25 °C. (a) The viscosity of aqueous ChCl and
literature values from ref. 19, 39 and 40; (b) the viscosity of aqueous LiTFSI and literature values from ref. 16, 41 and 42; (c) ionic conductivity of
ChCl and LiTFSI with relevant literature values from ref. 7, 13, 19 and 39; (d) calculated ion diffusivity of ChCl and literature values of diffusivity of
choline fluoride,13 diffusivity of Ch+ from ChCl (PFG-NMR),19 and diffusivity of Cl− from LiCl (diaphragm cell);43 (e) average ion diffusivity of LiTFSI
from PFG-NMR studies13,16–18 and diffusivity of Li+ from LiCl from the diaphragm cell method;43 (f) diffusivity ratio of cations to anions for ChCl,
LiTFSI, and choline fluoride;13 (g) ionicity of ChCl, LiTFSI, and choline fluoride;13 (h) modified Walden plot of ChCl and LiTFSI; (i) mobility of Ch+,
Cl−, Li+, and TFSI−. The dotted lines serve as a guide to the eye.
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suggesting a diminishing hydration of the Li+ ion. In the case of
DCh+/DCl−, the diffusivity ratio is found to be almost
concentration-independent up to 10 mol kg−1. This behavior is
comparable to that of ChF, where DCh+/DF− being around 1 and
independent of salt concentration indicates a weak interaction
of F− and Ch+ with water13. In such a case, the ionicity (degree of
ion dissociation) can be an effective parameter for under-
standing the ionic association at higher concentrations. Ionicity
is the ratio of theoretical molar ionic conductivity to experi-
mental molar ionic conductivity. According to the Nernst–Ein-
stein equation, the molar ionic conductivity ^NE can be derived
from eqn (3), which is applicable for any ideal electrolyte solu-
tion (innite dilution) free of ion–ion association.44

^NE ¼ NA$e
2

kB$T
$
�
Zþ

2Dþ þ Z�
2D�

�
(3)

Here, NA is Avogadro's number (6.023 × 1023 mol−1), e is the
elementary charge (1.602 × 10−19 C), Z+ and Z− are the cation
This journal is © The Royal Society of Chemistry 2024
and anion charges, and D+ and D− are the cation and anion
diffusion coefficients, respectively. The experimentally obtained
and the theoretical molar ionic conductivities ^EIS and ^NE of
ChCl and LiTFSI are listed in Table S4.† They were used to
quantify the non-ideality in the water-in-salt electrolytes from
the ratio in eqn (4). This indicates the degree of ion dissociation
or ionicity, which is also known as the inverse Haven ratio.40

Degree of ion dissociation or ionicity ¼ ^EIS

^NE

(4)

Overall, the calculated conductivities were higher than those
found experimentally (Table S4†). Fig. 1g shows a declining
trend of ionicity for both ChCl and LiTFSI. The ionicity of LiTFSI
monotonically decreases from z0.6 to 0.2, indicating ion-
paring with increasing salt concentration. Interestingly, at
1 mol kg−1 the ionicity of ChCl is higher than 1 indicating
superionic behavior. Nürnberg et al. also reported an ionicity
J. Mater. Chem. A, 2024, 12, 25504–25518 | 25507
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>1, suggesting superionicity in Li-coordinating cation based
ionic liquids for uncorrelated ion motion.45 Above a concentra-
tion of 10 mol kg−1, ChCl exhibited an almost constant ionicity
of around 0.8. The superionic behavior of ChCl was additionally
corroborated by the fractional Walden plot shown in Fig. 1h.
Liquids above and below the ideal line are termed ‘superionic’
and ‘subionic’, respectively. This phenomenon has also been
observed in water-in-ChCl19 and water-in-LiTFSI.46 In superionic
solutions, ions have greater mobility than in a classical solu-
tion. The ionicity exceeding 1 for 1 mol kg−1 ChCl suggests that
Ch+ and Cl− ions are efficiently transported, rendering the
electrolyte highly conductive. The fractional Walden plot in
Fig. 1h indicates all concentrations of ChCl and LiTFSI as
superionic, whereas the ionicity plot in Fig. 1g shows only 1 mol
kg−1 ChCl as superionic, which could be due to considering
different phenomena in those analyses. The overall ion disso-
ciation of the choline salts was found with both methods to be
higher than that of LiTFSI (Fig. 1g and h), which is also reected
in the ionic mobility m (Fig. 1i) and ion transference number in
a similar fashion (Fig. S3 and Method S1†). Ionic mobilities
were determined by employing the relationship in eqn (5).47

m ¼ e$Z

6p$h$RH

(5)

Hydration in water-in-salt electrolytes

The hydration of ions and their effect on the water structure
have been studied to further understand the ion dissociation
behavior of ChCl and LiTFSI. The hydration number Ns was
obtained by using eqn (6).46,47 Several radii and Ns values are
presented in Fig. 2a–c.

Ns ¼ 4

3
p
�
RH

3 � RCRY
3
��

Vs (6)

Here, RCRY is the crystallographic ionic radius, RH is the hydro-
dynamic radius (Fig. 2d), which is also known as the Stokes radius,
and VS is the molecular volume of the solvent. The RCRY values for
Li+, F−, and Cl− were collected from the report of Nightingale,48

while TFSI− and Ch+ values were obtained from ref. 49, 50 and 51,
respectively. Additionally, values for the Stokes radius RS were
calculated using the Stokes–Einstein equation (eqn (2)). The
volume of a water molecule (Vs) was determined to be 3 × 10−29

m3 according to Method S2.†52,53

In principle, RS must be higher than the ionic radius (RCRY)
(Fig. 2d), but the observed trend was opposite. In Stokes's law,
the hydrodynamic radii are oen calculated to be inappropri-
ately small, because water is not a continuous medium and the
radii of the hydrated ions are usually not sufficiently large
compared with that of a water molecule for the conditions of
viscous ow to be fullled.50 Closely related to the hydration
number is the effective radius or hydrodynamic radius (denoted
as RH throughout the manuscript) of an ion in water, which is
larger than its crystallographic radius (RCRY). However, for
a better understanding and comparison, the hydration
numbers were estimated using both RS and RH values and are
presented in Table S5.†
25508 | J. Mater. Chem. A, 2024, 12, 25504–25518
Rs values resulted in an unrealistic trend, giving negative
hydration numbers. As the salt concentration increased, the
hydrodynamic radii and hydration numbers of Li+, TFSI−, and
Cl− showed a decreasing trend (except at 20 mol kg−1), as
depicted in Fig. 2c using RH. This trend is apparently similar to
that in a relevant study by Borodin et al.18 Except for Ch+ above
10 mol kg−1, the values of RH and NS for all other ions can be
explained by the respective charge densities. For instance, due
to its small RCRY, Li

+ has a higher charge density than the other
ions and thus attracts more water molecules to its hydration
shell, consequently showing a bigger RH and NS (Fig. 2c). The
resulting RH values of Li+ and TFSI− were found to be compa-
rable with the values reported by Moreno-Fernández et al. using
solid-state NMR.10 Fig. 2e shows the characteristic patterns of
the hydration sheath of Ch+ and Cl− from diluted to water-in-
salt choline chloride solutions. Similarly, it illustrates the
typical congurations of the hydration sheath of Li+ and TFSI−

from diluted to water-in-salt LiTFSI solutions. At low concen-
trations, the number of available water molecules surrounding
each ion is large, resulting in a large RH and NS. In other words,
at low concentrations, the ions are dissociated with weak ion–
ion interactions. By contrast, at high concentrations, the
number of available water molecules per ion is smaller, leading
to a decrease of RH and NS. In particular, the smaller distance
between Li+ and TFSI− in 20 mol kg−1 LiTFSI leads to stronger
electrostatic interactions and the formation of ion pairs via
coulombic interactions. Han et al. also reported the reduction of
the average size of water clusters with increasing concentration
of LiTFSI, supporting the overall trend of RH and NS found in
our study.17 Exceptionally, the high hydrated ion volume for 15
or 20 mol kg−1 ChCl in Fig. 2c does not support the presence of
a large number of water molecules given a very low molar ratio.
This behavior rather suggests choline–choline association via
hydrogen bonding at 15 and 20 mol kg−1 choline chloride
(Fig. 2e).

For a better understanding of hydration and ion dissociation
behavior, Raman spectroscopy of both water-in-salt bulk solu-
tions has been performed. For different concentrations of ChCl,
the major bands between 4000 and 120 cm−1 and their
assignment are presented in Fig. S4 and Table S6.† For different
concentrations of LiTFSI, the major bands between 4000 and
120 cm−1 are shown in Fig. S5.† Peak assignments and
a detailed understanding of the ion aggregation behavior in
water-in-LiTFSI have been reported by Suo et al. and Borodin
et al.7,18,54 Here, H2O bands at wavelengths of 1640 cm−1,
3220 cm−1, 3430 cm−1, and 3610 cm−1 were mainly used to
extract information on hydrogen bonding for both ChCl and
LiTFSI-based water-in-salt electrolytes. Changes in the water
band intensity at 1640 cm−1 for different concentrations of
ChCl and LiTFSI are presented in Fig. S6.† Upon adding ChCl to
water, initially a blue-shi compared to deionized water was
noticed (Fig. S6a and Table S7†). However, for 25 mol kg−1, 30
mol kg−1, and crystalline ChCl, no pronounced band was
observed at 1640 cm−1, indicating almost complete absence of
partially hydrogen-bonded water and therefore negligible
hydration.55 Compared to DI water (1637.33 cm−1), successive
blue-shis up to 10 mol kg−1 (1 mol kg−1: 1643.68 cm−1 > 5 mol
This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Ionic radii of (a) ChCl, and (b) LiTFSI. The lines serve as a guide to the eye, (c) hydration numbers of ChCl and LiTFSI, (d) schematic of
crystallographic radii (RCRY), Stokes radii (RS) and hydrodynamic radii (RH) for a completely hydrated cation in typical diluted solution, (e) hydration
of Ch+ and Cl− with free water molecules in 1 mol kg−1. Notably, due to its bulky size, the Ch+ cation is hydrated by one water molecule at this
concentration and the number of water molecules available for both Ch+ and Cl− ions further decreases with increasing salt concentrations
>5 mol kg−1. In ChCl solutions with concentrations above 10 mol kg−1, the observed increase in hydrodynamic radii and hydration numbers
correlates with choline–choline co-ionic associations via hydrogen bonds (expressed as dotted lines). In the case of aqueous LiTFSI, charac-
teristic evolution of primary and secondary hydration sheaths of Li+ and sufficiently hydrated TFSI− with free water molecules in diluted 1 mol
kg−1 LiTFSI, while at salt concentrations >5mol kg−1, a smaller number of water molecules are available for both Li+ and TFSI− ions. No free water
molecules are available leading to incomplete or poor hydration of Li+ and TFSI− and ion-association via coulombic interactions (expressed by
the dotted line with a double sided arrow) at 20 mol kg−1.

This journal is © The Royal Society of Chemistry 2024 J. Mater. Chem. A, 2024, 12, 25504–25518 | 25509
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kg−1: 1651.82 cm−1 > 10 mol kg−1: 1653.04 cm−1) were noted,
followed by a red-shi for 15 mol kg−1 (1651.65 cm−1) and 20
mol kg−1 (1651.58 cm−1), in agreement with the trend of
ionicity, effective hydrodynamic radii and hydration numbers.
Higher ChCl content results in a characteristic blue shi with
initially increasing band intensity, indicating that ChCl acts as
a hydrogen donor.56

The Raman water band at 1640 cm−1 assigned to the partially
hydrogen-bonded water in the second or third hydration shell
corresponds to the symmetric bending mode of water. The
vibrational properties of the O–H bonds and the frequency of
this symmetric bending mode are directly governed by the
hydrogen bonding conguration of ChCl solutions. Stronger
hydrogen bonding in water-in-ChCl provides a higher vibra-
tional frequency for the O–H stretching mode, leading to
a characteristic blue shi. A high blue shi of 14.32 cm−1 and
14.25 cm−1 for 15 and 20 mol kg−1 ChCl solutions, respectively,
compared to only 6.35 cm−1 for 1 mol kg−1 ChCl indicates
a specic combination of the hydrogen bond donor56 and
acceptor.57 For example, the hydroxyl group of the choline
cation could participate in the formation of new hydrogen
bonds with limited water molecules and with other choline
chloride molecules promoting co-ion association as depicted in
Fig. 2e. This could result in exceptionally high hydrodynamic
radii calculated for Ch+ and Cl− at these particular
concentrations.

In the case of aqueous LiTFSI, except for 1 mol kg−1

concentration, no water band was observed at 1640 cm−1

(Fig. S6b†). To verify this observation, we recorded the Raman
spectra of more diluted aqueous LiTFSI solutions of 0.01 and
0.1 mol kg−1 concentrations, where this band was conrmed
(Fig. S7†). The absence of the band above 5 mol kg−1 salt
concentration could be due to the robust hydration of Li+, which
extensively reduces the extent of partially hydrogen bonded55

water to a level too low for being detectable with Raman and
consequently generates ion aggregates.7,18,54

In order to compare the hydration behavior of ChCl with that
of LiTFSI, the water bands at 3220 cm−1, 3430 cm−1, and
3610 cm−1 were analysed (Fig. 3a and b). These bands are
assigned to the symmetric stretching vibration of –OH, the
Fig. 3 Changes in water bands over 4000 to 3000 cm−1 after baseline c
Spectra of sole DI H2O and salt crystals are also shown as solid and dotted
water to fully hydrogen-bonded water of ChCl and LiTFSI from Raman w

25510 | J. Mater. Chem. A, 2024, 12, 25504–25518
asymmetric stretching vibration of –OH, and the vibration of
free –OH, respectively.55,58 The band at 3220 cm−1 is assigned to
fully hydrogen-bonded water (FHW), i.e. a well-structured,
strongly connected network of water molecules, whereas the
bands at 3430 and 3610 cm−1 are due to partially hydrogen-
bonded water (PHW), i.e. weaker and less stable hydrogen
bonds.55,58 In our study, we consider the water molecules in the
primary hydration shell as fully hydrogen-bonded water,
whereas the water in the second or third hydration shell is
supposed to be partially hydrogen-bonded water.

In order to distinguish those bands efficiently, we deconvo-
luted the selected regions of all spectra using the Gaussian
function of OriginPro 2021b soware, as shown in Fig. S8 and
S9.† The wavelength shis, the intensity, and the width of the
bands are presented in Tables S8 and S9.† The FHW band of
ChCl solutions at 3220 cm−1 showed a monotonically declining
trend in both intensity and width, as well as a blue shi. A less
pronounced blue shi of this band with a higher intensity and
lower width was found for crystalline ChCl, indicating that the
salt possesses intrinsic hydrogen bonds in its structure. For the
PHW bands at 3430 and 3610 cm−1, a similar trend of blue and
red shis was found, as previously discussed for the band at
1640 cm−1. Both salts were extensively dried before the Raman
measurements, but they quickly absorbed moisture under
ambient conditions during the measurement, giving rise to
a band near 3400 cm−1, while no band was observed for crys-
talline ChCl at 3610 cm−1, indicating the absence of free –OH.
For LiTFSI on the other hand, the –OH stretching vibration
bands were signicantly altered, with successive fading of the
broad band, accompanied by the appearance of a new band at
∼3560 cm−1, which is known from other water-in-salts,
including NaCF3SO3 and NaClO4.59 This new sharp band at
3560 cm−1 can be ascribed to the Raman signature of crystalline
hydrates of LiTFSI. In such a case, most of the H2O molecules
participate in ion coordination with Li+ and TFSI− with negli-
gible hydrogen bonding among them. The band intensity ratio
of PHW to FHW indicates the hydrogen bond situation as
a function of salt concentration in the electrolytes and was
calculated with eqn (7). This ratio describes the hydration
behavior of both salts and is shown in Fig. 3c.
orrection for different molal concentrations of (a) ChCl and (b) LiTFSI.
black lines for comparison. (c) The ratio of partially hydrogen-bonded
ater bands at 3220, 3430, and 3610 cm−1.

This journal is © The Royal Society of Chemistry 2024
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PHW=FHW ¼ I3440 þ I3610

I3220
(7)

For ChCl, this ratio is mainly dominated by the FHW band,
as the intensities of the PHW bands were not altered that much.
Although both PHW band intensities for LiTFSI changed
signicantly, the sum of I3440 and I3610 did not change a lot. So,
for LiTFSI, the PHW/FHW ratio was also dominated by the FHW
band intensity. The declining intensity of FHW with increasing
concentrations of ChCl and LiTFSI indicates a weakening
hydrogen bond interaction. The higher I3610, on the other hand,
suggests that a higher proportion of water molecules is involved
in these weaker hydrogen bond environments. As such, the
higher PHW/FHW ratio would indicate an overall less ordered
hydrogen bond environment in the salt solutions. The resulting
plot of PHW/FHW reached a maximum at 10 mol kg−1 for ChCl
and a minimum for crystalline ChCl. The PHW/FHW ratio for
LiTFSI shows a monotonically increasing trend, reaching
a maximum for the crystalline salt, which suggests a weaker
hydrogen bond conguration. The hydrogen bond strength as
a function of salt concentration was further elucidated using
the –OH stretching ratio I3220/I3440 (Fig. S10†). I3220/I3440 for both
salts also showed a trend similar to that of the previously dis-
cussed bands. The higher I3220/I3440 ratio points at a higher
proportion of fully hydrogen-bonded water, implying a well-
ordered hydrogen bond conguration. By contrast, a lower
ratio could indicate a larger fraction of partially hydrogen-
bonded water, suggesting a less structured, more dynamic
hydrogen bond arrangement.

Upon increasing ChCl concentration, the presence of all four
water bands above 10 mol kg−1 concentration indicates
different hydrogen bond networks between the chloride ions
and water molecules, because it can simultaneously act as both
a hydrogen bond donor and acceptor. Furthermore, multiple
choline chloride molecules formed hydrogen bonds with each
other, promoting the formation of choline–choline co-ion
associations. On the other hand, with increasing LiTFSI
concentration, the solvation structure around Li+ changes from
solvent-separated ion pairs to the coexistence of solvent-
separated ion-pairs, contact ion pairs and ionic aggregates via
coulombic interactions. In the forthcoming section, these
characteristics of bulk water-in-salt electrolytes are correlated
with the capacitor performance.

Effect of salt concentration on impedance behavior

Ion transport parameters within the micro- and meso-pores of
carbon electrodes were rst investigated by electrochemical
impedance spectroscopy of symmetric capacitor cells at open
circuit voltage. Fig. 4a presents the Nyquist plots of capacitor
impedance data for different concentrations of ChCl and
LiTFSI. Overall, the cells assembled with ChCl electrolyte
showed nearly 50% lower resistance than those assembled with
LiTFSI and reached their minimum resistance at a concentra-
tion of 5 mol kg−1. The variation in salt concentration leads to
a trend in resistance change that is in line with the bulk ionic
conductivities outlined in the previous section.
This journal is © The Royal Society of Chemistry 2024
In the mid-frequency range between 1 and 100 Hz, the
resistance and capacitance are frequency-dependent and
diffusion processes have a strong inuence.60 This region
appears as a slope in the Nyquist plots (Fig. 4a), which can be
used to derive the diffusion properties of the ions. The transi-
tion between intermediate and low-frequency domains is
characterized by a so-called knee-frequency (F), which separates
dominantly resistive and capacitive behavior.61,62 At the highest
frequency, the rst intersection with the real axis is equivalent
series resistance (ESR), which is mainly associated with the
electric resistance of all the connections, particularly the
measurement connections, the contact resistance between the
activated carbon electrodes and the current collectors and the
ionic conductivity of the bulk electrolyte.63,64

The diameter of the semicircle in the high frequency range is
known as charge transfer resistance (CTR), which is attributed
to the resistance of the interface between the porous surface of
the carbon electrode and the electrolyte.63–65 In the very low-
frequency range, the intercept of the linear extrapolation of
the vertical portion of the Nyquist plot with the real axis is
named equivalent distribution resistance (EDR).63,66 At lower
frequencies just aer the semicircle, the ions are able to access
the bulk electrode and deep pores. At these frequencies, the ion
diffusion resistance (IDR) can be obtained by subtracting the
resistance at the low frequency endpoint of the semicircle from
the resistance at the knee frequency.67,68 The dependence of the
ESR, CTR, EDR, and IDR at OCP for selected salt concentrations
of ChCl and LiTFSI is shown in Fig. 4b, and for all other
concentrations in Fig. S11 and Table S10.† The trends of resis-
tance as a function of salt concentration match those of bulk
ionic conductivities discussed in the previous section.

The frequency dependence of the complex capacitance was
used to study the in-pore ion dynamics and to correlate the
overall energy storage behavior of the electrodes. At high
frequencies, both the imaginary and the real part of the
capacitance are negligible, since the resistive processes domi-
nate. At low frequencies, the capacitive processes dominate. The
real part of the capacitance C0 contains information about the
capacitance of the whole system, while the imaginary part C00

quanties the loss of energy. Several parameters including
angular frequency (u), the real part of the dielectric permittivity
(30) and the imaginary part of the dielectric permittivity (30) were
calculated to obtain C0 and C00 with eqn (S1) to (S6) as mentioned
in Method S3.† Fig. 4c shows the characteristic imaginary
capacitance C00 at OCP for selected concentrations of ChCl and
LiTFSI. C0 and C00 for all concentrations are presented in Fig. S12
and S13.† C00 reaches a maximum at a characteristic knee-
frequency (F) due to the simultaneous effects of resistive
components, which dissipate energy through ohmic loss, and
capacitive components, which store electric energy. Fig. 4d
indicates the knee-frequency shi as a function of salt
concentration for ChCl and LiTFSI. The dispersed energy
drastically increases when approaching F, since only a few
electric charges are stored at the electrode surface and resistive
behavior dominates. Aer reaching the maximum, these losses
decrease rapidly towards lower frequencies and the system
becomes more capacitive. Specically, the relaxation time,
J. Mater. Chem. A, 2024, 12, 25504–25518 | 25511
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Fig. 4 Electrochemical impedance of the capacitor cells assembled with different concentrations of ChCl and LiTFSI at an open circuit potential
of ∼30 mV. (a) Nyquist plot, in which the green dotted lines indicate typical resistances, e.g. ESR, CTR, IDR and EDR of 20 mol kg−1 LiTFSI, (b)
values of different resistances (see the text) extracted from the Nyquist plot, (c) imaginary capacitance (C00), and (d) overall in-pore ionic resistance
(Rin-pore) and knee-frequency (F).
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which is also termed the cell-time constant, indicates how fast
a capacitor can be charged or discharged. This is expressed as
the inverse of the characteristic knee-frequency (1/2pF), at
which the resistive and capacitive components of the capacitor
cells are equal, corresponding to a phase angle 4 of −45° for
ideal behavior shown in the impedance Bode plots in Fig. S14.†
This value can be easily obtained from the maximum of C00

corresponding to the maximum loss of energy by ohmic dissi-
pation. With increasing salt concentration, C00 for both ChCl
and LiTFSI is shied to higher frequencies reaching
a maximum for 5 mol kg−1 ChCl conrming important ion
association contributions. The active power P0 was calculated
with eqn (8) to correlate several in-pore ion transport proper-
ties.60 The P0 values are shown in Fig. S15.†

P0 = C00jDVrmsj2 (8)

Here, jDVrmsj2 ¼ DVmax=
ffiffiffi
2

p
, where Vmax is the maximum AC

potential amplitude of 5 mV. Ion transport parameters within
the carbon pores and the power performance of the capacitor
cells are broadly correlated and discussed in the following
section.
25512 | J. Mater. Chem. A, 2024, 12, 25504–25518
Ion transport within the micro- and meso-pores of carbon
electrodes

The in-pore ionic resistance Rin-pore was calculated from C00 and
F with eqn (9) (Fig. 4d).

Rin-pore ¼ 1

F$CEDL;max

(9)

Here, CEDL, max is the maximum EDL capacitance aer
normalizing with the geometric area of the carbon sheet. The
Rin-pore value was then used to calculate the effective ionic
tortuosity s with a modication of the combined Macmullin
number and Ohm's law (eqn (10)).37

s ¼ Rion$A$s

2d
$CSA% (10)

Here, A is the geometrical area of the porous carbon electrode, s
is the ionic conductivity of the bulk electrolyte, and d is the
thickness of the carbon sheet placed in each electrode of the
cell. The cumulative surface area% (CSA%) was determined by
N2 gas adsorption analysis. The effective ion diffusivity within
the carbon nanopore was calculated with the relationship
proposed by Macmullin et al. (eqn (11)).32,69
This journal is © The Royal Society of Chemistry 2024
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Deff ¼ Dbulk$
B

s
(11)

Here, Deff is the effective in-pore diffusion coefficient of the
ions, Dbulk is the diffusion coefficient of the ions in the bulk
electrolyte, and B is the porosity of the carbon electrode. The
ionic conductivity s of the bulk electrolytes was determined by
EIS (Table S11†).

The pore congurations of the carbon electrode (YP80 F)
were determined from N2 gas adsorption and desorption
isotherms (Fig. S16†). The specic surface area and the pore size
distribution of the carbon were estimated by applying the QS-
DFT adsorption model for slit, cylindrical-shaped pores.22 The
total cumulative surface area, total BET surface area, and
volume of the micropores (<2 nm), and the volume of the
mesopores (2–50 nm) were determined to be 1735 m2 g−1, 2307
m2 g−1, 0.80 cm3 g−1, and 0.23 cm3 g−1, respectively (Fig. 5a).
The volume fraction of micro- and meso-pores was found to be
85.3% and 14.7%, whereas the surface area fraction was 89.9%
and 10.1%, respectively. The porosityB was estimated from the
ratio of any pore volume to the total pore volume.
Fig. 5 (a) Differential pore volume (black-colored, primary Y-axis) and
carbon electrode. (b) Effective tortuosity (smicro) and ion diffusivity (Dmicro

potential. (c) Bulk to in-pore diffusivity and ionic conductivity ratio as an in
lines serve as a guide to the eye. (d) Charging/discharging time const
concentrations at open circuit potential.

This journal is © The Royal Society of Chemistry 2024
The impedance of the two-electrode symmetric capacitor
cells was measured as the sum of both electrodes and thus the
overall C00 of the full cells was obtained. For the calculation of
tortuosity, the pore surface area fractions were used in order to
distinguish micro-/meso-pore regions, which is termed effective
tortuosity. Measurements of two-electrode symmetric cells
cannot distinguish the electrochemical behavior of the positive
and negative electrodes. Hence, the modied Darken's rela-
tionship of binary diffusivity was utilized as proposed by
Krachkovskiy et al. for obtaining bulk ion-pair (mutual) diffu-
sivity values DChCl and DLiTFSI from their self-ion diffusivity (see
details in Method S4†).70

The effective tortuosity and ion diffusivity within micro- and
meso-pores for different salt concentrations are shown in
Fig. 5b and listed in Table S12.† For all salt concentrations, the
tortuosity of the micropores is around y times higher than
that of the mesopores. For ChCl, the tortuosity of both meso-
andmicro-pores decreased up to a concentration of 10 mol kg−1

and then increased for 15 and 20 mol kg−1, consistent with the
hydrodynamic radii and hydration behavior. In the case of
LiTFSI, on the other hand, the tortuosity decreased linearly with
cumulative surface area (red-colored, secondary Y-axis) of the YP80F
) within micropores as a function of salt concentrations at open circuit
dicator of ion transport resistance at open circuit potential. The dotted
ant and power density ðP 0

maxÞ of the capacitor cells for different salt

J. Mater. Chem. A, 2024, 12, 25504–25518 | 25513
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concentration. The tortuosity of YP80 F affects the pathways and
transport rate of ions within the electrode. High tortuosity
means longer and more convoluted pathways for ion conne-
ment and desolvation, resulting in reduced screening of charge.
The tortuosity of mesopores tends to be lower, because they
provide shorter pathways. The more complex hydration struc-
ture of the ions at concentrations above 10 mol kg−1 ChCl or
LiTFSI affects the interaction between the ions and the carbon
surface, and thus also ion transport and the degree of tortuosity.
High tortuosity consequently hinders the ions from reaching
deep into the pores and accessing the full surface area of the
carbon electrode, which can be empirically correlated with the
in-pore diffusivity.

The diffusivity of ChCl and LiTFSI is denoted as DChCl and
DLiTFSI, respectively. The Din-pore values decrease monotonically
with increasing salt concentration, reecting the tendency of
bulk DChCl and DLiTFSI (Fig. 5b). The effective diffusion of water-
in-salt electrolytes in micropores Dmicro and in mesopores Dmeso

resembles the results of several in situNMR studies, as shown in
Table S13.†22,24 Borchardt et al.22 followed three assumptions
and models from liteartures27–29 based on EIS to compare their
in situ NMR diffusivity values within micro-, meso-, and hier-
archical pores. Among them, the diffusivities based on the
model of Armstrong et al.29 and Ahuja et al.27 showed coherence
with the in situNMR data. However, the assumption of van Aken
et al.28 leads to a difference of about four orders of magnitude
although the substrate was identical (Table S13†). Xu et al. also
found a different order of diffusivities for chloroaluminate
intercalation into graphite electrodes in rechargeable
Scheme 1 Characteristic charge screening within the positive and negat
kg−1 ChCl, (b) 20 mol kg−1 ChCl, (c) 5 mol kg−1 LiTFSI, and (d) 20 mol kg−

association, which slows down Li+ diffusion. (e) Ion-transport resistanc
micro- and meso-sized negatively charged carbon electrodes. Hindered
width less than RH. (f) In 20 mol kg−1 ChCl, choline–choline co-ionic as
pore width, which is likely to break under the electric field of a charged c
pores. (g) The strong coulombic attraction between Li+ and TFSI− in 20

25514 | J. Mater. Chem. A, 2024, 12, 25504–25518
aluminium batteries using EIS and the galvanostatic intermit-
tent titration technique and recommended taking porosity and
tortuosity into account to obtain reliable diffusivities.32 We have
considered DChCl and DLiTFSI, whereas the in situ NMR study
provides information on the self-diffusion of ions. Additionally,
acetonitrile has a small ionic interaction and a very low viscosity
of 0.3 mPa s, which is 70% smaller than that of water. Thus,
a solution of 1 M TEABF4 in acetonitrile exhibits viscosities
almost 60 and 166 times lower than those of aqueous solutions
containing 20 mol kg−1 ChCl and LiTFSI, respectively.22 The
empirical Din-pore values exhibited a slight variation but main-
tained a consistent pattern. Notably, despite variations in the
type of cation, anion, solvent, salt concentration, and electrolyte
viscosity in previous literature (Table S13†), the diffusivity ratio
trend between the bulk electrolyte and in-pore was highly
comparable to the results of the in situ NMR study of micro- and
meso-pores.22,24 This conrms that the method used here based
on bulk electrolyte diffusivity, porosity, and tortuosity can
accurately estimate in-pore diffusivities.

The ion diffusion of water-in-salt electrolytes inside carbon
micropores is signicantly slower than in the bulk due to the
dominance of the close packing and passage through the
porous network, as shown in Fig. 5b. This type of diffusivity is
described as ‘congurational’ diffusion and is a result of an
activated hopping path in the force eld of connement within
the micropores.22 The Dbulk/Din-pore of ChCl initially shows
higher values at diluted (1 mol kg−1) solutions, which then
decreases until 10 mol kg−1 and subsequently increases again at
15 and 20 mol kg−1 concentrations. This trend directly
ive carbon nanopores of the electrochemical capacitor using (a) 5 mol
1 LiTFSI, where a smaller hydration number of Li+ and TFSI− leads to ion
e of a hydrated cation in a typical diluted electrolyte within different
diffusion and partial de-solvation of hydrated ions in the case of a pore
sociation via weaker hydrogen bonding results in a higher RH than the
arbon electrode, thereby ensuring higher ion screening within carbon
mol kg−1 LiTFSI hinders charge screening.

This journal is © The Royal Society of Chemistry 2024
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correlates with the Raman water band analysis, specically the
PHW to FHW ratio as discussed previously. ChCl solutions
exhibit higher Dbulk/Din-pore values compared to those of LiTFSI
solutions, attributed to the stronger hydrogen bond strength in
ChCl compared to LiTFSI. The overall dependency of Dbulk/Din-

pore on salt concentrations can be correlated with ion des-
olvation and connement, which is attributed to a few
phenomena, as explained in previous reports.71–73 The charac-
teristic charge distributions of 5 and 20 mol kg−1 ChCl and
LiTFSI within the positive and negative carbon nanopores are
visualized in Scheme 1.

To deepen our understanding of how pore connement affects
the ion transport of both salts at varying concentrations, we have
considered the size of the ion pairs. This includes estimation of
the size for cation–cation, anion–anion, and cation–anion pairs,
using the effective hydrated radii RH. The CSA% for the corre-
sponding cumulative surface area fraction was measured by
considering the pore width that is similar to the ion pair size. The
data in Table S14† show that ions placed side-by-side have sizes
ranging from approximately 0.6 nm to 1.0 nm, corresponding to
about 15% and 49%, respectively, of the cumulative surface area of
the micropores in YP80 F, impeding the mutual transport of ions
within the pores. Expectedly, the trends of Dbulk/Din-pore values for
both ChCl and LiTFSI are directly correlated with the size of their
hydrated cation–cation and anion–anion pairs placed side-by-side.
Thus, the ions in the diluted solutions will partially dehydrate/
desolvate their outer shell in these microporous regions. Such
partial de-solvation and ion sieving effects are also reported by
Eliad et al.74 Therefore, a hydrated cation in typical diluted solu-
tions will experience hindered diffusion and partial desolvation in
the case of pore widths less than RH. Meanwhile, pore widths
equal to or greater than the RH of cation–cation or anion–anion
pairs allow effective and facile ion diffusion. In the case of mes-
opores, the dominance of ion-entrapping/connement decreases,
resulting in lower ion diffusion resistance and enhanced ionic
transport (Dbulk/Dmeso < Dbulk/Dmicro), as shown in Fig. 5c. In the
case of concentrated 20 mol kg−1 LiTFSI, stronger coulombic
attraction between Li+ and TFSI− hinders the screening of partially
hydrated ions within pores. Meanwhile, relatively weak hydrogen
bonds in choline–choline co-associated ions or within choline and
chloride in 20 mol kg−1 ChCl are likely to break under the
potential difference of carbon electrodes.

Expectedly, the ratio of bulk ionic conductivity to in-pore
ionic conductivity (sbulk/sin-pore) or the ratio of in-pore ionic
resistance to bulk ionic resistance exhibits a trend comparable
to Dbulk/Din-pore (Table S12†). The in-pore ionic conductivity was
calculated as the reciprocal of Rin-pore with eqn (9). In the case of
sbulk/sin-pore, the overall electrode porosity was considered,
thereby leading to values lower than Dbulk/Dmicro and values
higher than Dbulk/Dmeso. As such, Dbulk/Din-pore, sbulk/sin-pore,
and Rin-pore to Rbulk can be used as indicators of the ionic
transport resistance. Hence, the relationships between Din-pore

and Rin-pore as well as between Din-pore and C00 were established.
The effect of pore connement was considered for extracting
Rmico, Rmeso, C

00
micro, and C

00
meso from Dmicro and Dmeso using eqn

(12)–(17) by merging eqn (9)–(11). To do so, the s0 values were
determined with eqn (12) and (13), respectively.
This journal is © The Royal Society of Chemistry 2024
s
0
micro ¼

Rin-pore$A$s

2d
$ð1� CSA%microÞ (12)

s
0
meso

Rin-pore$A$s

2d
$ð1� CSA%mesoÞ (13)

Rmicro ¼ 2$d$s
0
micro

A$s$Bmicro

¼ Dbulk$2$d

A$s$Dmicro

(14)

Rmeso ¼ 2$d$s
0
meso

A$s$Bmeso

¼ Dbulk$2$d

A$s$Dmeso

(15)

C
00
micro ¼

Dmicro

Dbulk

$
A$s

2d$F
¼ 1

Rmicro$F
(16)

C
00
meso ¼

Dmeso

Dbulk

$
A$s

2d$F
¼ 1

Rmeso$F
(17)

Here, s’micro and s’meso are the tortuosity considering micro- and
meso-pore connement effects, respectively. The subscript ‘in-
pore’ refers to parameters for all pores combined. Rmico, Rmeso,
C

00
micro, and C

00
meso values are shown in Table S12† for all salt

concentrations. Due to their higher tortuosity, micropores
exhibit resistance values Rmicro almost nine times lower than
mesopores (Rmeso). However, because of their higher surface
area and porosity fraction, micropores accommodate more
ions, resulting in higher capacitance compared to mesopores.
As expected, the sum of Rmicro and Rmeso equals the total Rin-pore

(Table S12† and Fig. 4d).

Rin-pore,EIS = Rmicro + Rmeso (18)

1

C
00
total;EIS

¼ 1

C
00
micro

þ 1

C
00
meso

(19)

This indicates that inter- and intra-connected micro- or
meso-pores can be treated as a series of capacitors. Further-
more, it has been veried that the sum of the inverse micro- and
meso-pore capacitances contributes to the overall capacitance,
as evidenced by the total capacitance obtained from EIS (eqn
(19)), supporting the validity of our estimation.

Finally, the time constant and power density P
0
max of the

capacitor are plotted together as a function of salt concentration
in Fig. 5d to demonstrate how the above discussed ion transport
parameters affect the charge/discharge rate performance of the
capacitor cells. At a concentration of 1 mol kg−1, the cell-time
constant was found to be high for both ChCl and LiTFSI. They
show a minimum of 167 ms and 421.9 ms for 5 mol kg−1 ChCl
and 10 mol kg−1 LiTFSI, respectively. Above 10 mol kg−1, the
time constant monotonically increases for both salts, which is
in line with the bulk ionic conductivity trends mentioned in the
previous section. A higher electrolyte concentration can gener-
ally lead to faster charging and discharging rates up to 5 mol
kg−1, but there are different practical limits for ChCl and LiTFSI
with increasing concentration. For example, P

0
max for the

capacitor cell was found with 5 mol kg−1 LiTFSI and higher
concentrations of LiTFSI result in diminishing power perfor-
mance. For ChCl, P0 was high at 5 mol kg−1, declining at 10 and
J. Mater. Chem. A, 2024, 12, 25504–25518 | 25515
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15mol kg−1 and P
0
max was found for 20mol kg−1. As discussed in

the previous section, a small hydration number of Li+ and TFSI−

results in ion association. This causes slower transport of Li+

within the carbon pores above a concentration of 5 mol kg−1.
On the other hand, ChCl shows an exceptional rearrangement
of its hydrogen bond network at 20mol kg−1 (Fig. 5c), ultimately
leading to P

0
max at this high concentration.

To explore the electrode–electrolyte interface phenomena for
different electrolyte systems under applied bias voltage, the
electrochemical impedance spectra of the capacitor cells were
recorded at 0.4 V, 0.8 V and 1.2 V and are shown in Fig. S17.†
The narrow voltage range was selected to avoid any unwanted
faradaic contribution related to the oxidation/reduction of the
electrolyte. When voltage is applied, electrolyte ions are accu-
mulated at the EDL and electro-adsorbed. Higher voltage
increases the charge screening density at the EDL, storing more
charge in the electrode, as evidenced in Table S15,† an apparent
monotonic declining trend of ESR, CTR, IDR and EDR values for
all electrolyte systems (except for the IDR of 5 and 10 mol kg−1

ChCl). The carbon pores attract ions, and higher voltages drive
more ions to form an electric double layer, further increasing
the stored charge as corroborated by the trend of C00 and P0

(Fig. S18 and S19†). The maximum energy performance, for
instance C

00
max and P

00
max, was recorded at a medium concentra-

tion of 5 mol kg−1 at 1.2 V. For ascribing this trend, the data
related to the effect of salt concentration and voltage on Rin-pore,
tortuosity, in-pore ion diffusivity, and charge discharge time
constant are listed in Table S16.† The Rmicro and Rmeso values
decreased monotonically with increasing applied voltage,
reecting the behavior of bulk electrolyte resistivity.

In principle, higher voltages can promote the migration of
ions, potentially leading to reduced tortuosity as ions move more
freely through the carbon structure, thereby resulting in higher in-
pore ion diffusivity, i.e. quicker charging–discharging. However,
for concentrations higher than 5mol kg−1, the performance of the
two electrolytes starts to differ. The disrupted order of in-pore ion
transport parameters was evident as a function of applied bias
voltage. With a higher electric eld strength, the attraction of Ch+

and Li+ ions into the EDL increases, as shown in Table S17.† The
higher voltage can disrupt the ion association and inuence the
hydration of Ch+ and Li+ ions. Also, the orientation and dynamics
of water molecules in the hydration shell can be affected, poten-
tially leading to either a more ordered or a disrupted hydration
shell. These observations support the in situ NMR study on the
dehydration of NaF ions in voltage-gated carbon nanopores by Luo
et al.75 and time-resolved IR absorption measurements of the
hydrated Na+ or tetrapropylammonium cation (Pr4N+) by Yama-
kata et al.76 In addition, the effect of voltage on tortuosity may also
depend on the size and geometry of the carbon pores. Under
applied voltage, ions with an appropriate size can enter the
microporesmore easily, even if the pores are smaller than RH. This
can result in enhanced ion transport through micropores. Meso-
pores being larger than micropores do not exhibit the same level
of the ion sieving effect.74 Instead, applied voltage facilitates ion
transport through mesopores due to the larger pore size. The
voltage drives ions into the mesopores, reducing the tortuosity of
the pathways and increasing the rate of ion diffusion (Table S16†).
25516 | J. Mater. Chem. A, 2024, 12, 25504–25518
These observations are consistent with the study of voltage-
assisted in-pore ion dynamics by in situ PFG-NMR.22,24

As such, at concentrations above 10 mol kg−1, signicant
differences in the charging behaviour of the two electrolytes
start to appear. As shown in Fig. S18,† the capacitance linearly
increases with applied voltage for 1 and 5 mol kg−1 concen-
trations of both electrolytes. This trend is absent in 10 mol
kg−1 LiTFSI and concentrations above due to very strong ion
association, which prevents the increase of capacitance by the
applied voltage (also proved by equivalent circuit analysis in
Fig. S20, S21 and Table S18†). On the other hand, the capac-
itance increases in the case of ChCl with higher concentration
and at higher voltages. This is due to the weaker hydrogen
bond mediated choline–choline co-ionic associations that are
prone to easy breaking under applied bias voltage, thereby
facilitating quicker ion transport to the electric double layer.
Overall, the electrostatic attraction/association in LiTFSI
limits the screening of charges at the EDL, while ions in
highly concentrated ChCl show an enhanced degree of
dissociation in carbon pores, resulting in increased charge
screening.

Conclusions

This work explored the interplay between the diffusivity of bulk
electrolyte and the porosity and tortuosity of carbon electrodes
to understand the ion transport behavior of LiTFSI and ChCl
water-in-salt electrolytes. An effective strategy to investigate and
differentiate ion diffusivity within the micro- and meso-pores of
multiporous carbon has been demonstrated. The charge
screening in porous carbon electrodes operating in electrolytes
of low and medium concentrations occurs according to the
classical concepts of de-solvation and ion re-arrangement. A
deviation from this trend has been observed for concentrated
electrolytes above 10 mol kg−1. This is explained via altered ion
hydration of ChCl and strongly associated ions in LiTFSI at
concentrations above 10 mol kg−1, which affect the tortuosity
and rate of ion transport to different degrees. The hydration
behaviour of ions in the bulk electrolyte affects their transport
within the carbon pores. Desolvation and connement are
important parameters for ion transport in relatively diluted
electrolytes. However, ion association/dissociation is the
determining factor for the performance of supercapacitors in
highly concentrated electrolytes. To distinguish the distribution
of charges within micro- and meso-pores, a new relationship
has been established based on parameters from both the bulk
electrolyte and the carbon electrode, including tortuosity, in-
pore ion diffusivity, and cell capacitance. Taking these param-
eters into account, new types of carbon electrodes can be
developed with compatible electrolytes to create high-
performance electrochemical energy storage systems.

Data availability

The data supporting the results of this study have been included
in the ESI,† and additional data are available from the corre-
sponding authors upon reasonable request.
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30 J. Wang, E. Pameté, S. Yan, W. Zhao, J. Zhang, X. He,

Z. Supiyeva, Q. Abbas and X. Pan, Electrochem. Commun.,
2023, 150, 107488.

31 M. F. Dupont and S. W. Donne, Electrochim. Acta, 2015, 167,
268–277.

32 J. H. Xu, T. Schoetz, J. R. McManus, V. R. Subramanian,
P. W. Fields and R. J. Messinger, J. Electrochem. Soc., 2021,
168, 060514.

33 W. Y. Tsai, P. L. Taberna and P. Simon, J. Am. Chem. Soc.,
2014, 136, 8722–8728.

34 S. Boukhalfa, D. Gordon, L. He, Y. B. Melnichenko, N. Nitta,
A. Magasinski and G. Yushin, ACS Nano, 2014, 8, 2495–2503.

35 F. W. Richey, B. Dyatkin, Y. Gogotsi and Y. A. Elabd, J. Am.
Chem. Soc., 2013, 135, 12818–12826.
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