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ARTICLE INFO ABSTRACT
Keywords: Solid-state batteries have attracted significant interest as promising candidates for high energy density and
Solid-state batteries safe battery technology. However, they commonly experience low ionic conductivity at ambient temperature,

Ionic liquids
Carbon nanotubes
1D confinement

which limits their power density. This study addresses this issue by developing a porous separator with
one-dimensional (1D) nanometric channels that confine non-flammable ionic liquid-based electrolytes (IL-
Tonic conductivity Li). We achieve 1D macroscopic ionic transport by confining the electrolytes within Vertically Aligned
Electrolytes Carbon NanoTubes (VA-CNT) composite membranes. Employing quasi-elastic neutron scattering techniques,
Quasi-elastic neutron scattering we conduct a multiscale analysis of the diffusive motion of both bulk and confined electrolytes. By extracting
diffusion coefficients spanning from the molecular to macroscopic scale, we gain insights into the transport
properties of IL-Li. Our results show that nanometric confinement allows to lower the operational temperature
of these electrolytes by up to 20 K compared to the non-confined electrolytes. At ambient temperature, we
show a tenfold increase in conductivity under 1D CNT confinement. Molecular Dynamics simulations shed
light on the underlying physics, showing a unique intermolecular organization of the IL-Li under confinement.
Specifically, the molecules form a core-shell structure, resulting in the creation of quasi-1D transport channels.
This study presents promising avenues for exploring the use of 1D materials in energy storage applications.

1. Introduction (100 W/kg) so that this energy can be delivered only slowly resulting

in an instant power below the expectations [1]. Accordingly, a gap

Batteries designed for electric vehicles should be able to provide appears in the Ragone Power/Energy plot because no system fulfills

both high specific energy and power. Supercapacitors deliver relatively both power and energy capabilities demanded by the transportation
high specific power densities (10* W/kg) but at the expense of the systems needs.

specific energy they can store (10 Wh/kg). At the opposite, in compar- All-solid-state lithium batteries have attracted growing attention in

the last decade [2]. Rather than liquid or gelified electrolytes, these

ison to other electrochemical storage systems, lithium batteries show . . ;
devices take advantage of the properties of solid ones. They offer

very high specific energy (300 Wh/kg) but with low specific power
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a number of benefits over their liquid-based analogs in terms of (i)
improved safety [3], (ii) extended lifetime [4], (iii) better performances
at extreme temperatures [5], and (iv) lower weight [6]. However
they usually suffer from poor ionic conductivity leading to low power
density.

Dong et al. have recently reported a significant ionic conductivity
enhancement by confining Ionic Liquids (ILs) into two-dimensional
(2D) materials-based membranes [7]. They show that under such
2D nanometric confinement the ILs diffusion behavior is remarkably
accelerated by a factor 1.5 to 5. Here, we use VA-CNT (Vertically
Aligned Carbon Nanotube, where vertically refers only to CNT growth
on its substrate) array to extend this reduction of dimensionality to its
physical limit and design a one dimension (1D) nanoporous all-solid-
state lithium battery separator. We consider two imidazolium based
ILs: 1-butyl-3-methylimidazolium bis(trifluoro methanesulfonyl) imide
(BmimTFSI) and 1-methyl-3-octylimidazolium bis(trifluoro methane-
sulfonyl) imide (OmimTFSI), both charged with 1 M of lithium
bis(trifluoro methanesulfonyl) imide (LiTFSI), hereafter referred to as
Bmim-Li and Omim-Li, respectively. In bulk, due to competition be-
tween the electrostatic and van der Walls interactions of their aliphatic
side chains, 4 and 8 carbons respectively, they spontaneously organize
in transient nanometric domains. The phenomenon is evidenced in
diffraction by a so called pre-peak in the 0.1-0.3 A~! region [8]. It is
much more clearly defined for neat Omim than Bmim and is increased
upon lithium addition [9]. This nanometric structuration forms tran-
sient energy barriers that prevent the free diffusion of charges with a
strong detrimental consequence on the anionic diffusivity [10,11]. As
they significantly differ by their physical properties, we address in the
present paper both Bmim-Li and Omim-Li based systems.

Addressing nanometric confinement of a molecular fluid within a
porous material comes to consider both the molecule and the pore
characteristic sizes, ¢ and @p,,, respectively. Confinement is a noto-
rious way to induce strong depression of the melting point (Gibbs—
Thomson effect). Below the melting point, for a crystalline material
when (@p,,, > a) the relevant parameter becomes the typical size of
a crystallite. Above the melting point, if the confined liquid can self-
organize, the relevant dimension is the one of the transient or stable
supra-aggregates the molecules can form. If their characteristic size
is larger than the pore one, new physical properties can be obtained
compared to the bulk fluid [12-14]. In this work, the frustration
of the natural self-organization of Bmim-Li and Omim-Li under CNT
confinement will serve as an additional control parameter to further
enhance the 1D transport properties.

A main challenge in confined systems is to firmly bridge the local
structure and short time dynamics to the macroscopic properties. In
an electrolyte, the transport properties, in particular the translational
diffusion coefficient and the conductivity of the ionic species, are
related by the Nernst-Einstein relation [15-17]. In this paper, we focus
on those two quantities, obtained experimentally by using Quasi-Elastic
Neutron Scattering (QENS), Pulsed Field Gradient NMR, and conduc-
tivity measurements. First, we describe the preparation of the 1D CNT
nanoporous membrane and how IL based electrolytes (designated as
IL-Li) fill the CNT pores. Then, QENS show a downshift of the melting
temperature of the IL-Li and an increase by a factor of 2 of the IL
dynamics. The ionic conductivity of Omim-Li is found to be enhanced
by an order of magnitude under CNT confinement. This two results
improves considerably the performances of IL-Li. Finally, Molecular Dy-
namics (MD) is used to support our interpretation of the experimental
results. While our previous study focused on the translational diffusion
coefficients of neat IL at room temperature [18], this work directly
addresses the ionic conductivity of electrolyte relevant for battery
applications: IL charged with lithium salt under CNT confinement.
Moreover, based on the MD simulations we speculate on the physical
reasons behind the enhanced conductivity and provide insights into the
confining geometry required to achieve such properties.
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2. Experimental section
2.1. CNT membrane synthesis

VA-CNT arrays were synthesized by chemical vapor deposition
(CVD) via the two-step catalyst-supported technique. A 1-nm-thick
iron catalyst thin film is first deposited by e-beam evaporation on an
alumina-covered silicon wafer (10 nm thick alumina by atomic layer
deposition). For the growth of high areal density VA-CNT array on this
substrate, an original implementation of hot-filament-assisted CVD in
which the filaments are made out of carbon was used with acetylene
carbon precursor. As reported elsewhere [19], this specific process
allows the growth of high density arrays of small diameter multiwall
CNTs which are not obstructed by internal graphenic walls and thus
well suited for 1D macroscopic ionic transport [20]. The fabrication of
nanoporous composite membrane starting from the supported VA-CNT
array is described in the main text.

2.2. Electrolytes

BmimTFSI (> 99.5%) and OmimTFSI (> 99%) were purchased from
Iolitec, stored under Ar and used as received in a glovebox. LiTFSI salts
(> 99.95%) were purchased from Sigma Aldrich (Merck) and dried over
night in a buchi glass oven under vacuum, before entering the glovebox
under argon atmosphere. The O, and H,O content was less than 10 ppm
and 1 ppm, respectively. The electrolytes were prepared as followed. In
a sealed vial, on a stirring hot plate, 2.87 g of LiTFSI were solubilized in
10 mL of ionic liquid to reach a molar concentration of 1M. After solu-
bilization, a tri-neck round bottom flask linked to a vacuum pump was
filled with the electrolyte. The CNT membranes were then immersed in
the electrolyte and the flask was put under vacuum for 1 h. The excess
electrolyte is then removed by gently patting it dry. This methodology
is used for QENS, NMR, and conductivity measurements.

2.3. Raman scattering

Raman analysis were conducted with a Renishaw In Via confocal
micro-Raman system in backscattering configuration with 0.5 NA (nu-
merical aperture) objective. Laser excitation at 785 nm was used with
low power on the sample to prevent sample heating or degradation
(< 0.25 mW/pm?). The spatial resolution of ~ 2 pm allows localized
interrogation of CNT-rich area of the membrane cross sections.

2.4. NMR

NMR experiments were performed at 9.4T, with a Tecmag spec-
tometer equipped with a DOTY PFG probe. Membranes materials were
cut in small square shape elements (around 3 mm x 3 mm) which
are stacked inside a standard 5 mm NMR tube. Measurements have
been performed with CNT tubes oriented parallel and orthogonal to
the magnetic field, and very few differences are measured, then only
parallel spectra are presented and discussed.

2.5. Neutron imaging

Neutron Imaging experiments were performed on NeXT at ILL.
Strong contrast enhancement can be achieved by selectively replacing
hydrogen by deuterium within the target structure. We have prepared
a VA-CNT membrane with deuterated polystyrene (PS-D), while the IL-
Li were hydrogenated. Two samples have been prepared at the same
time under the same conditions (duration, temperature, drying time):
the deuterated VA-CNT membrane with pores open on both side and a
PS-D “only” membrane, used as a reference. The samples are measured
successively in the same measuring aluminum cell. For each of them,
the neutron intensity is measured over time, after an IL-Li drop is
deposited on the top of the membrane. Home made experimental cell
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Fig. 1. (a) Schematic process of a porous composite membrane manufacturing. The porous moiety is the CNT cores. (b) Pictures of wafer and tip side of a real membrane. (c)

SEM image of the membrane showing the VA-CNT embedded in the polymer matrix.

was used to hold the membrane parallel to the beam (see Figure S1).
The IL-Li drop is added on one side while pumping (pressure 100 mbar)
on the other side. Tightness is guaranteed by Teflon o-ring on each
side of the membrane. Neutron imaging pictures have been corrected
by Flat data (Flat Field Correction: measure without sample) and Dark
data (Dark Field Correction: measure with no neutrons) as follow: I =

(Iraw - Idark)/(Iflat - Idark)'
2.6. QENS

QENS experiment were performed on the following spectrometers:
SHARP at ILL (time-of-flight spectrometer, resolution 70 peV) [21,22],
IN16B at ILL (backscattering spectrometer, resolution 0.7 peV) [23,24],
WASP at ILL (neutron spin echo spectrometer) [25], and NEAT at HZB
(ToF, 100 peV and 30 peV resolutions) [26,27]. Bulk ionic liquids were
sealed with indium joints in annular aluminum containers, while CNT
membrane were sealed in specifically designed aluminum flat container
to probe the dynamics alongside or perpendicular to the CNT (Fig. 5)
[18]. ToF and BS acquired data were converted to S(Q, ®) spectra using
the Mantid software [28], and Igor for WASP [29]. The treated data are
then fitted with home developed QENSH software. Resolution function
were measured at 2 K on WASP where we used TiZr (flat and cylindrical
according to the sample geometry).

2.7. Molecular dynamics simulations

The MD simulations were carried out with a force field from the
literature and a rigid carbon nanotube, interactions between the nan-
otube and the ionic liquid being described by repulsion-dispersion
interactions in using a Lennard-Jones potential, in which the cross-
parameters o;; and ¢;; between atom types k and j are obtained from
the Lorentz—Berthelot mixing rules of like-atom pairs (Lennard Jones
parameters for C: ¢ = 0.055642 kcal mol~!, o = 3.40 f\) [30,31]. The
simulations were carried out at 500 K in order to obtain an equilibrium
regime and Fickian dynamics for reasonable trajectory durations. The
trajectories were calculated for durations of 25 to 50 ns, with a step of
1 fs. Details are similar to those in the literature [9,32,33].

3. Results and discussion
3.1. Membrane preparation and characterization

In this work, we use a nanoporous composite polymer membrane to
design a system offering 1D diffusion pathways for an electrolyte. Its
synthesis and fabrication process has been described elsewhere [18]. It
is summarized in Fig. 1. The key and basic component of this system
is a VA-CNT array obtained by CVD (Chemical Vapor Deposition) onto
a silicon wafer [20]. The intertube void space is soaked by a polymer
solution composed of toluene and high molecular mass (350 kg mol™!)
polystyrene (PS) and then slowly (24-48 h) dried under vacuum. After
complete drying, the membrane is detached out of its growth silicon
support. At this stage, while all the CNT are open on the wafer side,
the CNT tips are closed and covered by a polystyrene excess. In order
to open the CNT and remove the PS excess, we carry out mechanical
abrasion of the tip side of the membrane. At the end of the process we
typically achieve 1 cm? membrane with a thickness of 100 pm.

3.2. Localization of the electrolyte within the CNT pores

Falk et al. have shown that in the case of CNT confined water, the
friction coefficient driving the long range transport properties exhibits
a strong curvature dependence: it decays with CNT radius for water
inside nanotubes, but increases for water outside the nanotubes [14].
As our goal is to enhance the transport properties of the electrolyte, we
have therefore paid special attention to make sure that the electrolytes
are confined inside the CNT pores and not outside ie. not in the
polymer moiety of the membrane. This point has been investigated by
the alliance of neutron imaging, Scanning Electron Microscope with
Energy Dispersive X-ray Spectroscopy (SEM-EDX), Raman spectroscopy
and Pulsed Field Gradient Nuclear Magnetic Resonance (PFG-NMR).

3.2.1. Nuclear magnetic resonance

In order to probe only the signal of the IL-Li protons, the NMR mea-
surements have been conducted on membranes made of deuterated PS.
With respect to the bulk, confinement leads to a major modifications of
the NMR spectra: a strong increase of the linewidth. This is a general
trend observed for molecular liquids under confinement [34]. A modi-
fication of the chemical shift (Fig. 2) is also noticeable in particular for
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Fig. 2. 'H (a), "Li (b) and '°F (¢) Omim-Li NMR spectrum at 300 K. The blue curve corresponds to the bulk Omim-Li, the confined signal is shown in orange. In the case of °F,
the very broad signal corresponds to a component of the probe (Teflon). The confined signal filtered by the field gradient measurement is shown in green.

1H and !°F. Both effects are related to the intimate proximity of two
medium (ionic liquid electrolytes and CNT nanotubes) with different
magnetic susceptibilities, inducing an inhomogeneous magnetic field
as well as strong magnetic gradient at interfaces. Moreover, ions at
interface may experience anisotropic interactions, resulting in modified
dipolar interactions and an increase in linewidth.

In the “filtered by field gradient measurement”, the NMR spectrum
is recorded after a specific diffusion coefficient measurement sequence
and therefore modulated by the relaxation times T; and/or T, of the
considered nuclei. The filtered signal is much weaker than the standard
one. This difference corresponds to all the nuclei which relax quickly
because of a lower mobility. While these NMR experiments show a clear
signature of confinement, due to very short 7, relaxation processes,
reliable diffusion coefficient measurements of the three nuclei under
investigation can nevertheless not be achieved. The shortening of the
relaxation time compared to the neat IL under confinement is due to
the addition of a significant amount of LiTFSI salt.

3.2.2. Neutron imaging

Neutron imaging (for a review in the field of batteries see [35])
is a non-destructive imaging technique using a white neutron beam
to produce images of a material structure with a resolution of the
order of 10 pm (7 pm in our case). The sample is enlighten by a
neutron beam. By interaction with the sample, incident neutrons can be
scattered or absorbed. Both processes are strongly isotopic dependant.
In the context of this work, we use the strong difference of (i) the
cross section of absorption of hydrogen, deuterium and empty CNT:
6,(H) = 0.0 barn while ¢,(D) = 0.3 barn, and (ii) of their incoherent
scattering cross-sections: o;,.(H) = 82 barn while 6,,.(D) = 7.6 barn.
The absorbed and scattered neutrons from the air inside the empty
CNT is negligible. A membrane, where the polystyrene moiety is fully
deuterated, is horizontally tightly hold between two jaws and topped
by a reservoir of 1 mL of bulk hydrogenated Omim-Li (Fig. 3 and S1). A
vacuum system placed underneath the membrane generates a pressure
of approximately 100 mbar on its underside. The time dependence of
the intensity detected by the CCD camera is shown in Fig. 3c and S3:
as a function of time the transmitted intensity decreases. The same
experiment is reproduced using a deuterated polystyrene film used to
make the very same CNT membrane ie. this membrane contains no
CNT. In this case, the intensity remains constant over time. For the
CNT membrane, the intensity loss is therefore solely due to imbibition
of the hydrogenated Omim-Li. At the end of the process, drops of IL-Li
can be seen on the bottom side of the membrane (see also Figure S2
for snapshots at different acquisition time). This is a strong evidence
that (i) the composite membrane polymer moiety is free of any IL-Li
and that (ii) the IL-Li is only confined in the CNT interior.

3.2.3. SEM-EDX and Raman spectroscopy

Prior to observation, a membrane has been filled with Omim-Li
(Fig. 4 a,b) by vacuum imbibing. Fig. 4b shows a typical SEM image
of a 100 pm thick membrane used for the identification of the location

of the IL-Li. Different type of surfaces can be clearly distinguished. The
region of the membrane seen in perspective (orange line), has been
obtained by a simple scalpel cut. This type of treatment induces a
very high roughness so that the details of the structure are too blurred
to be analyzed over the full height. The front view surface (green)
has been obtained by cryo-ultra microtomy. The clear cut results with
no apparent roughness and produces a high quality image perfectly
adapted to a detailed morphological and elemental analysis.

Two different moieties can be observed: some made solely of PS and
others composed of VA-CNT bundles embedded in PS. These two phases
correspond to a destructuration induced by the capillary densification
of the CNT network upon the PS solution pouring onto the neat VA-CNT
arrays. This process can actually be detected by eye at the moment of
the pouring.

While in the pure PS (CgHg) region, EDX detects only carbon atoms
(Figure S4), it highlights the presence of heavy atom in the CNT rich
moieties: O: Oxygen, Sulfur: S, Fluorine: F (also shown as a mapping in
green and red colors in Fig. 4c and Fig. 4d, respectively).

Different areas of the membrane containing VA-CNT and PS, as
detected by an optical microscope integrated into the Raman spec-
trometer have been analyzed. The Raman spectra of these different
zones are illustrated in Fig. 4e. Polystyrene, LiTFSI and VA-CNT are
detected in the same area. This confirms the coating of the bundles by
PS and the associated presence of LiTFSI. It should be noted that no
significant spectral modifications were observed between the reference
spectra of these three components (Figure S5) and their corresponding
contributions in the composite membrane (Fig. 4e). By integration
of the characteristic peaks, a quantitative analysis of the different
contributions is possible: Fig. 4f shows a strong correlation between
the presence of VA-CNT and LiTFSI.

3.3. Transport properties by quasi-elastic neutron scattering

The NMR, neutron imaging, SEM-EDX and Raman scattering exper-
iments shown in the previous section, independently lead to the same
and key conclusion: Omim-Li is not confined within the PS moiety but
only in the 4 nm diameter VA-CNT. The same conclusion is obtained
for Bmim-Li (not shown). Note that the above mentioned techniques
do not have spatial resolution to refute that a small fraction of IL-Li
could diffuse on the outside wall of the CNT. Due to interaction with
the polymer matrix and convex curvature of the CNT, this hypothesis
seems unlikely and could not explain the enhanced conductivity [14].

The transport properties of the IL-Li under 1D confinement can
therefore be addressed. The classical technique to probe such quantities
is PFG-NMR. At 300 K, in bulk, the self-diffusion coefficient of Omim-Li
cation, Dgp, s, is found to be 1.6 + 0.3 x 10~ cm?/s. Unfortunately, in
the confined case, we have faced a very short 7, time, as commonly
observed for confined liquids. As a consequence, it has not be possible
to assess the translational self-diffusion coefficients of the confined
species at the micron scale.
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This quantity has then be measured by Quasi-Elastic Neutron Scat-
tering (QENS) [36]. QENS is a powerful experimental technique to
probe the dynamics of atoms and molecules at the atomic and molec-
ular scale. The sample is enlighten by a monochromatic neutron beam
and as in all scattering technique, a structure factor, S(Q) is measured.
Alongside with this structural information, in QENS, the energy of
the scattered neutrons is also recorded giving rise to the dynamical
structure factor S(Q,w) [37].

The neutron scattering process is driven by a nuclear interaction
so that strong isotopic effects can be used. Here, the IL moiety is
fully hydrogenated. As a consequence, the recorded scattering signal
is mainly incoherent and gives insight on the IL cation dynamics at the
ps to ns timescale, and in particular on the self-diffusion coefficient,
as probed by the individual dynamics of IL protons. As it is closely
related to the ionic conductivity by the Nernst-Einstein relation, we are
interested in a single quantity: the translational diffusion coefficient of
the IL.

3.3.1. QENS: multi-scale dynamics of bulk and CNT confined Omim-Li
In this work, we have used a suite of different neutron spectrometers
to probe the electrolyte on a broad dynamical range (from ps to ns).

To analyze the cation dynamics in details, the dynamic structure factor
S(0, ) has been measured at 320 K on a extended time scale ranging
from 0.1 ps to almost 10 ns (5 orders of magnitude) for both bulk and
confined Omim-Li, by combining time-of-flight (ToF), backscattering
(BS) and Neutron Spin Echo techniques (NSE).

We have recently shown that IL nanostructuration induces scale
dependent transport properties [39]. Due to spontaneous transient self-
aggregation process of IL in bulk, the cation dynamics requires a
multi-scale analysis to be depicted from the ps to the ms [40]. The
model proposed by Ferdeghini et al. describe the alkyl-chain dynamics
(rotations and tumbling) and the multi-scale diffusion of the cation:
confined diffusion within an aggregate, nanometric diffusion between
aggregates and self-diffusion at the micrometer scale. These indepen-
dent processes are depicted for the bulk IL-Li in Fig. 5. It shows the
intermediate scattering function /(Q, ) obtained for bulk Omim-Li ob-
tained following the fitting procedure described in the Supplementary
Materials:

1(0, t)carion = 1,(0) exp(*T/TSDiff(Q)) +1,(0) exp(—t/r,m,w(Q))
+ 13(Q) exp(/710c@) 4 1, (Q) exp~/7s(@) 6))
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cm?/s) are shown. The cartoons on the right (adapted from [38]) illustrate the diffusion processes inside or in between the transient IL aggregates. The time and spatial scale
probed are indicated. Analysis for extra Q values are shown in Figure S6, S7, S8 and S9. (e) S(Q,w) spectra of OmimTFSI 1M LiTFSI under CNT confinement at Q = 0.7 A-1. The
contribution of the alkyl chains rotation and localized diffusion coefficient are unchanged under CNT confinement (Figure S10), but D,,,,ecyr is found to be 40% higher than in

bulk.

where 7, = h/I;, with i = loc, sc and 7; = A(D;Q?)~! with j = nano,
SDiff. The fitting procedure follows the methodology developed by
Ferdeghini et al. [40].

The model described accurately the data set from 1 ps to 10 ns
(Fig. 5). A precise determination of the nanometric diffusion of the
cation in bulk can be inferred:

Do = 1.0+ 03 x 107 cm?/s. The localized dynamics of the
cation is found to be unchanged compared to its bulk analog (Figure
S11). Following a similar strategy to analyze the QENS data of confined
Omim-Li (see the Supplementary Materials for details), D, ,,ecnt 1S
found to be increased by a factor 1.4 (Figure S11). This result seems
to show that motions on a scale smaller than the nm are not impacted
by the CNT confinement. It is important to note that, in many cases,
nanometric confinement results in a slowdown of molecular dynamics,
often due to factors such as interactions with the confining matrix and
increased tortuosity [41,42].

3.3.2. Confinement effect: activation of the dynamic at lower temperature

Because of the competing contributions from incoherent scattering
(primarily from the IL cation) and coherent scattering (mainly from the
PS-d matrix), the combination of multi-resolution QENS to study the
dynamics of confined IL-Li cannot be applied over the same extended
time range as in the case of the bulk material. However, in such a
situation, one can use a way-out to assess an accurate value of a dif-
fusion coefficient: a Inelastic Fixed Window Scan (IFWS) strategy. This
is a powerful method to get an overview of the dynamical processes at
play in a system alongside with their activation energy. The neutrons
scattered with a given energy transfer (here 2 peV, corresponding
to dynamical modes with a characteristic time of about 300 ps) are
measured upon a slow temperature ramp from 4 to 300 K in 12 h (0.5

K/min). At a given temperature, when a dynamical process activates,
the scattered intensity increases until it reaches a maximum. Heating
further, the dynamical process becomes too fast to be detectable at
the considered energy transfer (here 2 peV) and the scattered intensity
decreases [43].

Fig. 6 shows the data for both bulk and CNT confined Omim-Li and
Bmim-Li at Q = 1.26 A~1. For both electrolytes, in bulk and under
confinement, two broad peaks appear (slightly overlapping), centered
around approximately 175 K and 280 K. The one at low temperature is
non dispersive with Q, i.e. is non Q dependent (the O dependency of the
IFWS is shown in Figure S12-S13). This process is commonly attributed
to the activation of the alkyl chain rotation and is not relevant in the
present study [44,45].

The peak at higher temperature is dispersive with Q, i.e. O depen-
dent for both electrolytes, in bulk and under confinement, revealing
an underlying diffusive behavior. Interestingly, this dynamical process
activates at lower temperature (15-20 K, see AT in Table 1 and Fig. 6)
under CNT confinement than in bulk. This is a strong evidence of a
confinement effect at the nanoscale, consistent with a faster mobility
around room temperature under CNT confinement. This finding is
crucial for battery applications requiring operation below 0°C.

Next to the qualitative conclusion above, IFWS is also a powerful
quantitative method for determination of diffusion coefficients. Fol-
lowing Frick et al. [43,44], the diffusive process can be quantified
according to:

I'(T)
I(T)? + w?

I,(T)

TIFWS _ A
I (T)? + w?

+C 2)

ff ff

where I'y and I, are the HWHM of the two distinct dynamical processes
observed in Fig. 6 as broad peaks (centered around 300 K and 175 K,
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Fig. 6. Inelastic intensities, S(Q = 1.26 Alo=2 peV) of OmimTFSI 1M LiTFSI (top) and BmimTFSI 1M LiTFSI (bottom) in bulk and under CNT confinement. (a) The light
and dark gray areas highlight two dynamical processes centered around 175 K and 280 K, respectively (see text). Data are normalized to 1 for comparison. IFWS measured at
Q = 1.26 A~!: bulk and confined Omim-Li (a). Data of bulk (b) and confined (c) Omim-Li are fitted with two Lorentzians (dashed lines). The red Lorentzian corresponds to the
rotations of the alkyl chain and methyl groups of the cation. The green Lorentzian corresponds to the diffusive mechanism of the cation. d, e, f: similar plots for bulk and confined

Bmim-Li. Fits at 3 Q values for both IL-Li are shown in Figure S12-S13.

Table 1

Diffusion coefficients at 300 K and activation energy obtained fitting the IFWS data
with Eq. (2) for both electrolytes, in bulk and under confinement. D¢y;/Dp,, AT
(temperature difference between the maximum of the IFWS peaks in bulk and under
confinement), and E, are given.

Sample Dyyy 1077 em?/s Dent /D E, (meV) AT (K)
Omim-Li Bulk 2.5+ 0.2 183 + 3

Omim-Li @CNT 44 +£0.2 1.9 + 0.3 180 + 4 20 + 10
Bmim-Li Bulk 2.5+ 0.2 190 + 5

Bmim-Li @CNT 4.0+ 0.2 1.6 + 0.3 185 + 5 15+7

respectively), A and B scaling factors, o, ,, the energy transfer of the
scattered neutrons (here 2 peV, C a flat background. We assume that the
two dynamical processes follow an Arrhenius behavior. The dispersive
signal centered around 300 K accounts for a Fickian diffusion and can
be accounted for by I';(T') where (I, = DQ?), while the non dispersive
follows:

-E
— a1
D(T) = D;,r X exp ( T > 3
_EII
Iy(T) = I,y X exp ( P ) “

where D;,, and I},, are the high temperature limit of D and I3,
respectively.

Fig. 6, shows fitted IFWS data of bulk and CNT confined electrolytes
(see Supplementary Materials for details). The fitting parameters are
given in Table 1. We have explained above why the QENS analy-
sis measure of the bulk diffusion coefficient is of the order of 10~>
and 10~ cm?/s at 320 K while it is in the 10~7 cm?/s by NMR.
Here, we have chosen only two Lorentzians to describe the multi-
scale dynamics involving four types of motions according to the QENS
analysis. Therefore, the IFWS diffusion coefficients values should not be
considered as absolute. They can nevertheless be used as relative values
to lead to conclusions on physical behavior on samples measured in the
exact same conditions. This is the case in all the samples reported in
Table 1. The translational diffusion coefficient at 300 K is higher under
confinement by a factor of the order of 2+0.3 for both IL-Li in the time
range of few hundreds of ps. It is in good agreement with the QENS
results obtained in Section 3.3.1.

3.4. Ionic conductivity

EIS (Electrochemical Impedance Spectroscopy) is commonly used to
determine the ionic conductivity of an electrolyte. However, as the CNT
are electrical conductors we chose an alternative strategy to measure
the conductivity of the confined electrolytes at ambient temperature.
The ionic current through the CNT pores has been measured while
applying a series of potential (2 to 4 values) across the membrane to
determine the overall resistance of the system and the corresponding
conductance (Fig. 7). To isolate a smaller number of CNT pores and
ensure that the contribution of the confined electrolyte dominates by
orders of magnitudes the overall resistance (outweighing contributions
from bulk reservoirs and electrodes), a hole was precisely created in
the membrane using a Focused Ion Beam (FIB) technique. By refining
the parameters of the FIB, holes less than 100 nm up to several microns
could be obtained. Prior to the FIB attack, a reduced area (few mm?)
was opened using sandpaper in order to maintain mechanical reinforce-
ment around the contour of the membrane, ensuring additional solidity
during measurements in the cell. A thin layer of silver of approximately
200 nm was then deposited on this area (Fig. 7a). This layer of silver
has a dual role, it allows the upper part of the membrane to be closed
and also to ensure good dissipation of charges during the use of the
heavy beam, (allowing good focusing of the beam and thus holes of
controlled size and small diameter) (see Table 2).

The transport of the electrolyte within these open CNT are the
limiting factor of the measured current. The contribution of the bulk
electrolytes resistances (in the range of 103 Q for Ry(,) are negligible
compared to the one attributed to the electrolytes through the CNT (10°
-108 Q for Ricjecnt)- The sample is inserted between two reservoirs,
each equipped with Ag/AgCl electrodes. Electrolyte tightness is ensured
by O-rings positioned on either side of the membrane. We apply a
DC voltage and we obtain a current response, making it possible to
calculate the conductance noted G, which is related to the surface of the
open CNT, the length of the CNT, and the electrolyte ionic conductivity
(Eq. (5)).

We first measure the conductance of a reference 2.1072 M KCl
solution under CNT confinement, Ggc;ecnr, Which we consider not
impacted by nanometric confinement. This value can be considered as
a normalization factor standing for the active surface area of opened
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Fig. 7. (a) Cut view of the electrochemical set-up. The CNT membrane is pressed between two o-rings, with reservoirs containing the electrolyte and Ag/AgCl electrodes on
each side. (b) Picture of the 1 cm?> CNT membrane with silver deposition. (c) SEM image of hole made by FIB on the silver. d) Current measured as a function of time:
Gomim—r1i @cnt = 1.52% 1070 S. In the same conditions Ggcjecnr = 143 X 107 S leading to op,m_riecnt = 2-9% 1073 Scm™ and Gain = 7.9.

Table 2

SEM images of the CNT membrane open by FIB, open surface area. Conductance (G) under confinement of KCl and Omim-Li. Omim-Li
conductivity under confinement and conductivity gain (when compared t0 6 m_1; pux = 3-66 X 107 S/cm).

SEM image Open surface Gger Gomim-Li O Omim—Li Gain
(em?) ) S) (mS cm™1)

9.62 x10710 3.47 x107° 1.43 x1078 11.1 30.4

3.71 x1077 5.21 x1078 1.67 x1077 8.66 23.7

/ eF 8.10 x1077 1.32 x1078 1.47 x107% 3.00 8.19

n ' d 9.00 x10~7 1.43 x107° 1.52 x107° 2.87 7.84

admmt 24 ]
1.00 x107¢ 1.37 x107¢ 1.68 x107° 3.30 9.02

CNT, S¢y7, and their length, Loy = 100 pm. This value is therefore
used as a reference to determine S.y (given in Table C.2):
_ Gkciecnt X Lent

Seng = —KCI@CNT = ZCNT. (5)
OKCI bulk

The same membrane is then thoroughly cleaned with distilled wa-
ter, dried under a secondary vacuum, and subsequently immersed in
the Omim-Li electrolyte. The ratio Ly y7/Scyr beeing constant for KC1
and Omim-Li, the conductivity of the confined electrolytes writes:

_ okcl bulk X Gomim-Li@CNT
OOmim-Li@CNT = G (6)
KCI@CNT
where ogc; pux = (2.7 £0.1).1073 S em™L.
The conductivity gain is defined as the ratio of confined and bulk
conductivity:

Gain = 60yim-ri@CNT/COmim—Li bulk ™

where 6opimri pax = (3.7 £ 0.1) x 107* S cm™! (measured with a
Jenway™ conductivity cell). On average, at room temperature, on 5
different membranes with large variation of opened CNT areas, we
find a conductivity gain of 16 + 9 (see Table 2 for hole size, conduc-
tance, conductivity and gain for each measurements). This remarkable
outcome aligns with the trend observed at the molecular scale, where
charge transport properties are enhanced under CNT confinement. On
the macroscopic level, this effect is dramatic, resulting in a tenfold
increase in conductivity. To get insights in the underlying physical
mechanisms, we conducted Molecular Dynamics (MD) simulations.

3.5. Molecular dynamics

All the techniques used so far in this study only provide a partial
probe of the different dynamical processes and an average view of the
physical processes at work in the system. MD can offer an intimate view
of these phenomena, in particular of all the individual components.

These molecular dynamics simulations are used to extract the radial
density inside the 4 nm diameter CNT tube (Fig. 8), which is longer
than the size of the molecules and the nanostructure (Bmim ~ 0.8 nm,
Omim ~ 1.3 nm, TFSI ~ 0.6 nm, nanosegregation ~ 1.8 nm) [10,46].
This representation highlights a particular distribution of the different
moieties of the Bmim-Li. The latter are organized in a concentric zone
on the internal wall of the CNT. This core shell cylindrical organization
delineates preferential zones for ions and in particular lithium diffusion.
Despite a modified nanostructure, the radial distribution functions
show that the local environment of ions is almost not altered by the
confinement (Fig. 8c). This is perfectly in line with QENS that showed
no modification of the fast localized dynamics at the molecular level
Figure S10.

As discussed in Section 1, the ratio @p,,./a (here ~ 2) is a crucial
parameter when addressing nanoconfinement. Reducing this ratio can
be achieved either by increasing the alkyl chain length or by decreasing
the pore diameter. For Omim-Li, which exhibits a more pronounced
bulk nanostructure due to its longer alkyl chain, we can expect a
similar or even more pronounced distribution of components compared
to Bmim-Li. Furthermore, when decreasing the CNT diameter, Pensado
et al. have demonstrated a more defined core-shell structure in Bmim
base IL [47]. In both scenarios, the disruption of IL-Li’s natural self-
organization could potentially create well-defined channels that further
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Fig. 8. (a) Cross section of a CNT filled with BmimTFSI 1M LiTFSI and (b) corresponding radial distribution (normalized to 1) of the electronic density of Bmim, TFSI and Li. (c)
Comparison of the radial distribution function G(r) of Bmim-Li in bulk and under CNT confinement.

enhance lithium diffusion. This hypothesis might explain the tenfold
increase in ionic conductivity observed in the previous section.

4. Perspectives

The CNT membrane we have developed so far could be optimized,
and we have identified several key possible improvements. After syn-
thesis, the CNT forests exhibit a relatively low surface density (around
5%. However, using a densification process described in the literature
[48], it is possible to increase the surface density of the CNT forests
to 80%. This is a crucial step for maximizing the amount of confined
electrolyte. Additionally, minimizing the reorganization of the neat VA-
CNT that occurs during the pouring of the PS matrix onto the CNT
network would be advantageous (Fig. 4a). To address this, we have
proposed an additive synthesis step to maintain the CNT tips before
pouring [49,50].

A critical requirement for using CNT membranes as battery sep-
arators is to prevent any short-circuits. This could be accomplished
through chemical grafting of the CNT, which would modify their sp?
hybridization. In the case of multi-walled (MW) CNT, such chemical
modifications would only affect the outer CNT layer, while the inner
CNT within the MW assembly would retain their electronic conduc-
tivity. To address this issue, in the current project, poly-IL chains
have been grafted onto the CNT caps using the grafted from method.
This approach ensures both efficient ionic conduction at the CNT pore
entrances and electrical insulation at the CNT/electrode interface. We
have verified that this nanometric layer effectively prevents electrical
shorts between the electrodes [51]. This work, which extends beyond
the scope of this paper, will be published elsewhere. Additionally, a
patent has been filed on the solid-state battery separator membrane
presented in this study [49,52].

While the observed one-order-of-magnitude improvement in ionic
transport properties offers a clear advantage for enhancing specific
power, it is important to note that this gain could be compromised at
the electrodes. A promising strategy to further boost the performance of
lithium metal batteries involves the use of VA-CNT-based 1D electrodes
[53]. Combining these 1D electrodes with the 1D separator could
enable the creation of an entirely 1D lithium metal battery system,
potentially addressing the current gap in the Ragone plot by delivering
both high power and high energy density in batteries.

5. Conclusion

We have developed a polymeric nanoporous composite membrane
based on VA-CNT forests. The porosity of this system originates from
a network of parallel CNT oriented perpendicularly to the membrane
surface, creating 1D diffusion pathways for ions. Through PFG-NMR,
neutron imaging, SEM-EDX, and Raman scattering analyses, we have
demonstrated that the imidazolium based IL (BmimTFSI and OmimTFSI)
charged with 1M LiTFSI do not infiltrate the PS component of the
membrane. Instead, these IL-Li are confined solely within the 1D porous

network formed by the interior of the CNT. It has been further con-
firmed by observing an activation of the dynamics at lower temperature
under confinement through neutron IFWS.

We conducted an innovative conductivity characterization using
a patch-clamp inspired method. Our findings reveal a significant en-
hancement in the ionic conductivity of Omim-Li when confined within
1D CNT membranes, demonstrating an order of magnitude increase
compared to the bulk situation. To understand the underlying mech-
anism of this phenomenon, we performed a multi-scale study of the
IL-Li dynamics in both bulk and confined state, combining PFG-NMR
(pm / ms) and neutron scattering techniques (QENS, NSE: ps - ns /
A- nm). At the molecular level, we observed a twofold increase in
the nanometric translational diffusion coefficient of the cation, along
with a shift in the activation of IL-Li dynamics, occurring 10 to 20
K lower than in the bulk. This observation holds great potential for
enabling high-performance batteries that can operate efficiently at
lower temperatures.

Molecular dynamics results strongly indicate that the observed con-
ductivity gain could be attributed to a significant reorganization of the
electrolyte under confinement. The electrolyte is organized along the
axis of the CNT and forms concentric cylindrical domains. The low
density zones could creates preferential pathways facilitating enhanced
lithium-ion conductivity. Although the VA-CNT membranes presented
in this work demonstrate significantly improved conductivity, their
high production costs could represent a barrier to their commercial
viability for consumer applications. Our primary objective here is to
emphasize the concept of 1D nanometric confinement combined with
macroscopic orientation. We propose that nanoporous composite mem-
brane composed of macroscopic 1D diffusion channels loaded with
non-flammable electrolytes represent a promising separator for next
generation “all-solid-state” batteries.
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