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Abstract

Developing better energy storage devices depends on comprehending the underlying mechanisms
involved in charge storage. With the continuous conception of new electrolytes, this task becomes
progressively more urgent and complex. An example is the utilization of co-solvated concentrated
solutions. While these show promising electrochemical responses, their dynamic properties
(especially under confinement) and their relationships with the performance, are not fully
understood. Here, we combined a modified step potential electrochemical spectroscopy (SPECS)
and quasielastic neutron scattering (QENS) to investigate systems composed of activated
mesoporous carbon (AMC) and concentrated solutions of Lithium
bis(trifluoromethanesulfonyl)imide in acetonitrile co-solvated with either toluene or acetone. We
report that acetone does not impair surface-controlled mechanisms, contrarily to toluene which
competes with charged species to populate the AMC’s pores without contributing to charge
storage. In turn, toluene promotes a greater overall capacitance owing to Faradaic processes, which
may be related to changes in the solvation structures under confinement.
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Main

The development of safer and more efficient energy storage devices intimately depends on the
comprehension of the underlying mechanisms involved in charge storage in confined geometries.!
Traditionally, charge storage is regarded as either based on charge induction (non-Faradaic) or
transfer (Faradaic mechanisms).? More recently, a continuum between these mechanisms has been
proposed, which accounts for the roles played by the geometry and chemical environment of the
electrochemical interfaces, the nature of the electrolytes, and, most importantly, the interplay
between these factors.> From the standpoint of the latter, strong ion solvation generally favors
electrostatic interactions with the electrode surfaces, and thus the induction of charge. Meanwhile,
partial and/or complete desolvation, which may be promoted by confinement, allows for chemical
bonding between the ions and the electrodes.* >

An extra complexity to this picture is brought by the rising utilization of concentrated
electrolytes. Despite their promising properties,®!! the dynamics and structure of ions, solvents,
and the correspondent solvation complexes are yet to be fully understood especially under
confinement in electrode materials.'?>'!5 Additionally, there is a growing use of co-solvation
strategies to mitigate drawbacks related to the viscosity and salt precipitation in these concentrated
electrolytes, which leads to even more complex solvation structures.!¢->

The initial concept of co-solvation is based on adding nearly inert molecules able to reduce the
solution’s viscosity while preserving the ion-ion and ion-solvent correlations found in the original
concentrated system.?*30 By doing so, the often-called locally concentrated electrolytes are
conceived. Nevertheless, as recently observed in bulk solutions of Lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) in acetonitrile (C,H3N), even co-solvents with low

dielectric constants (e.g. chloroform, toluene, and dichloromethane) that do not directly engage in



the ionic solvation, experience drastic decreases in diffusivity associated with long-range
interactions with the ions. Also, despite lowering the viscosities, adding these co-solvents leads to
a decrease in the room-temperature conductivities owing to changes in the overall ion-ion
correlations. With a co-solvent with a moderate dielectric constant, e.g. acetone, the room
temperature conductivity of the solution does increase and most of the ion-ion interactions remain
unchanged. However, since the co-solvent engages in ionic solvation, larger ion-solvent
complexes are formed, which may have consequences in the intercalation and adsorption of ions.?’-
29

While the above-described results highlight that the effects of co-solvation can be far more
complex than expected, this knowledge is still mostly restricted to bulk systems. Therefore, the
behavior of these co-solvents under confinement and ultimately its relationship with the
electrolyte’s electrochemical performance needs further investigation. In this work, we evaluated
the electrochemical performances of concentrated solutions of LiTFSI in acetonitrile
(LiTFSI/acetonitrile = 3:1 molar ratio) co-solvated with either acetone (C;H¢O) or toluene (C7Hg)
in activated mesoporous carbon (AMC) electrodes. Our main focus is to decipher the underlying
mechanisms that drive the electrochemical responses and, for this, we combined a modified step
potential electrochemical spectroscopy (SPECS)*!> 32 and quasielastic neutron scattering
(QENS).33 34 With the first, we assessed the contributions of different energy storage mechanisms
to the overall capacitance of the system. With QENS, the unique penetrating power of neutrons
allowed us to evaluate the dynamics of acetonitrile and the co-solvents under confinement. To
individually assess the dynamics of these species and relate them with the electrochemical

responses, we harnessed the exceptionally higher incoherent neutron scattering cross-section®* of



'H in comparison with 2D and performed selective deuteration of either acetonitrile or the co-
solvents.

In this work, we wused sodium amide-activated mesoporous carbon as our
electrodes/confinement matrix. The synthesis and pore properties were previously reported in ref.
31 In brief, the total surface area of this AMC is 1133 m?/g as determined via N, adsorption
experiments. The detailed pore structure of the matrix was calculated with non-localized density
functional theory (NLDFT) analysis and it has been determined that the hierarchical structure is
divided as follows: ~ 32% of the pore area corresponds to micropores with sizes < 1 nm, ~ 44 %
corresponds to micropores with sizes ranging between 1 and 2 nm, and mesopores with sizes
between 2 and 10 nm account for ~ 24% of the pore area. The NLDFT results are reproduced from
ref. 31 in Fig. S1. As for the co-solvated solutions, they were both prepared to present a final
concentration of 5.5 mol/kg (mols of salt per weight of the solvents) and are hereafter named
Solution A when co-solvated with acetone, and Solution T, when co-solvated with toluene. To
achieve the final concentration in mol/kg the molar ratios for each solution are as follows: Solution
A: LiTFSV/acetonitrile/acetone = 1:3:1 and Solution T: LiTFSI/acetonitrile/toluene = 1:3:0.63.
Additional details on samples preparation are given in the Supplementary Information (SI). Note
that, as reported in ref. 27, the viscosities of the obtained solutions are very much comparable. The
SPECS results show that Solution T allows for improved specific capacitance, mostly because of
a much-enhanced contribution from diffusive processes. Meanwhile, Solution A allows for larger
surface-controlled storage mechanisms. These results were rationalized by the QENS experiments,
which revealed that, despite the low dielectric constant, toluene does compete with charged species
to populate the AMC’s hierarchical structure, which hinders surface-controlled charge storage.

Overall, the diffusivities of the solvents under confinement are higher than those previously



reported for the bulk solutions,?” which suggests a partial breakdown of the original solvation
complexes. This is particularly critical for toluene, whose high diffusivity points to sluggish
interaction with ions, which may be decisive for the occurrence of diffusion-controlled
mechanisms.

In Fig.1a and b, cyclic voltammetry (CV) curves under scan rates between 1 and 100 mV/s for
the AMC (for synthesis details, see SI) with Solutions A or T are presented, and Fig.1c highlights
the CV curves obtained with each solution at 10 mV/s, which reveal larger redox peaks and
decomposition currents in Solution T. According to our previous work using the SPECS method,
the redox peaks correspond to the capacitance contributions from diffusion processes, 3! which are
also referred to as pseudocapacitance. Regarding the decomposition current, it either arises from
the electrolyte decomposition or the corrosion of current collectors. The specific capacitances
calculated from the CV curves are displayed in Fig.1d as functions of the scan rate, and one can
notice the higher specific capacitance provided by Solution T, while a better rate performance is

achieved with Solution A.
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Fig. 1. In (a) and (b) CV curves at different scan rates from 1 to 100 mV/s for the systems with
Solutions A and T are shown. In (c), the CV curves at 10 mV/s are depicted and (d) shows the
specific capacitances at different scan rates calculated from the CV curves.

With SPECS, we broke down the different contributions for the transit current within the
electrode. These experiments were performed by applying a staircase potential with 50 mV steps

and an equilibration time of 300 s (Fig. S2). At each step, the specific current was recorded as a

function of time (Fig. S3) and the current response from capacitive processes (ic) is described as:

ic=Few(—7) O
where AE is the potential step, R is the series resistance (€.g), C is the double-layer capacitance
(F/g), and ¢ is the time after the potential step. The current responses from double-layer formation
on different pore geometries (iyucror inesor AN pgicro) Were differentiated based on the distinct time

constants (t = RC; s). That is, micropores have the highest series resistance because of the



restricted ion transport and/or partial ionic desolvation. Meanwhile, the resistance in mesopores is
only slightly larger than in the macropores, because both are large enough to be accessed by
solvated ions. However, the much larger surface area of mesopores (Fig. S1) allows for a greater
capacitance and ultimately a much larger time constant (Tuzeso > Tazacro)-

The current response from diffusion-limited processes (ip) is also included in the SPECS

analyses and is modeled using the Cottrell equation:

ip= nFAc(%)l/Z @)
Where 7 is the number of electrons transferred, F is the Faraday constant (96485 C/mol), A is the
electrochemically active surface area (m?/g), c¢ is the concentration of electro-active species
(mol/m3 ), and D is the diffusion coefficient (m?/s). In the end, the overall current response is
described as the sum of the three contributions from double-layer charging processes (iyucro, inesor

and iy;e0), ip, and a residual equilibrium current (iz) accounting for electrolyte decomposition

and/or corrosion of current collectors. Then, egs. 1 and 2 can be combined as:

l(t) = iMacro + iMeso +iMicr0+ iD + iR

= AE exp(—;)+ 4E exp(—;)+ = exp(— ‘ )-l—tl%-l-l'R

RMacro RMacr0C1 RMeso RMeSOCZ RMicro RMicr0C3

3)

In eq.3, the term B consolidates all the constants in eq.2 and, together with C;, C,, C3, RyMacro» Resos
Ruicro, and iz, is obtained by nonlinear fitting of the data.3!- 32 As shown in Fig. 2a, Solution A
promotes greater surface-controlled charge storage regardless of the pores' dimensions, although
this feature is particularly remarkable in the mesopores. In turn, as shown in Fig.2b, Solution T
allows for a remarkably higher charge storage contribution from diffusion-limited processes,

which ultimately leads to a higher capacitance obtained with this electrolyte. As shown in Figure



S5, the capacitance contribution from residual current in Solution T is also higher than that in

Solution A.
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Fig. 2. SPECS analysis for hyper porous carbon in acetonitrile/LiTFSI concentrated solutions co-
solvated with toluene and acetone. (a) Breakdown capacitances from macro, meso, and micropores
for each electrolyte. (b) Capacitances contributions from diffusion processes.

Next, we used QENS to unravel the roles played by acetonitrile and the co-solvents in the
charge storage mechanisms revealed by SPECS. With QENS we investigate the momentum and
energy exchange (Q, ®) between neutrons and atoms within the ns to ps timescale (considering the
BASIS spectrometer used in this work — for more details see SI). Namely, QENS probes the
incoherent scattering of neutrons after interacting with a sample and, therefore, depicts the single-
particle dynamics within the system. Since acetonitrile and the co-solvents used in this work are
hydrogenated species, we explore the exceptionally higher incoherent neutron scattering cross-
section of 'H in comparison with any other isotope, including 2D, to measure the dynamics of each
compound.’* For this, we measured electrolytes bearing either protiated acetonitrile with the
deuterated co-solvent or deuterated acetonitrile with the protiated co-solvents. In the following
lines, the protiated compounds, whose responses dominate the QENS signals, are designated by

the index “p-"" whereas the deuterated ones are labeled with “d-"". An additional feature of QENS
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is the temperature-dependent energy-resolved “elastic” scattering intensity scans, shown in Fig.3a.
The intensities of these scans are directly proportional to the concentration of 'H atoms whose
energy exchange with the neutrons beam is below the instrument’s resolution. That is, it reflects
the concentration of 'H-atoms that is either immobile or only performs motions slower than a few
nanoseconds.? For better statistics, the scans are presented as sums of the data collected between
Q=0.5—-1.1 A-!. In the inset of Fig.3a, the data are normalized by the number of 'H-atoms at each
molecule and the data points at the lowest temperatures give a qualitative perspective of the amount
of each solvent adsorbed into the AMC pores. From this analysis, the total number of molecules
of acetonitrile plus co-solvents is nearly the same in both solutions but the ratios between the
species are different. In Solution A, we estimate an acetonitrile/acetone ~ 2:1 molar ratio, and in
Solution T we have acetonitrile/toluene ~ 3:1. Note that, in both cases, part of the acetonitrile
content is likely loosely adsorbed in the AMC and is removed during sample preparation (see SI).

In Figs.3b and c, the scans presented in Fig.3a are reproduced but with the data at the lowest
temperature points normalized to unity. With this representation, we evaluate the fraction of 'H-
atoms whose dynamics enter the spectrometer’s timescale and cause deviations in the monotonical
temperature-dependent decrease in intensity. In Fig. 3b, the data for Solution A are presented and
the absence of abrupt drops in the elastic intensity scans indicates that no freezing-melting
transitions are detected neither from p-acetonitrile nor p-acetone, demonstrating that we are
majorly probing confined dynamics. Also, both p-acetonitrile and p-acetone present activation of
dynamic motions at ~ 270 K. Once we compare the data points at room temperature, we observe
that the fractions of elastic scatters are comparable for p-acetonitrile and p-acetone. As for Solution
T, Fig.3c, p-acetonitrile presents detectable dynamics at ~ 260 K, whereas p-toluene presents an

additional slight onset in the elastic intensity scans at ~ 185K. This temperature is close to toluene’s



melting point (178K),3¢ indicating that a fraction of this co-solvent may exist as a bulk-like
population within the sample. Still, a clear melting-freezing transition is not observed. At room

temperature, the fraction of elastic scatters is larger for p-acetonitrile than for p-toluene.
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Fig. 3. In (a), temperature-dependent neutron elastic scattering intensity scans for Solutions A and

T. The protiated compounds are indicated in the captions. The inset shows the data normalized by
the number of 'H-atoms per molecule. In (b), the data for Solution A are normalized by the data
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point at the lowest temperature, and a similar representation is shown in (c) for Solution T. For
better visualization, all the results are presented as the sums of the data collected between Q = 0.5

~1.1 A1,

Guided by the results presented in Fig.3, full QENS spectra were collected at 260 K, 280 K,
and 300 K and their dependence on momentum and energy exchange can be described as:

[(Qw) =[A0(Q)6(w) + (1 = Ap(@)S(Q,w)]®R(Q,w) +B(Q,w) “
where A(Q) is the fraction of elastic scattering, {w) is a Dirac delta function that accounts for the
elastic scattering (zero energy transfer), S(Q,w) is the model dynamic scattering function, R(Q,w)
is the instrument resolution function (details in the SI), and B(Q,w) is a linear background. In
Fig.4a, the evolutions of 4,(Q) at 300K go along with the data shown in Fig.3 (at the highest
temperatures) but with better statistics (the results obtained at 260 and 280 K are presented in the
SI). In Solution A, the immobilized (and/or drastically slowed-down) fractions of p-acetonitrile
and p-acetone are very similar and account for ~ 85% of the 'H-atoms of each compound.
Meanwhile, in Solution T, the elastic fraction of p-acetonitrile is comparable to that in Solution A
and, despite the low dielectric constant, toluene does interact strongly with the pore walls and has
~80% of its 'H-atoms solely contributing to the elastic fraction of the QENS data. Here, we can
reasonably consider that the dipolar character of acetonitrile and acetone still allows for the
coordination of Li* even when these solvents are immobilized on the carbon interfaces.’’ In
contrast, toluene’s immobilization by the AMC walls merely creates competition with charged
species for occupying the electrode pores without contributing to charge storage. Therefore,
considering the acetonitrile/co-solvent molar ratios estimated from Fig.3a (acetonitrile/toluene =
3:1 for Solution T), ~ 25% of the molecules immobilized at room temperature in Solution T do not

contribute to surface-controlled charge storage. In good agreement with these considerations, the
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surface-controlled capacitance in Solution T is ~ 24% lower than the one found in Solution A
(Fig.2a).

Turning to the dynamic scattering function in eq. 4, S(Q, w), it describes the mobile fraction of
the "H-atoms in each protiated solvent. Using the qClimax software,?® the S(Q,w) were fitted with

a single Lorentzian function:

1 I
S(Q;a)) = 7r2(Q) + w? Q)

where I'(Q) is the half-width at the half-maximum of the QENS signal, and its Q-dependence was

then fitted with a jump-diffusion model:3°

LQ) = Tioom 6)

Where # is the reduced Planck’s constant, 7 is the residence time between jumps, and D is the
diffusion coefficient. In Fig.4b, the fits of I'(Q) obtained at 300 K are shown and similar analyses
for the data collected at 260 K and 280 K are presented in the SI. In Fig.4c, the diffusivities
obtained for each solvent at 260 K, 280 K, and 300 K are displayed and do not follow a continuous
increase with temperature because motions within more constrained geometries are gradually
activated and contribute to the average detected diffusivities. Also, as elaborated further in the
manuscript, the temperature-dependent evolution of the diffusion coefficients is strongly affected
by the fraction of immobile molecules from each solvent at a given temperature. For example, in
Solution T, p-acetonitrile is only faster than p-toluene at 260 K, when a very small fraction fraction

of the molecules of the former is mobile (see Fig. S8).
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Fig. 4. In (a), the evolution of 4,(Q) at 300K is presented for acetonitrile and the co-solvents in
Solutions A and T. (b) shows the fits of I'(Q) obtained at 300 K with eq. 3 and (c) shows the
diffusion coefficients calculated for the solutions at different temperatures. (d) presents a
comparison between the diffusion coefficients calculated for the solutions under confinement at
300 K and those calculated in ref. 27 for the bulk solutions. For toluene in Solution T, two
components (fast and slow) had to be used in ref. ?7 to properly describe the QENS data.

Since our main focus is to untangle the mechanisms behind the electrochemical performances
of Solutions A and T, we mostly focus on the diffusivities at 300 K. In Solution A, p-acetonitrile
and p-acetone have very similar diffusivities, which indicates that, on average, they are either
involved in solvation complexes with similar dimensions, diffuse together as part of the same
solvation complexes, or even diffuse as free particles through similar paths within the AMC

hierarchical structure. The first two hypotheses are more plausible for various reasons. First, the
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diffusion coefficients of the neat solvents are much higher than those observed herein (e.g. ~ 40 x
1019 m?/s for acetonitrile*®). Also, the dynamics of p-acetonitrile and p-acetone are activated at
the same temperature, as shown in Fig.3b. In contrast, in Solution T, the average diffusivity of p-
toluene is nearly twice higher than p-acetonitrile’s showing that, while acetonitrile is still strongly
involved in ionic solvation, the mobile molecules of toluene are much less affected by either the
presence of ions or the electrode walls.

The above-proposed scenario is reinforced by comparing the diffusivities obtained under
confinement with those from the bulk solutions (extracted from ref. 27), as displayed in Fig. 4d. In
Solution A, the diffusivities obtained under confinement are much higher, as well as for p-
acetonitrile in Solution T (the case of p-Toluene is discussed below). While this outcome is
somewhat counterintuitive, it has been previously observed (mainly in ionic liquids)*" 4? and, as
mentioned above, associated with the large fraction of molecules immobilized by the confinement
matrix. That is, the remaining mobile molecules are prevented from interacting with the carbon
walls, which favors the increase in the measurable diffusivity. Also, as most of the solvent is
attached to the pore surfaces, the remaining mobile phases are expected to have viscosities and
solvation structures distinct from those in the bulk solutions. In particular, the higher diffusivities
under confinement suggest a partial disruption of the solvation complexes once found in the bulk
solutions, which may be critical for the ion/electrode direct interactions and the balance between
surface and diffusion-controlled charge storage mechanisms.*-4

In the case of p-toluene, our previous analysis of the unconfined Solution T showed that S(Q,
w) could not be described by a single component, even considering a stretched function.?’ In that
case, two Lorentzian functions were used and exposed the presence of a slower population of the

co-solvent, whose dynamics is influenced by the presence of ions, and a fraction of p-toluene
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performing freer and faster motions.?’ In Fig. 4d, the diffusivities of both populations are shown,
and the diffusivity obtained under confinement approaches that of the freer p-toluene molecules.
In other words, the participation of toluene in ion coordination becomes more sluggish under
confinement and this effect can be decisive in improving the diffusion-controlled charge storage
mechanisms. On the one hand, one can, for example, hypothesize that this improvement is driven
by the increase in the overall entropy of the system led by toluene’s mobility, which could favor
the transit of ions to the electrode’s surfaces. On the other hand, one could also reasonably argue
that the presented scenario with the poorly interacting co-solvent leads to a highly concentrated
acetonitrile/LiTFSI domains, whose low entropy should ultimately hinder ionic mobility.4¢ 47
Therefore, a more precise picture of this matter must be sought in future works combining
experimental and theoretical approaches.

In conclusion, we combined SPECS and QENS to understand how different co-solvents, with
low and moderate dielectric constants - toluene and acetone - influence the charge storage
mechanisms in a system formed by a concentrated LiTFSI/acetonitrile electrolyte in activated
carbon electrodes. With SPECS, we showed that the presence of acetone favors the occurrence of
surface-controlled mechanisms while toluene allows for greater contribution from diffusive-
controlled processes. These results were rationalized with QENS, which revealed that toluene does
interact with the electrode walls and competes with charged species to populate the AMC’s
hierarchical structure. In comparison with acetone, the presence of toluene in the carbon walls is
less detrimental to the interactions between the cations and the functional groups of the electrodes
and the subsequent Faradaic reactions. The discrepancies in the contributions from diffusion-
controlled mechanisms provided by Solutions A and T can also be associated with changes in the

solvation structures under confinement. On the one hand, in Solution A, acetonitrile and acetone
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are very likely to concomitantly participate in the ionic solvation, as in the bulk solution. On the
other hand, any interaction of toluene with the solvation structures is weaker under confinement
than in the bulk solution. Hence, we envisage a more drastic change in the overall configuration
of the solvation sheaths which may be crucial to promote the diffusion-controlled mechanisms.
This analysis would greatly benefit from future works combining experimental and theoretical
approaches to reveal the solvation structures under confinement and the correspondent impacts in

ions adsorption on the AMC’s surfaces.
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