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This study elucidates in-pore ion population changes in an activated carbon (AC)-based electrode operating
within an extended potential range, akin to the positive electrode of a lithium-ion capacitor (LIC). Molecular
dynamics (MD) simulations applied to a battery-type electrolyte (1 mol L™! LiPFg in EC:DMC), both in bulk and
adsorbed within a model porous carbon, reveal partial solvation of Li* cations within the pores and complete
desolvation of PFg¢~ anions in both states. Operando electrochemical dilatometry (ECD), in situ potentiostatic
electrochemical impedance spectroscopy, and operando Raman spectroscopy on AC electrodes confirm: (i) ionic
exchange followed by anion adsorption during initial hole injection from the point of zero charge (PZC) to 4.5V
vs. Li/Li*; (ii) desorption and peak liberation of trapped PF¢™ at 3.2 V vs. Li/Li* during hole withdrawal; (iii) perm-
selective adsorption of partially solvated Li* during electron injection down to 2.2 V vs. Li/Li*; (iv) cation
desorption during electron withdrawal up to PZC followed by similar ionic exchange and anion adsorption (as
described in (i)) at potentials above the PZC, however with peak liberation of trapped Li* at 3.8 V vs. Li/Li*. The
high polarization required to extract trapped ions from the pores may explain the reduced lifespan of LICs,

requiring further work to eliminate trapping by optimizing porous texture.

1. Introduction

Electrical double-layer capacitors (EDLCs) are widely recognized as
high-power energy storage devices due to the physical nature of their
charge/discharge mechanism, which relies on the reversible electro-
static accumulation of ions at the electrode-electrolyte interface. EDLCs
typically feature electrodes made from nanoporous carbon with a high
surface area, often activated carbon (AC). AC is favored for its excellent
electrical conductivity, robust chemical and thermal stability, diverse
morphologies, and tunable porous texture [1]. The performance of
EDLGCs is significantly influenced by the choice of the electrolyte, which
ideally should exhibit high ionic conductivity to enhance the specific
power and a wide electrochemical stability window (ESW) to improve
energy storage/release and extend the device’s lifespan [2,3]. Conse-
quently, most commercially available EDLCs use electrolytes based on
organic solvents, with 1 mol L ™! tetraethylammonium tetrafluoroborate
(TEABF,) in acetonitrile being a common choice due to its relatively
high ionic conductivity and low viscosity [4]. These formulations allow
the devices to achieve rated voltage values as high as 2.85-3.0 V [5].
Despite their interesting features, EDLCs have some limitations, such as
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low specific energy values, typically in the range of 6-8 Wh kg™! [6],
and a high rate of self-discharge compared to other energy storage
systems (ESSs) [7]. These drawbacks may hinder their use as a primary
power source in hybrid vehicles and limit their integration into electrical
power grids. Given the growing interest in transport electrification and
the rapid development of high-power delivery applications, researchers
are actively seeking long-lasting ESSs that can store and deliver more
energy than EDLCs while maintaining high power output.

In this context, metal-ion capacitors (MICs) combining an electrical
double-layer (EDL) positive electrode and a battery-type negative elec-
trode have emerged as a promising energy storage technology [8] due to
two notable features: (i) the negative electrode operates at low potential,
thus, the maximum operative voltage of MICs is significantly higher than
that of an AC//AC capacitor, generally reaching up to 3.8 V; (ii) the
EDL-positive electrode operates in a wider potential range than the
positive electrode of an EDLC, typically between 2.5 V and 4.1 V vs.
Na/Na' for a sodium-ion capacitor [8], resulting in a capacity/capaci-
tance of the device that is larger than in a conventional EDLC [8,9]. This
unique configuration enables MICs to achieve up to approximately four
times higher specific energy than EDLCs at comparable power levels [6,
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10,11]. In addition, the presence of the battery-type negative electrode
contributes to a self-discharge rate of less than 5% after three months at
25 °C [10], which is a significant advantage over EDLCs. The most
representative example of MICs is the lithium-ion capacitor (LIC), which
has been reported in the literature to achieve between 10,000 and 100,
000 charge/discharge cycles [6,12]. The lower life span of MICs
compared to EDLCs may be due to faster ageing of the positive EDL
electrode during cycling.

Owing to the distinctive features of MICs, the operative mechanism
of the EDL positive electrode in this type of hybrid capacitor has become
a captivating subject for study, given its operation in an extended range
of potential. Fig. 1 schematically represents the potential variations of
electrodes and hypothesized charge exchange processes during a com-
plete galvanostatic cycle of a LIC in LiPFe-based electrolyte (after the
pre-lithiation of the negative electrode) described in reference [13]. This
cycle can be divided into three steps: i) during the first charge of the LIC,
the positive AC electrode is polarized at a potential higher than the point
of zero charge (PZC) up to its oxidation potential limit (Eyq,), while PFg
anions from the electrolyte are electrosorbed in the porosity; ii) during
the discharge, the PFg anions are desorbed until the electrode reaches
PZC, after which lithium cations from the electrolyte are electrosorbed
in the AC electrode until the reduction potential limit of the electrolyte
(Emin); i) finally, as the AC electrode is polarized up to PZC during the
subsequent charging of the LIC, lithium cations are desorbed back into
the electrolyte. Although the sequence proposed in reference [13] seems
logical, there is no experimental evidence to support it; therefore,
further investigation is required to understand the charge exchange
processes occurring in the positive AC electrode during the charge/di-
scharge of LICs.

At this point, it is essential to highlight a remarkable contribution by
Levi et al. [14], which addresses the charge exchange processes occur-
ring at an AC electrode operating in an extended potential range, as
observed during the charge/discharge of a LIC. In this reference, oper-
ando Electrochemical Quartz Crystal Microbalance (EQCM) was used
during cyclic voltammetry between 1.8 and 4.2 V vs. Li/Li" to investi-
gate the compositional changes induced by the polarization of a
microporous activated carbon electrode in contact with 0.1 mol L™}
LiBF4 in propylene carbonate (PC) [14]. Interestingly, comparing EQCM
results with the calculated mass changes of the AC electrode under
negative polarization relative to the PZC led to the conclusion that
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Fig. 1. Schematic galvanostatic profiles of the electrodes (adapted from ref.
[13]) during the first charge/discharge sequence of a LIC in LiPFs-based elec-
trolyte after the prelithiation of the negative electrode. The red and blue lines
represent the potential profile of the positive and negative electrodes,
respectively.
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lithium cations are not completely stripped of their solvation shell,
which in the bulk electrolyte consists of 4 PC molecules [15]. Instead,
they are accompanied by only 3 PC molecules within the electrode
porosity. A similar comparison under positive polarization of the AC
electrode relative to the PZC revealed that BF4 anions are poorly sol-
vated when they are electrosorbed. This observation agrees with the fact
that the energy cost of stripping BFj ions from the PC molecules is about
ten times smaller than that for Li*(PC)4 [16]. Nonetheless, the appear-
ance of a cathodic peak below 2.0 V vs. Li/Li" in the cyclic voltammo-
gram obtained with the LiBF4-based electrolyte in ref. [14] suggests that
the corresponding experiment was conducted slightly out of the ESW of
the electrolyte. The presence of such a faradaic signature reveals the
formation of decomposition products, which could perturb the charge
exchange processes at the electrode. Therefore, for better accuracy, such
operando analysis on an AC electrode should preferably be conducted
within the stability potential window.

Given the context, we aim to determine how the positive AC elec-
trode of LICs could reduce their life span. Therefore, this study intends to
elucidate the ion population changes in an AC electrode operating
within an extended potential range, akin to the positive electrode of a
LIC in an organic electrolyte during its charge/discharge. To achieve this
objective, experiments were conducted on AC electrodes immersed in 1
mol L ! lithium hexafluorophosphate in a 1:1 (v/v) mixture of ethylene
carbonate and dimethyl carbonate, using metallic lithium as a refer-
ence/counter electrode. To avoid the detrimental effects of parasitic
faradaic reactions, we first determined the stability limits (Epi, and Epgyx,
minimum and maximum potential limits) of the selected electrolyte by
using a window opening method [17]. Subsequently, to correlate vari-
ations in AC electrode properties with changes in ion population, we
applied operando electrochemical dilatometry (ECD), in situ potentio-
static electrochemical impedance spectroscopy (PEIS), and operando
Raman spectroscopy, while sweeping from the open circuit potential
(OCP) to Epgy, then from Epgy to Epin, and finally from Epp to Epgy. The
general changes disclosed in the literature on AC electrodes polarized in
organic electrolytes are confirmed, yet with new features. The most
noticeable features are desorption peaks (appearing with greater po-
larization than adsorption) attributed to populations of PFg anions and
Li* cations trapped in difficult-to-access pores during anodic and
cathodic scans, respectively. The reasons for these trapping phenomena,
which were not disclosed for EDLC electrodes and are essentially due to
the extended operating range of the AC electrode, are deeply discussed
in light of our various operando/in situ investigations. It is anticipated
that they accelerate the ageing of the AC electrode during the cycling of
LICs, and consequently are essentially responsible for their reduced life
span as compared to EDLCs.

2. Experimental
2.1. Materials

The material chosen for the EDL working electrodes (WE) was acti-
vated carbon YP-50F (Kuraray), hereafter referred to as AC throughout
the manuscript. To rule out the presence of surface functional groups
that could induce redox reactions during electrochemical testing, the AC
sample was analyzed using a Thermo Scientific™ FlashSmart Elemental
Analyzer. The results revealed that the material contains 1.44 wt.%
oxygen, 0.41 wt.% hydrogen, 0.1 wt.% nitrogen, and 0 wt.% sulfur. The
low oxygen content was further confirmed by temperature-programmed
desorption (TPD) using a thermogravimetric analyzer (TG209 F1 Iris,
NETZSCH) coupled to a mass spectrometer (QMS 403C Aéolos,
NETZSCH). In the TPD run, approximately 6 mg of the powdered sample
was heated to 900 °C at a rate of 10 °C per minute under a helium flow of
50 mL min~ L. This experiment confirmed that the AC contains less than
1.5 wt.% oxygen. AC-based electrodes were prepared by physically
mixing 90 wt.% AC, 5 wt.% polytetrafluoroethylene binder (PTFE; 60
wt.% dispersion in water, Merck), and 5 wt.% carbon black (C-nergy
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Super C65, Imerys) along with a small amount of 2-propanol (99.7 %,
Avantor) in a mortar for approximately 40 minutes. The resulting
dough-like material was shaped into an electrode sheet, which was then
calendered between two polyethylene films until a thickness of
approximately 100 pm was achieved. Disc electrodes (with diameters of
10, or 18 mm) were cut from the sheet using hollow punchers (FACOM)
and subsequently dried under vacuum at 120 °C for 12 h in a Biichi B-
585 drying oven. The nitrogen adsorption/desorption isotherm of the
AC electrodes at 77 K (Figure Sla in the Electronic Supplementary In-
formation - ESI) is of type I characterized by a steep increase at low
relative pressure and a well-defined “knee” followed by a plateau,
indicating that the material mostly exhibits micropores [18]. The
2D-NLDFT pore size distribution (PSD) [19] in Figure S1b of the ESI
reveals that the porosity extends up to approximately 2.4 nm. Roughly
90% of the total pore volume is due to micropores (Table S1 in the ESI),
which are generally beneficial for the capacitive performance of the
electrodes.

The electrolyte utilized in this work consisted of 1 mol L™ lithium
hexafluorophosphate (LiPFg, anhydrous, Acros Organics) in a 1:1 (v/v)
mixture of ethylene carbonate (EC, anhydrous, 99%, Millipore Sigma)
and dimethyl carbonate (DMC, anhydrous, 99.7%, Millipore Sigma),
hereafter referred to as “LiPFg/EC:DMC”. Coulometric Karl Fischer
titration of the electrolyte, using an 831 KF Coulometer (Metrohm), gave
a low water content value of 14 ppm.

Lithium metal ribbon (99.9% trace metals basis, Millipore Sigma)
was used as the counter/reference electrode (CE/RE).

2.2. Cells assembly and electrochemical investigations

The electrochemical stability window (ESW) and point of zero charge
(PZC) of the AC electrodes in the LiPFg/EC:DMC electrolyte were
determined in 3-electrode ECC-ref cells (EL-CELL). The cells were
assembled with an AC working electrode (WE; diameter = 18 mm), a
lithium metal disc as the counter electrode (diameter = 18 mm), and a
glass fiber separator (Whatman GF/D, 670 pm thick) soaked in elec-
trolyte. A reference electrode made of a lithium metal pin was placed
between the working and counter electrodes. The determination of ESW
was conducted by cyclic voltammetry (CV) in potential regions either
lower or higher than OCP (Open Circuit Potential of approximately 3.05
V vs. Li/Li") in distinct cells, with stepwise adjustments (in 100 mV
steps) to the reductive or oxidative potential limits, respectively. It is
crucial to note that the CVs were recorded at a low scan rate of 1 mV s~
to precisely identify faradaic processes resulting from electrolyte
decomposition within the examined potential range. The PZC was
determined as the potential corresponding to the lowest capacitive
current in cyclic voltammograms (CV) recorded at a scan rate of 1 mV
s7! from 2.2 V to 3.5 V vs. Li/Li*. The PZC was also identified by
Staircase Potentiostatic Electrochemical Impedance Spectroscopy
(SPEIS), where Nyquist plots were generated at constant potentials
(separated by 100 mV) in the range from 2.2 V to 3.5 V vs. Li/Lit by
applying a sinusoidal signal of 5 mV s~ over the frequency range from
100 kHz to 10 mHz. The specific capacitance (Cgs, [F g’l]) was deter-
mined by applying Eq. (1) [20]:

1

O = 2 fx —im(Z) v m @

where f [Hz] is the frequency, -Im(Z) [Ohm] is the imaginary component
of the impedance, and m [g] is the active mass of the AC electrode. The
PZC was determined by identifying the lowest capacitive element on the
Nyquist plots.

Operando electrochemical dilatometry (ECD) measurements were
performed using an ECD-3-nano dilatometer (EL-CELL), which operative
principle is shown in Figure S2 of ESI. The cell assembly consists of two
electrodes separated by a rigid glass T-frit (upper/lower diameter of 10/
12.5 mm, respectively, thickness of 6.3 mm) fixed-in-position. The AC
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working electrode (diameter = 10 mm, thickness ~ 100 pym) is placed on
top of the T-frit and surmounted by a thin stainless-steel membrane
(thickness = 50 pm) which transmits any change in WE height to a
displacement transducer via a moveable plunger. A stainless-steel spacer
disc (10 mm in diameter and 2.7 mm in thickness) is placed between the
WE and the membrane to ensure electrical contact; it is important to
note that the load exerted by the spacer on the WE was approximately 1
N. The counter electrode (CE) placed under the T-frit was a lithium
metal disc (diameter = 12 mm) covered by a glass fiber separator
(Whatman GF/A, 260 um thick). Both the glass fiber separator and the T-
frit were impregnated with approximately 500 uL of the LiPF/EC:DMC
electrolyte. A lithium metal pin located at mid-height of the T-frit was
used as the reference electrode to monitor the potential changes of the
AC electrode. Following the assembly, the dilatometer was housed in a
climatic chamber (Suszarka SML, Zalmed) to maintain a constant cell
temperature of 295 K during the electrochemical measurements. The
changes in AC electrode thickness were recorded during cyclic voltam-
metry at 1 or 0.25 mV s~ ! within the ESW of the electrolyte from 2.2 V to
4.5V ys. Li/Lit.

Operando Raman spectroscopy during cyclic voltammetry was per-
formed with an EQ-STC-RAMAN split test cell (MTI Corporation), using
an AC working electrode (diameter = 10 mm) placed behind a quartz
window, and a lithium metal disc as counter/reference electrode
(diameter = 12 mm), with both sandwiching a glass fiber separator
(Whatman GF/D, 670 pm thick) soaked with the LiPFs/EC:DMC elec-
trolyte. The spectra were collected at specific potential values between
2.2 Vand 4.5 V vs. Li/Li" during cyclic voltammetry at 0.25 mV s~! (in
such conditions a Raman spectrum was recorded within 90 s), using a
Raman microscope (ThermoFisher Scientific®) equipped with a custom
holder for precise adjustment of the AC electrode. A HeNe laser with a
wavelength of 632.8 nm served as the excitation source. To prevent
significant heating of the AC electrode, the laser power was reduced to 3
mW. To ensure a good signal-to-noise ratio, each spectrum was obtained
after accumulating 9 scans of 10 s. The Raman spectra were deconvo-
luted blindly using a Gaussian fitting function through the peak analyzer
tool available in Origin v9.65; the Ip;/Ig; intensity ratio was calculated
using the fitted peaks areas (so-called integrated intensities) [21].

In situ potentiostatic electrochemical impedance spectroscopy (PEIS)
was performed in the same cell and configuration used for Raman
measurements. Nyquist plots were generated at selected potential values
during cyclic voltammetry at a scan rate of 0.25 mV s~ within 2.2 V to
4.5V vs. Li/Li* using a sinusoidal signal of 5 mV s~! over the frequency
range from 100 kHz to 1 Hz; each PEIS measurement lasted approxi-
mately 26 seconds. Due to the short duration of the impedance mea-
surements, the current response during cyclic voltammetry remained
largely unaffected. This approach aimed to determine the ionic resis-
tance (Rjonic; associated with the diffusion of ions in the porosity) at
various potentials of the AC electrode [22]. Notably, the equivalent
series resistance (ESR) and the charge transfer resistance (R¢r) remained
constant during the measurements. The EC-lab v11.40, using the Module
Bat, was utilized to alternately execute cyclic voltammetry and imped-
ance measurements. Subsequently, the Z-fit tool within the EC-lab
v11.40 was then used to analyze the Nyquist plots and determine Rjop;.

The cells employed in this study were assembled in an argon-filled
glove box (Workstation Unilab Pro, MBraun) with Oy and HO levels
lower than 1 ppm. All the electrochemical investigations on AC elec-
trodes were performed with a VMP3 electrochemical workstation (Bio-
Logic).

2.3. Computational methods

Molecular dynamics (MD) simulations were conducted to scrutinize
the local structure of the LiPF/EC:DMC electrolyte both in the bulk and
inside the porosity of a model porous carbon without applied charge.
The porous carbon used as the electrode in the simulations was gener-
ated by Quench Molecular Dynamics simulations using ReaxFF as the
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reactive force field to model the interactions, breaking, and formation of
chemical bonds between carbon atoms, as outlined in reference [23].
Briefly, the initial system consisted of 2500 carbon atoms randomly
placed in a 59 nm® cubic box at 2100 K. This choice of initial temper-
ature represents a pyrolysis process after the polymer chains break down
and most other elements (oxygen, hydrogen, ...) are evolved. Periodic
boundary conditions were applied in all three directions to avoid edge
effects. The system was then gradually quenched to 295 K over 140 ps
while keeping a constant volume. Due to the high initial temperature, a
small time step of 0.07 fs was necessary to avoid problems in the inte-
gration of Newton’s equation. As the temperature decreased, carbon
atoms started to aggregate and form a porous texture. After quenching,
any isolated carbon atoms are removed. The nitrogen adsorption
isotherm of the model porous carbon at 77 K was simulated using the
software RASPA [24], and its textural properties were determined with
the 2D-NLDFT approach [19] employed to analyze the AC. It is inter-
esting to note that the pore size distribution and textural properties of
this carbon shown in Figure S3b and Table S2 of ESI do not differ
significantly from the features of the YP-50F powder shown in Table S2
in the ESI.

To mirror the composition of the LiPFs/EC:DMC electrolyte in the
model porous carbon, the latter was placed in a fixed position as a rigid
body in the middle of a 909 nm® parallelepiped box, housing 225 Li*
cations, 225 PFg anions, 1638 EC, and 1300 DMC molecules. The initial
positions of the electrolyte molecules were generated using the Packmol
software [25]. The GROMOS 54A7 force field [26] was used to accu-
rately replicate the interatomic interactions in the electrolyte
throughout the calculation, while the LAMMPS MD package [27]
simulated the molecular movements at constant pressure (1 bar), tem-
perature (295 K), and number of molecules (NPT ensemble), using pe-
riodic boundary conditions throughout the simulation. The temperature
of the system was regulated using a Nosé-Hoover thermostat with a time
constant of 10 fs. The system underwent equilibration for 50 ns,
allowing the electrolyte to penetrate the porosity of the model porous
carbon, while attaining density values (1.30 g mL™!) close to the
experimentally measured ones for the bulk solution. After reaching
equilibrium, the atomic coordinates were collected for an additional 10
ns at intervals of 0.1 ps for analyzing the local structure of the electrolyte
both inside and outside the porosity of the model carbon during the
simulation time. This last part is required to analyze the radial distri-
bution function for various atomic pairs. The atomic positions at each
time step were scrutinized using the OVITO software [28].

3. Results and discussion

3.1. Properties of the LiPFg/EC:DMC electrolyte in a porous carbon
electrode

As stated in the introduction, to appropriately address the ion pop-
ulation changes within the pores of the positive AC electrode of a LIC, it
is essential to first establish the stability limits of this electrode before
conducting any operando and/or in situ analysis. Therefore, the potential
range within which the LiPF¢/EC:DMC electrolyte is stable on a porous
AC electrode (also called the electrochemical stability window - ESW)
during the electrochemical experiments has been determined by the
window opening method [17]. It involves recording cyclic voltammo-
grams (with a low scan rate of 1 mV s™!) at potentials either lower or
higher than the open circuit potential (OCP) of approximately 3.05 V vs.
Li/Li, while decreasing or increasing the vertex potential by steps of 0.1
V, respectively. Subsequently, the coulombic efficiency is calculated
from the voltammograms recorded at a potential lower (CEp) and
higher (CE,,) than OCP, according to Egs. (2) and (3), respectively [29]:

CEneg _ QAnodic ( 2)

QCathodic
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CEpos _ QCathodic (3)

nodic

where Qanodic and Qcgthodic are the anodic and cathodic capacities,
respectively, obtained by integrating the respective parts of the CVs. In
the plots of coulombic efficiency versus vertex potential (Fig. 2), the
coulombic efficiency values are close to 1 within the potential range
from 2.2 V and 4.5 V vs. Li/Li*, defining the ESW of the LiPF¢/EC:DMC
electrolyte on the AC electrode. Beyond these limits, the efficiency de-
creases dramatically due to reductive or oxidative faradaic reactions.
The local structure of the electrolyte, both in its bulk state and within
the porosity of the model carbon, was determined using molecular dy-
namics (MD) simulations without applied polarization. The objective
was to examine changes in anion and cation solvation shells as they
penetrate the porosity, providing support for interpreting the electro-
chemical dilatometry measurements. The radial distribution functions of
the LiPF¢/EC:DMC electrolyte obtained in both its bulk state and within
the porosity of the model carbon are shown in Figs. 3a and 3b, respec-
tively. These functions, denoted g(r), represent the probability of finding
two atoms at a distance r compared to the same probability in a perfectly
homogeneous system. In Fig. 3a, the radial distribution functions for the
pairs constituted by lithium cations and oxygen atoms of the carbonyl
groups from EC and DMC molecules (Li" - Ogc and Li" - Opyc, respec-
tively) show a narrow peak at ca. 2.6 A. This indicates a well-defined
solvation shell with the presence of both types of carbonate molecules.
Interestingly, the first peak corresponding to the most probable distance
between lithium and phosphorous from PFg anions (Li* - PFg) is
observed at around 3.5 A. This suggests that the counter-ion is present
within the solvation shell of the cation. A different trend is seen for the
phosphorous from PFg anions and carbon atoms from the EC and DMC
molecules (PFg - Cgc and PFg - Cpyc, respectively), where the peaks are
broader and less pronounced, suggesting that solvent molecules
dynamically move in and out of the first solvation shell of the PFg anions
on a short time scale, indicating the absence of a well-defined first sol-
vation shell, which is consistent with the results presented in reference
[30]. Inside the porosity of the model carbon (Fig. 3b), the peaks for the
Li* - Opmc and Li' - PFj pairs are sharper and exhibit higher intensities
compared to those outside the porosity. This suggests that DMC mole-
cules and PFg anions have a relatively higher presence in the solvation
shell of the cation, whereas, the radial distribution of other atomic pairs
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the porosity of a model porous carbon, respectively; (c) and (d) Cumulative coordination number versus inter-atomic distance for the bulk solution and inside the
porosity of model porous carbon, respectively. Color code: (i) Li* - Ogc (blue line); (ii) Li* - Opyc (green line); (iii) Li* - PFg (red line); (iv) PFg - Cgc (black line) and

PFg - Cpmc (turquoise line).

remains virtually unchanged.
The coordination number (CN(r)) has been calculated using Eq. (4):

CN(r) = 4np /

Tmin

g(rr? dr @

where p is the volume number of the atoms of interest, rmqy, and ryin
denote the maximum and minimum distance to define the range of space
analyzed, and g(7) is the pair distribution function between the central
atom/ion and the solvating species. The cumulative coordination
number as a function of interatomic distance for both the bulk of the
solution and within the porosity of the model carbon is presented in
Figs. 3c and 3d, respectively. This representation enables one to ascer-
tain that the solvation shell of Li" in the bulk of the electrolyte consists
of 3 EC molecules, 2 DMC molecules, and 1 PFg anion, whereas inside
the model carbon’s porosity, the lithium cation has lost 1 EC molecule
from its solvation shell. Notably, the PFg anions are not accompanied by
any solvent molecule, either in the bulk solution or inside the porosity of
the model carbon. This analysis of local structure reveals the existence of
contact ion pair (CIP) interactions, which may be due to the limited
screening effectiveness of the solvent, consistent with the observations
in the ionic pairs from LiClO4-based electrolyte reported in ref. [31].
Following the coordination analysis, the dimensions of clusters formed
due to Lit solvation were measured, both within and outside the
porosity of the model porous carbon. The average diameters of the
clusters (Figure S4 of ESI) were found to be approximately 0.96 nm and
1.26 nm, respectively.

3.2. Identification/attribution of ion population changes in the EDL-
positive electrode of a LIC

Several studies, such as operando electrochemical quartz crystal mi-
crobalance (EQCM) or electrochemical dilatometry (ECD), and in situ
nuclear magnetic resonance (NMR), have aimed to categorize ion pop-
ulation changes within porous carbon electrodes in EDLCs into different
domains based on the applied potential [14,32,33,34]. For this purpose,
there is an important emphasis on determining the point of zero charge
(PZC) of the porous carbon electrode, viz, the potential where the
electrode net surface charge is zero (Q = 0) [34]. This determination is
crucial for drawing the electrostatic separation between the electro-
sorption of anions and cations as the potential is swept positively and
negatively relative to the PZC, respectively [14]. In this study, the PZC of
an AC electrode in the LiPF¢/EC:DMC electrolyte was determined vs. a
lithium metal counter/reference electrode using cyclic voltammetry
(CV)at1 mVs! (Fig. 4a) and staircase potentiostatic electrochemical
impedance spectroscopy (SPEIS) (Fig. 4b). In Fig. 4a, the voltammogram
of the AC electrode exhibits a characteristic butterfly shape [35],
indicative of a capacitive charge storage mechanism within the selected
potential range. The PZC was identified at the minimum value of the
capacitive current in the CV, i.e., 2.9 V vs. Li/Li". Similarly, a minimum
of capacitance (calculated using Eq. (1)) was observed at 2.9 V vs. Li/Li*
in the plot of capacitance vs. fixed potential (Fig. 4b) obtained from
SPEIS. Notably, the same PZC value was found in other types of elec-
trochemical cells, as shown in Figure S5 of ESI. All the CV and ECD
curves further presented in this manuscript will be referred to the PZC
value of 2.9 V vs. Li/Li*.

Operando electrochemical dilatometry (ECD) plots, obtained on an
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Fig. 4. Determination of the point of zero charge (PZC) of an AC electrode in the LiPF/EC:DMC electrolyte: (a) by cyclic voltammetry at a scan rate of 1 mV s~ and
(b) from the capacitance values extracted from Nyquist plots obtained from SPEIS.

AC electrode positively polarized relative to PZC in various potential
ranges, are presented in Fig. 5. The cyclic voltammograms (at 1 mV s~ 1)
in Fig. 5a were recorded with increasing vertex potentials in 100 mV
steps while staying within the ESW; Fig. 5b displays the corresponding
changes in electrode height. During the anodic scans, the capacitive
response of the electrode increases with the potential, as expected for
EDL behaviour (see Fig. 5a). Notably, up to a vertex potential of 3.5 V vs.
Li/Li™, the electrode height remains virtually unchanged, as shown in
the inset of Fig. 5b. This stability in height suggests that ionic exchange
occurs within this potential region, where anions are attracted, and
cations are expelled to balance the increasing positive charge density, a
trend observed in EQCM studies with organic electrolytes [14,32,36].
Beyond the Eqy limit of 3.5 V vs. Li/Li™, the electrode height in Fig. 5b
increases more rapidly with the change of vertex potential. This rapid
rise is attributed to the completion of ionic exchange and the onset of
exclusive anion adsorption on the electrode surface, i.e., once the
evacuation of cations is completed, and the potential is high enough,
some less accessible pores can be occupied by anions. Notably, bare PFg
anions likely penetrate the electrode porosity during anion adsorption
due to their weakly bound and poorly defined first solvation shell, as
suggested by MD simulations and depicted in Fig. 3d. This is further
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supported by the observation that the AC electrode reaches a maximum
height change of 0.81% at 4.5 vs. Li/Li" (see Fig. 5b), closely matching
the 0.80% observed for a YP17-based electrode in EMImBF, (1-Eth-
yl-3-methylimidazolium tetrafluoroborate) at the same potential [37],
with the bare BF anions having the same diameter as the bare PFg (see
Figure S1b in the ESI). During the cathodic scans, the capacitive current
decreases, following the expected trend for EDL behaviour (Fig. 5a),
while the rapidly decreasing height down to ca. 3.5 V vs. Li/Li* followed
by an almost constant height down to the PZC (Fig. 5b) are the signa-
tures of PFg anions desorbing in significant amounts followed by ionic
exchange. Notably a (growing) peak with a minimum located ca. 3.2 V
vs. Li/Li* is observed in the CVs recorded with vertex potentials higher
than 3.8 V vs. Li/Li* during the anodic scans (Figs. 5a). This relatively
small peak is attributed to the desorption of PFg anions trapped in poorly
accessible micropores of the AC electrode; in other words, some PFg
anions may be drawn in these pores when the potential is sufficiently
high during the anodic scans. However, the liberation of these trapped
anions during the cathodic scan requires applying a lower potential than
the anodic one necessary for their penetration. Noteworthy, during the
cathodic scans, the point of minimum height (PMH) of the electrode is
reached around 3.1 V vs. Li/Li* (see the inset in Fig. 5b), which is lower
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Fig. 5. Operando electrochemical dilatometry (ECD) on an AC electrode polarized positively relative to PZC: (a) Cyclic voltammograms (at 1 mV s ') with vertex
potentials increasing by steps of 0.1 V and (b) corresponding height changes, where the inset shows a stack of expanded dilatometric profiles in the potential range
from 2.9 to 3.5 V vs. Li/Li* (with the red arrow indicating the shift direction). The black and blue arrows display the progression of the anodic and cathodic scans,
respectively. PZC is the point of zero charge and PMH is the point of minimum height. The electrolyte is LiPFs/EC:DMC.
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than the electrode height during the anodic scans, implying that the
anion flux-out exceeds slightly the cation flux-in, allowing for a small
contraction of the electrode in this potential range. Since this PMH
corresponds in Fig. 5a with the end of the peak attributed to desorption
of trapped PFg anions at 3.1 V vs. Li/Li", it indicates that the ionic ex-
change phenomenon is complete at this potential. Consequently, the
slight height increase from PMH to PZC indicates the perm-selective
adsorption of some cations to compensate for the charge of the
electrode.

In the next step of the ECD investigations, the AC electrode in the
LiPF¢/EC:DMC electrolyte was polarized between Ep, = 2.2 Vvs. Li/Li*
(the limit of electrolyte reduction, see Fig. 2) and Epqy vertex potentials
varying in steps of 0.1 V from 3.5 V to 4.5 V vs. Li/Li" (the limit of
electrolyte oxidation, see Fig. 2). This sequence was applied to charac-
terize the effect of cycling the electrode within the real potential range
observed for the positive electrode of a LIC. During the cathodic scan,
when the electrode is polarized from PZC down to 2.2 V vs. Li/Li", the
perm-selective adsorption drawing cations from the bulk electrolyte into
the porosity of the electrode takes place [32,36], while some anions
remain within the porosity.

When the electrode was anodically polarized between 2.2 V vs. Li/
Li" and the various potential limits Ep,qy, the general trend in the part of
CVs at a potential higher than PZC was an increase in capacitive current
(Fig. 6a), while the height of the electrode began increasing for Epmqy
vertex potentials higher than 3.5 V vs. Li/Li" (Fig. 6d), similarly to that
case analyzed in Fig. 5, which could indicate a similar mechanism, with
ionic exchange followed by anion adsorption. This apparent similarity in
the anodic mechanism was confirmed during the subsequent cathodic
scans down to the PZC, where the peak at 3.2 V vs. Li/Li", associated
with the release of anions, progressively grew as the anodic vertex po-
tential was extended (see Fig. 6b and 6c¢), whilst the height of the
electrode decreased until reaching the PMH at around 3.1 V vs. Li/Li"
(Fig. 6d). Interestingly, when the AC electrode was firstly polarized
down to 2.2 V vs. Li/Li", one could observe during the anodic scans
(Fig. 6b) an emerging peak with a maximum at approximately 3.8 V vs.
Li/Li*, which was not previously observed in Fig. 5a when the electrode
was solely polarized at potential higher than the PZC. This peak likely
results from the desorption of Li* cations trapped in poorly accessible
pores during the preceding cathodic scan. Such adsorbed ions can be
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effectively released from their potential well through electrochemical
driving forces, specifically by applying sufficiently high anodic polari-
zation. A similar phenomenon of cation trapping in the negative elec-
trode of an EDLC and its liberation by applying a much higher potential
has been reported with 1 mol L~} TEABF, in propylene carbonate [38].

The complete cyclic voltammogram and related volumetric profile of
a fresh AC electrode in the LiPFs/EC:DMC electrolyte are shown in
Figs. 7a and 7b within the maximum potential range (i.e., from 2.2 to
4.5V vs. Li/Li"). During the first anodic scan from OCP to 4.5 V vs. Li/
Li'" (green line), the current response of the electrode increased similarly
to that of a positive electrode in an EDLC. Interestingly, the OCP of 3.1 V
vs. Li/Li" corresponds to the PMH identified in Fig. 5a as the end of the
exchange of perm-selectively adsorbed cations with anions. Therefore,
the small increase in height up to 0.09% at 3.8 V vs. Li/Li" corresponds
to the exchange of naturally adsorbed cations with PFg anions. Then, as
the potential increased from 3.8 V vs. Li/Li", the height of the electrode
increased rapidly up to 0.9% at 4.5 V vs. Li/Li%, indicating that the
adsorption of anions took place. During the cathodic scan down to the
PZC (purple lines in Fig. 7), the trend was the same as in Fig. 5, i.e., the
capacitive current decreased, yet with a broad peak superimposed at
approximately 3.2 V vs. Li/Li* characterizing the release of trapped PFg
anions. In parallel, the steady decrease of electrode height down to
approximately 3.4 V vs. Li/Lit and its almost constant value down to the
PZC indicated significant desorption of PFg anions followed by the ionic
exchange process (ending at PMH of 3.1 V vs. Li/Li* as shown in Fig. 5).
From 3.1 Vvs. Li/Li" down to 2.2 V vs. Li/Li*, the capacitive current was
substantially smaller than at higher potentials, whereas the electrode
thickness reached only 0.3% down to Epj,. According to MD simulations
(see Fig. 3d), it should be noted that lithium cations were not fully
desolvated upon entering the electrode porosity, displaying an average
diameter of approximately 0.96 nm (see Figure S4c in the ESI). Such a
high diameter hinders the easy access of additional cations into the
electrode porosity, contributing to the relatively low values of capacitive
current and electrode expansion in this potential range. During the
second anodic scan from Ep;, to PMH (mustard lines in Fig. 7), lithium
cations were desorbed from the electrode with a decrease in height. As
the scan was prolonged beyond PMH, the capacitive current rose
significantly, with the appearance of a peak at approximately 3.8 V vs.
Li/Li", which was linked to the desorption of lithium cations adsorbed in
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Fig. 6. Operando electrochemical dilatometry on an AC electrode cycled between 2.2 V vs. Li/Li" and various E,, vertex potentials varying from 3.5 V to 4.5 V vs.
Li/Li* by steps of 0.1 V: (a) Cyclic voltammograms (CVs) recorded at a scan rate of 1 mV s~1; (b) anodic and (c) cathodic CV scans shifted by a constant value of
current; (d) stacked dilatometric profiles with an inset bar representing an expansion of 0.2%. The black and blue arrows display the progression of the anodic and
cathodic scans, and the red arrows the shift direction. The electrolyte is LiPFs/EC:DMC. PZC is the point of zero charge and PMH is the point of minimum height.
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Fig. 7. (a) Cyclic voltammogram (at 1 mV s 1) of a fresh AC electrode in 1 mol L™} LiPFs/EC:DMC starting from OCP and covering the potential range from 2.2 V to
4.5V ys. Li/Li"; (b) corresponding height changes of the electrode. The first anodic scan is represented by the green line, the first cathodic scan by the purple line, and
the second anodic scan by the mustard line. PZC is the point of zero charge and PMH is the point of minimum height.

poorly accessible pores during the previous cathodic scan and remaining
trapped until this potential was reached. In parallel, the nearly constant
electrode thickness up to 3.8 V vs. Li/Li" indicated simultaneously an
ionic exchange and the release of trapped lithium cations. Beyond 3.8 V
vs. Li/LiT, the sharp increase in electrode thickness up to approximately
0.9% was due to anion adsorption. This increasing strain can be paral-
leled with in situ atomic force microscopy (AFM) investigations on
mesoporous porous membranes in 1-ethyl-3-methylimidazolium bis
(trifluoromethylsulfonyl)imide, where a substantial increase in elec-
trode thickness was observed upon prolonged accommodation of anions
[39,40]. This provides extra confirmation that the origin of the strain
observed in the porous AC electrode during positive polarization is
related to the ion insertion into the pores.

3.3. Correlation of ionic transport and AC electrode structure with ion
population changes

This section aims to correlate the changes in the in-pore ionic pop-
ulation during a potential scan, similar to the one presented in Fig. 7 for
operando electrochemical dilatometry (ECD), while the changes in ionic
transport were studied by in situ potentiostatic electrochemical imped-
ance spectroscopy (PEIS), and the structural changes of the AC electrode
were analyzed by operando Raman spectroscopy. Inspired by reference
[41], which underscores that changes in ion population in the pores
dominate the variations in in-pore ionic diffusion during charging an
EDLC with tetraethylphosphonium tetrafluoroborate (TEPBF4) in
acetonitrile as the electrolyte, PEIS was employed to investigate the
potential dependence of ionic resistance (Rjonic - also called Warburg
impedance, determined according to the procedure shown in Paragraph
5 of the ESI) arising from ion or molecule diffusion within the porous AC
electrode material. On the other hand, as operando/in situ Raman spec-
troscopy had already proven to be instrumental in the study of EDLC
electrodes [42-45], it was used to determine the evolution of the degree
of disorder in the AC electrode by analyzing the Ip;/Ig; integrated in-
tensity ratio after the deconvolution of spectra [21]. Additionally,
interesting information about the effect of charge transfer on the stif-
fening/softening of C-C bonds in the AC electrode during polarization
was obtained by analysis of the D2 band, in light of previous data ob-
tained with doped single-wall carbon nanotubes [44]. Figure S7 of the
ESI depicts the potential values at which the Raman spectra were
recorded, and the deconvolution of a few of them. To avoid significant
shifts of potential in the AC electrode during the recording of the Raman
spectra, a slow scan rate of 0.25 mV s~ was imposed for all experiments
of this section (in such conditions a Raman spectrum was recorded

within 90 s).

The current response and the relative height changes of the AC
electrode at a scan rate of 0.25 mV s~ ' are depicted in Fig. 8a, where it is
noteworthy that both parameters preserve the same characteristics as in
Fig. 7, i.e., the capacitive response of the electrode in the potential re-
gion above PZC is significantly higher than below this potential, due to
the shift in the operative mechanism. Moreover, the appearance of peaks
associated with the liberation of trapped anions and cations during the
first cathodic and second anodic scans, respectively, must be high-
lighted. The various types of in-pore ion population changes detailed in
the foreword, and particularly in the comments of Fig. 7, are summa-
rized at the top of Fig. 8a, with their potential domain of occurrence.

During the initial anodic polarization of the AC electrode (from OCP
to 3.8 V vs. Li/Li") accompanied by ion exchange with a subtle increase
in electrode thickness, there is a noticeable drop in Rjon;c (Fig. 8b),
suggesting that ionic diffusion within the AC porosity increases with the
electrode potential. Such a tendency could be explained by considering
that the electrode thickness is mostly controlled by in-pore ion popula-
tion changes, which are strongly influenced by in-pore ionic diffusion, as
demonstrated in ref. [41]. The constant Ip;/Is; ratio in this potential
range (Fig. 8c) reveals an unchanged number of defects, fitting well with
the almost constant electrode height. Nonetheless, the D2 band related
to defect scattering and reflecting the coexistence of sp? and sp> hy-
bridized carbon atoms [46] slightly upshifts from 1330 to 1340 crn_l,
due to the increase in charge carriers’ density (hole injection) provoked
by the anodic polarization of the AC electrode. From 3.8 to 4.5 V vs.
Li/Li™, Rionic continues to decrease (see Fig. 8b) due to the prior evac-
uation of partially solvated lithium cations during the ionic exchange,
which allows the PFg anions to propagate without obstacles within the
electrode porosity during their adsorption. These observations are
consistent with NMR investigations on an EDLC in ref. [41], where an
increase of the in-pore diffusion coefficient of tetrafluoroborate (BF3)
anions with the potential of the positive electrode was observed. In this
potential range, the D2 band is upshifted up to approximately 1355
em™! (Fig. 8c), due to the stiffening of C-C bonds provoked by the
progressive injection of holes, in good agreement with the results
observed on anodically doped single-wall carbon nanotube electrodes
with 1 mol L! TEABF, in acetonitrile electrolyte [44]. The rapid in-
crease in electrode thickness found by ECD from 3.8 to 4.5 V vs. Li/Li"
can then be related to the structural elongation of C-C bonds, facilitating
anion adsorption as the potential increases relative to PZC [37]. This
phenomenon induces defects in the material, explaining the significant
increase in the Ip;/I; ratio in this potential range. This statement is in
good agreement with the increase of Ip;/Ig; ratio, from 0.38 to 0.83,
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Fig. 8. (a) Specific current (solid line) and relative height change (dashed line) from operando electrochemical dilatometry; (b) ionic resistance from in situ PEIS; and
() Ipy/Ig; peaks intensity ratio and D2 band position from operando Raman spectroscopy on an AC-based electrode in 1 mol L™! LiPF¢/EC:DMC during scanning the
potential at 0.25 mV s~1, with 1% anodic scan from OCP to 4.5 V vs. Li/Li*, followed by 1% cathodic scan to 2.2 V vs. Li/Li*, and subsequent anodic scan to 4.5 V vs.

Li/Li". PZC is the point of zero charge and PMH is the point of minimum height.

observed when an ionic liquid (1-hexyl-3-methylimidazolium bromide)
is confined within the channel of multiwalled carbon nanotubes
(MWCNTSs) [47].

During the first cathodic scan (see Fig. 8, purple line), where the
electrode potential decreases from 4.5 V vs. Li/Li" to approximately the
PZC, Rionic increases while the Ip;/Ig; ratio and Raman frequency of the
D2 band decreases, all returning to nearly their initial values at OCP,
demonstrating the reversibility of the phenomena observed during the
1" anodic scan. It is worth noting that the Ip;/Ig; ratio remains almost
unchanged down to approximately 3.8 V vs. Li/Li", suggesting that the
long-range electrostatic repulsions, caused by densely trapped anions
into the electrode porosity during the first anodic scan, persist down to
this potential, maintaining the level of disorder in the electrode [48].
The smooth evolution of the Ip;/I¢g; ratio around 3.3 V vs. Li/Li" sug-
gests the unchanged structural stress in the electrode in this potential
region, likely due to the small number of trapped anions being liberated
from the less accessible pores of the electrode.

When extending the first cathodic scan from the PZC to 2.2 V vs. Li/

Li™, Rionic slightly decreases (see Fig. 8b), indicating the increase of in-
pore ionic diffusion. Such behaviour does not match the results
observed in ref. [41], where both cationic and anionic diffusion co-
efficients diminish with the potential of the negative electrode in an
EDLC, due to perm-selective cation adsorption and the large size of
tetraethylphosphonium cations (diameter = 0.72 nm). To explain this
opposite trend in our case, it is important to consider that, according to
MD simulations in the absence of polarization, partially solvated lithium
cations (see Fig. 3d) may access the electrode porosity during the
perm-selective cation adsorption. However, as the potential decreases
relative to PZC, the lithium cations may lose their solvation shell,
allowing their easy diffusion to less accessible pores, which could justify
the slight decrease of Rjpni.. The perm-selective adsorption of lithium
cations, provoked by the electron injection in the electrode, does not
significantly affect the structural features of the AC material (Fig. 8c).
The Ip;/Ig; ratio stays almost unchanged, and the position of the D2
band is almost constant (note that the fluctuations of the D2-band peak
position in this potential range are in the limit of measurement
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accuracy), in agreement with the data presented in ref. [44] for such
injection.

During the 2" anodic scan from PZC to ca. 3.8 V vs. Li/Li", Rionic
increases up to values higher than in the 1" anodic scan (Fig. 8b, mustard
line), coinciding with a peak in the current response and a constant
electrode thickness (see Fig. 8a). This increase in Rjpic is likely due to
trapped cations which hinder the mobility of anions into the porosity.
Beyond this point, Rjon;c decreases sharply as cations have been released,
allowing easier anion diffusion. Between 3.8 and 4.5 V vs. Li/Li*, the
current returns to its capacitive response, the thickness continues to
increase, and Rjoni decreases, revealing anion adsorption, as already
observed in this potential range during the 1" anodic scan. The sudden
increase of the Ip;/I;; ratio, almost aligned with the maximum of the
peak attributed to the desorption of trapped cations, can be explained by
structural changes in the electrode due to quick swapping between
trapped cations being liberated and anions trying to access the porosity.

4. Conclusion

This comprehensive study provides significant insights into in-pore
ion population changes and reveals ion trapping phenomena in acti-
vated carbon (AC)-based electrode functioning as the positive electrode
of a lithium-ion capacitor (LIC) during its charge/discharge cycles.
Molecular dynamics (MD) simulations applied to the battery-type elec-
trolyte (1 mol L! LiPFg in EC:DMC), both in its bulk state and within the
porosity of a model carbon without an applied charge, show that ion-
solvent interactions may play an important role in ion population
changes during in-pore/ex-pore exchange processes.

Using various cutting-edge methods, including operando electro-
chemical dilatometry (ECD), in situ potentiostatic electrochemical
impedance spectroscopy (PEIS), and operando Raman spectroscopy, the
following potential-dependent phenomena and parameters were iden-
tified during cathodic (electron injection) and anodic (hole injection)
polarization of the AC electrode:

i) During the initial anodic sweep above the point of zero charge
(PZC, 2.9 V vs. Li/Li*), ionic exchange followed by anion
adsorption was observed, evidenced by an increase in electrode
height and capacitive current. The significant decrease in ionic
resistance during this phase, as observed through PEIS, indicates
more rapid diffusion of PF¢™ anions, which are smaller than the
partially solvated Li* cations previously occupying the pores
before polarization.

The subsequent cathodic polarization down to the point of min-

imum height (PMH, ca. 3.1 V vs. Li/Li*) resulted in anion

desorption, with a small amount of trapped anions being released
near the PMH. This suggests that some anions became trapped in

less accessible pores when the electrode was polarized above 3.8

V vs. Li/Li* during the anodic scan.

iii) Continued cathodic polarization below the PMH resulted in
perm-selective adsorption of partially solvated Li* cations. This
conclusion is supported by the much smaller capacitive current
observed in this potential region compared to that recorded
above the PMH, indicating limited access of the partially solvated
Li* cations to the electrode porosity.

iv) During the subsequent anodic scan, these Li" ions are desorbed
up to the PMH. Above the PMH, the same ionic exchange followed
by anion adsorption occurred as in step (i). However, a peak at
approximately 3.8 V vs. Li/Li* was observed in the CVs, attributed
to the desorption of lithium cations trapped in the less accessible
pores of the AC electrode.

ii

-

The analysis of Raman spectra of the AC electrode during cycling has
been instrumental in elucidating the induction of defects during the
ionic exchange together with the liberation of trapped cations. This is
evidenced by the increasing Ip;/Ig; ratio in these domains. The high
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polarization required to extract the trapped lithium ions from the AC
porosity may explain the reduced lifespan of LICs, due to progressive
degradation of the electrode material.

Overall, this study highlights the complex interplay between ionic
exchange, anion adsorption/desorption, and cation trapping, which are
critical for optimizing the performance and lifespan of LICs. Under-
standing and addressing properties of LICs related to ion desorption
could help improve their performance. In particular, optimizing the
porous texture of carbon materials to eliminate ion trapping should be a
subject of further research.
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