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Abstract

Ionic liquids (ILs) are a promising class of electrolytes owing to a unique combination of properties, such
as extremely low vapour pressures, non-flammability and being universal solvents. Doping ILs with alkali
metal salts creates an electrolyte that is of interest for batteries, among others. These salt-in-ionic liquids
(SilLs) are a class of super-concentrated, strongly correlated and asymmetric electrolytes. The
transference number of the alkali metal cations has been found to be negative, owing to the small but
highly negatively charged aggregates which form between alkali metal ions and the anions. Here, we
investigate Na-based SilLs with a surface forces apparatus and by atomic force microscopy. We find
evidence of confinement induced structural changes, giving rise to unprecedented long-range (non-
exponentially decaying) interactions. This observation is supported by the soft structure revealed by the
force curves, and supplemented by theory and simulations. The long-ranged interactions in SilLs are
reminiscent of polymer-like interactions, suggesting analogous high aspect ratio aggregates at the mica
interfaces, rather than a purely electrostatic origin. Remarkably, our aggregation framework and
conclusions can also explain the negative transference number, often observed in these systems by the
battery community.

Significance statement

Ionic solutions with high concentrations play a pivotal role in next-generation energy storage
technologies. To extend the current limited understanding, we study a salt-in-ionic liquid— liquid
composed solely of ions— using complementary force measurements, theory and simulations. We show
that ions aggregate in soft elongated large clusters that cause a long-range interaction that is not purely
electrostatic. These results provides experimental and theoretical evidence that the earlier proposed dilute
electrolyte electrolyte model is insufficient. This new way of envisioning concentrated ionic solutions
has also implications on conductivity, intercalation and solid electrolyte interphases, which are crucial for
battery operation. Hence, our findings pave the way for a new perspective on concentrated ionic solutions,
offering insights that will advance energy storage applications.

\Main text

Introduction

Ionic liquids (ILs) are a highly promising class of electrolytes for myriad applications, from energy
storage to solvents for reactions and lubrication.(1-3) These electrolytes, in their pure form, only comprise
of ions, which gives rise to a unique combination of properties, such as being non-flammable and
electrochemically stable.(4) Despite these compelling traits, ILs are limited in their direct use in battery
applications, mainly owing to the cations being too large to intercalate into graphite layers and their high
viscosity which leads to only moderate conductivity. (5, 6) Doping the IL with alkali metal (Li" or Na")
salts bearing the same anion as the host IL, a concept known as salt-in-ionic liquid (SiIL), has the
potential to benefit from the desirable properties of ILs for battery applications, where issues with
electrochemical stability and flammability have persisted, (4-6) while still maintaining the conductivity of
the active metal cation. (7-9)

ILs have been shown to undergo structural changes in the presence of alkali metal salts.(10-12)
Electrophoretic NMR and atomistic simulations of SilLs have revealed that the alkali metal cations at
small mole fractions have negative transference numbers.(8, 9, 13) Transference numbers —i.e., the ratio
of the electric current derived from the cation to the total electric current— are typically within 0 to 1, and
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values deviating from 0.5 are often explained by cation/anion size asymmetries. To explain negative
values, however, strong correlations between the IL anion and the metal cation are invoked.(7-9) At small
mole fractions of Na/Li salts, the IL anions greatly outnumber the metal cations so that Li"/Na" are
completely solvated by IL anions, resulting in small, highly negatively charged ionic clusters.(7-9) These
ionic clusters are vehicularly transported, giving rise to the reported negative transference numbers.(14)
However, when the fraction of alkali metal salt is similar to that of the IL, the Li/Na-anion aggregates
interconnect, resulting in a percolating ionic network.(7-9) This leads to preferential conduction pathways
that improve the mobility of the metal cation relative to the anion, and to positive transference numbers
and high ionic conductivity.

While the nanostructure and transport anomaly of SilLs have been well studied, there are still many open
questions, including their electrical double layer (EDL) and how it affects energy storage. Atomistic
simulations of various SilLs by Haskins et al. (15) showed that Li" prefers to reside in the anionic layer of
the overscreening structure, suggesting the strong interactions between Li" and the anion prevent Li" from
directly adsorbing on the electrode surface. Li" introduces disorder in the EDL, but, under some
conditions, it can also promote packing between anions and cations, leading to an increase in differential
capacitance. (15) McDonald et al.(16) reported Atomic Force Microscopy (AFM) images of mica in
propylammonium nitrate with ~60 mM of alkali metal salts. This study suggested that the metal cations
preferentially adsorb to negatively charged sites on the mica surface, despite their much lower
concentration compared to the IL cations.

Questions about the nature of the EDL of ILs recently arose from the experimental observations of
extremely long-ranged interactions between mica and gold surfaces.(17-19) These forces were assumed to
be of electrostatic origin and their large decay length was explained by the renormalization of the charge
carrier concentration.(20) Investigating long-ranged interactions in SilLs, perhaps one of the most
correlated electrolytes known, might also give insight into the nature of long-ranged interactions in ILs
and other superconcentrated electrolytes. In this paper, we investigate surface force interactions in a SilL
composed of 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (abbreviated
[EMIM][TFSI]) and NaTFSI.

Results

Six electrolytes were prepared under Ar atmosphere at mole fractions (x,) of 0.008, 0.02, 0.05, 0.15, and
0.2 of NaTFSI in the SilL (~20.6, 52, 135, 284, 451, and 639 mmol/kg IL, respectively). Force
measurements between mica surfaces were carried out using an extended Surface Forces Apparatus
(SFA).(21, 22) The SilLs were maintained dry in-situ by purging the SFA cell with a gentle stream of dry
N, while the temperature was maintained constant at 25+0.01°C; see Materials and Methods for further
details.

As inferred from wide-angle-x ray scattering (WAXS) measurements, Na" alters the nanostructure of the
IL; see Figure S1 in the Supplementary Information (SI). Addition of NaTFSI leads to an increase of the
correlation length of the charge alternation peak from 7.02 to 7.88 A and of the adjacency peak from 4.59
to 4.39 A, as well as a broadening of the first peak, which points toward the decrease in order in the SilLs.
This is consistent with findings for Li" in other imidazolium ILs,(12) but the structural changes are more
significant with Na', presumably due to its larger size. The form factor obtained from small-angle X-ray
scattering (SAXS) indicates the presence of domains of nanometer length scale, whose shape changes
upon addition of salt (Figure S2).
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In the first set of SFA experiments, the mica surfaces were equilibrated for 12 hours in the electrolyte to
achieve mechanical and thermal equilibrium while keeping the surfaces separated by 3-5 um. Surface
force measurements were carried out at a constant velocity of 0.3 nm/s, until a maximum force of ~150
mN/m was applied, after which the surfaces were separated to D~1 um (force-distance curve FC1) and
immediately approached at the same velocity to measure the following force-distance curve (FC2). Figure
la displays the first surface force measurement upon approach and retraction, i.e. “FCl,,” and “FCl”,
respectively. The subsequent force-distance curve is labeled as “FC2,,” and “FC2.” for the approach and
retraction, respectively. At least 2 (at most 7) experiments with different mica pairs were performed for
each mole fraction and at least five force-distance curves (FC1-FC5) were measured with each pair of
mica surfaces. All surface forces are repulsive. With the exception of the first approach, they are of much
larger range, by at least a factor of 2, than previously reported surface forces in ILs,(17, 23, 24) with
profiles that deviate from a purely exponentially decaying force. For reference, surface force
measurements of the neat IL (x5 = 0) are shown in Figure S3.

Force-distance for x; < 0.10 NaTFSI

Figure 1a-c shows FC1 and FC2 for SilLs with x; =0.02, 0.05, and 0.10 NaTFSI at 25°C; similar force-
distance curves were obtained for x; =0.008 NaTFSI, as shown in Figure S4a. FC1 first increases quasi-
exponentially with decreasing surface separation (D), with a decay length of the exponential fit, d; ~ 10-
12 nm, which is of the same order of magnitude than those reported for neat ILs and other highly
concentrated electrolytes.(18, 19, 25) In contrast to neat ILs, when the force achieves a value F./R~0.84,
1.1440.24, 2.2240.48, and 4.03+3.44 mN/m for mole fractions x,=0.008, 0.02, 0.05, and 0.1 NaTFSI,
respectively, the surfaces undergo a forced separation against the driving direction over a distance of
several nanometers; observed as an outward kink from separations D.~15.3, 7.6+2.8, 7.5+4.2 and
8.942.4 nm, respectively. Afterwards, D starts to decrease again with a continued increase in repulsive
force. This first approach behavior was observed in 1 of 2, 2 of 3, 3 of 4 and 6 of 7 measurements with
xs =0.008, 0.02, 0.05 and 0.1 NaTFSI, respectively.

Upon retraction of the surfaces, the force profile FCl, is substantially different from FCl,,, leading to a
prominent clockwise hysteresis. FCl, is only exponentially decaying (i.e. it is linear in semi-log plot)
over intermediate length scales. A decay length d, ~11-19 nm was determined in the range where an
exponential function can be fit, i.e. between the rapid decay of the force at large separations (~60-100 nm)
and the steep increase close to the hard wall for FC1,, and FC2,,-FC5,p, respectively. The subsequent
force-distance curves (from FC2 to FC5) are long-range, and qualitatively similar to FCl..; see Figure
la;d and S5. There are only small differences between approach and retraction force curves FC2-FCS,
indicating the quasi-reversible behavior of the SiIL after the first approach. Note that these characteristics
were also observed in measurements that did not show the forced separation in FCl,, but in this case, the
decay length of FC1,, was greater (e.g. for x,=0.02, d;~13.5 nm and d,~11.3442.6 nm, Figure S6).

A possible reason for the distinct FC1,, is a very slow approach to equilibrium after the SiIL is injected
between the two mica surfaces which has not been achieved prior to measurement. To test this
hypothesis, we measured WAXS after 2 h and 24 h of equilibration of the SilLs in their quartz capillaries
(Figure S2). These indicated a subtle change in the bulk nanostructure of the liquid over time, which
could have also influenced the force measurements. We performed additional SFA experiments on SilLs
with x4=0.05 NaTFSI after an equilibration time of 24 h (instead of 12 h); see Figure 1d. This indeed led
to a larger surface separation for the onset of FCl,p, closer to FC2-FC5. The forced separation in FC1 was
still observed, however, at approximately the same force, but it appeared less pronounced, since it
initiated at larger separation but finished at approximately the same value as after 12 h of equilibration.

https://doi.org/10.26434/chemrxiv-2024-hs7sf ORCID: https://orcid.org/0000-0003-3442-2511 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-hs7sf
https://orcid.org/0000-0003-3442-2511
https://creativecommons.org/licenses/by-nc-nd/4.0/

Overall, these results suggest that a longer equilibration time leads to larger decay lengths of FCl,p, but it
does not remove the forced separation feature. We thus hypothesize that the variation of the surface forces
must be, at least partially, associated with both the slow and subtle change of the SilL bulk structure and
the confinement of the electrolyte.

The origin of the forced separation observed in FC1,, was investigated in a third set of SFA experiments
with x,=0.05 NaTFSI. Here, the surfaces were approached first to various D-values larger than the
distance at which the forced separation occurred in Figure 1b; see representative results in Figure S8. The
data indicates that the forced separation only happens when the SiIL has been confined between the mica
surfaces to a specific threshold distance, D.. Overall, we conclude that the forced separation occurs at
mole fractions between 0.02 and 0.2, after both short (12 h) and long (24 h) equilibration, and at 25°C and
40°C (as described later), when the SilL is confined to a distance smaller than D.~10 nm, all of which
supports the idea of a confinement-induced phenomenon.

Force-distance curves for SilLs with xg = 0.15

Solid precipitation was observed in SilLs with x;=0.20 NaTFSI and the crystallization of a Na-salt was
confirmed by WAXS (Figure S1a). The SilL was filtered to prepare a saturated solution at 25 °C, labelled
as ”’sat” in the following. Precipitation was not observed at x,=0.15 NaTFSI, and hence, the saturation
mole fraction of NaTFSI at 25°C must lie between x,=0.15 and 0.20. Heating the SilL. with x,=0.20
NaTFSI to 40°C dissolved the precipitated salt, indicating that this SilL. was undersaturated at this
temperature.

The main characteristics of the force-distance curves remain qualitatively unmodified at high mole
fractions, x5 = 0.15 (Figure le): FC1,, increases initially quasi-exponentially with decreasing separation,
with the forced separation starting at D.~15.55 nm, and again there is a significant clockwise hysteresis
between approach and retraction, with FC1 . being much longer range than the approach. FC2-FC5 do
not perfectly decay as exponentials and exhibit only a small hysteresis. In contrast to lower
concentrations, the hard wall of FCI1 is located at greater separations h~16 nm at room temperature (RT)
and shifts to larger values in subsequent force-distance curves; e.g. h~27 nm for FC2. At 40°C (Figure
11), the hard wall of FC1 is at h~2 nm and it remains constant in subsequent force-distance curves. The
results for the saturated solution and x,=0.20 NaTFSI at 40°C are qualitatively similar (Figure S4b-c),
implying that this behaviour is characteristic of the proximity to the saturation barrier. (In 2 of the 7
experiments carried out with SilLs with x,=0.10, a similar shift of the hard wall was observed.) AFM
images of the mica surfaces were taken at the conclusion of these SFA experiments; see Figure S§8. When
the shift of the hard wall had occurred, AFM images revealed the presence of nanosized aggregates with a
varying number and size; in this example, they reached a maximum height of ~3 nm.

Long-range structure and oscillatory forces

Indications of a “soft” nanostructure were evident in the SFA force-distance curves, as multiple “bumps”
were seen at separation distances between ~8 and 65 nm, with the majority beyond ~20 nm (Figure 2a-b
and S9). Note that the steps are not well defined in the force-distance curves, and hence, a precise
determination of their size is not possible. But a rough estimation leads to an average step size of
A~12.9 +4.8 A, 15.6 £6.3 A,20.8 £5.7 A, 16.3 +4.6 A, 17.3 £8.1 A, 15.2 +4.2 for x,=0.008, 0.02,
0.05, 0.10, 0.15 and 0.20 NaTFSI, respectively; the step size distribution is shown in Figure 2b. These
steps suggest that nanosized clusters in the SilLs are forced to re-arrange in layers as the mica surfaces
approach each other and that these layers are progressively squeezed out as the separation distance
decreases. The fact that the steps in the force-distance curves are “blurry” may be due to a cluster size
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distribution and/or clusters with branches or anisotropic shapes. The force measurements were performed
in a “dynamic” fashion, i.e. upon continuous approach of the surfaces at 0.3 nm/s, which might also
hinder the precise detection of layer positions in viscous fluids with long characteristic times.(26) This is
because the flow of the layers out of the confined film takes a finite time, and this squeeze-out is
superposed to the continuous approach of the surfaces. The viscosity of the SilLs was determined with a
parallel plate rheometer (Table S1, e.g. 59.5 mPa.s for x4=0.10 NaTFSI). While the viscosity could be
larger in nanoconfined films, clear steps have been previously measured in more viscous ILs confined to
smaller separations.(27, 28) Based on that, we believe that the origin for the “blurry” layers relies on
their size distribution, and/or anisotropic shapes.

Force-distance curves showed a quasi-oscillatory profile at separations beyond the onset of the repulsive
force (Figure S10). This force was very small, close to the precision of the instrument, but decoupled
from any temperature variation in the SFA; note that the temperature is recorded in our SFA concurrently
with the surface separation, and hence, one can compare temperature and force at any point of time.
Hence, we consider that this long-range quasi oscillatory force is not an artefact or the result of an
instability. Force measurements between negatively charged surfaces in an aqueous suspension of
negatively charged nanoparticles or polyelectrolytes (NPs) show that the multivalent NPs are repelled and
excluded from the vicinity of the surface. If the concentration of the charged particles is high enough,
their presence leads to an oscillatory structural force with the periodicity depending not on the size but on
the NP volume %.(29) The quasi oscillatory forces could thus originate from the presence of nanosized
aggregates.

Interfacial structure of SilLs

To provide further insight into the interfacial structure, force measurements were also performed with a
sharp AFM tip on mica in SilLs with x=0, 0.05 and 0.10 NaTFSI; see Figure 3. Heat maps were
constructed from multiple superposed force-distance curves. The force profiles exhibit discrete steps,
which indicate that layers of ions arrange near the mica surface. Note that the position of the surface is
unknown, and hence, it is possible that the ion layers that are most strongly bound to mica are not
ruptured by the tip. Histograms of the surface separation were constructed to determine the layer
thickness (A); see plots above the force-distance curves. For the neat IL (0 mol%), four layers with sizes
of A{~5, A,~7.4, A;~7.5 and A,~7.1 A were detected (Figure 3a), consistent with earlier studies.(30)
Considering the negative charge of the mica surface, this nanostructure can be associated with a cation-
rich ((EMIM]") layer closest to the surface (~5 A). IL anion and cation are of similar size (Figure S11),
and hence, it is not possible to distinguish between either ion pairs, anion- or cation enrichment beyond
the first layer.

Fewer layers were resolved with increasing mole fraction of NaTFSI (Figure 3b). With x,=0.05, only
three layers were clearly resolved, with a different size distribution. Closest to the mica surface, A;~2.1
A, the layer is likely rich in Na*, which displaces (most of) the [EMIM]". The size of the second layer
A,~6.7 A is likely associated with the presence of anions. The size of the third layer (A,~9 A) is greater
than that expected for [EMIM][TFSI], which suggests that larger complexes of cations and anions
approach the surface. Further away, the tip appears to detect a similar structure as for the neat IL.

Increasing x; to 0.10 significantly modified the interfacial structure. Only two layers were clearly
resolved (Figure 3c), even when the applied force was increased to 12 nN. The thicknesses of the near-
surface layers are A;=8.5 A, and A,=9.4 A, respectively, i.e. larger than A; and A, at lower mole
fractions. This suggests that small clusters or aggregates of ions arrange in layers close to the surface,
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consistent with the idea of an increase in characteristic cluster size near the mica surface with salt
concentration.

Theory and simulations

To understand the structure of SilLs, we performed molecular dynamics (MD) simulations at four mole
fractions of NaTFSI, x; = 0.05, 0.1, 0.15, 0.2 at a temperature of 25°C, with the details of the calculations
in the Methods, and further results at 85°C in the SI. First, we computed the number of coordinating TFSI”
around each Na". EMIM" aggregation effects were not analyzed, as they are known to be significantly
weaker than NaTFSI associations.(7, 31) Figure 4a shows that the most common number of coordinating
TFSI for xg = 0.05 is 4, but 3 and 5 are also found; Figure S12 show similar results for other mole
fractions, while Figure S13 displays the O-coordination distributions. Note that the relative humidity in
experiments was maintained below 3% RH, and generally closer to 1% RH, which must be considered as
very dry condition. Nonetheless, water uptake is expected to increase with xg and thus, it could influence
the experimental results. This has been neglected here but future work will address the incorporation of
trace water into simulations.

The cluster distribution, i.e. the relative concentration of each aggregate with / cations and m anions, was
also computed. At x,=0.05, the dominant species is free anions, as to be expected from the large excess of
TESI relative to Na". The next most prevalent species involves 4 TFSI” with 1 Na', but there are also few
aggregates with 2 Na'; see their respective structures and length scales in Figure 4b and the cluster
distribution in Figure 4¢. As x; increases, the prevalence of these aggregates dramatically increases, as
does the concentration of even larger aggregates; see Figure S14. For examples, at x,=0.2 (Figure 4d),
free anions and 4 TFSI coordinated to Na" are still the most prevalent species, but now there are
aggregates containing up to 10-20 Na" and 30-50 TFSI', which exhibit branched polymer-like
morphologies. Owing to the larger number of TFSI” compared to Na™ (/ > m) constituting each aggregate,
all aggregates are negatively charged, as inferred from the cluster distribution above the diagonal in
Figure 4c-d. There is no indication of an ionic network percolating throughout the whole simulation box
(referred to as a gel), which indicates the gel point in simulations is slightly higher than x;=0.2. The
length scale of the clusters is 8.8, 10.4, 12.4 and 15.6 A for x; = 0.05, 0.1, 0.15, and 0.2, respectively, and
hence, it increases with mole fraction. These values agree reasonably well with the layer size close to the
mica surface measured by AFM, which suggests these clusters adsorb on the mica surface despite their
negative charge, presumably due to the overscreening of the negative surface charge by counterions.

The cluster bond density (CBD), i.e. the number of bonds per ion in an aggregate,(32) quantifies how
ordered the aggregates are; Figure 4e and Figure S15. If the clusters exhibit a perfect Cayley tree
structure, CBD is given by (I+m-1)/(I+m) (solid line), which tends to 1 for large aggregates. We find that
most aggregates reside at CBD=1.1-1.5, which is above the Cayley tree limit of 1, indicating the onset of
loops. These loops indicate the aggregates are more ordered than Cayley tree clusters, which could give
rise to the onset of crystalline phases; this is only observed for x,=0.2 NaTFSI by WAXS (Figure S1).
Overall, our simulations demonstrate the presence of large, charged aggregates, the size and charge of
which increase with x;. Many of these aggregates have highly branched polymer-like morphologies, but
there are also more ordered aggregates that resemble nanoparticles. We believe these aggregates are the
origin of the observed behavior in AFM and SFA experiments, as discussed later.

Next, we apply a newely developed theory to describe the EDL of SilLs; see ref. (33) and Methods.
Figure 4f shows the changes in the volume fraction of Na* (¢ +)» TESI (¢_) and EMIM* (a@) in the

EDL of a SilL with x,=0.05. At negative voltages, the EMIM" first populates and saturates the EDL, as it
does not interact strongly with TFSI', but Na” exchanges with EMIM" at moderate negative voltages, as it
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can reach higher charge densities, which requires breaking the associations with TFSI". Within the EDL,
that would mean Na" sits right next to the interface, and EMIM" further from it. A similar conclusion was
inferred from AFM experiments at x;=0.05 (Figure 2b). At positive voltages, TFSI” accumulates at the
surface and EMIM" depletes monotonically in the EDL, but there is a tiny increase in Na" at intermediate

voltages. Figure 4g displays the volume fractions of free TFSI" (510), free Na* (501) and aggregates

(5112) and shows a large peak in aggregates within the EDL at moderate positive voltages. This is
associated with a plateau of free TFSI, as the additional TFSI is being used to build the aggregates with
Na' that are dragged into the EDL. Thus, there are electric field induced associations at positive voltages,
and these aggregates effectively screen the electrode charge.

The theory also predicts the screening length of the SilL (As); see calculation in Methods and ref. (33).
With increasing xg, A; decreases from 0.12 nm to 0.105 nm. This is because a higher x; dramatically
promotes aggregate formation and their multivalency actually increases the ionic strength. This has also
been confirmed by the MD simulations (see Figure S16). Therefore, the change of the theoretical
screening length with mole fraction is qualitatively different from the experimental force decay length (d;
and d>, Figure 3c¢), and confirms that a simple screening theory cannot be used to explain the long-range
forces of SilLs. In summary, theory and MD simulations support the contention that the origin of these
forces is not an electrostatic repulsion, but occurs from other effects arising from the aggregation of ions
into large, highly charged branched polymer-like structures and more ordered nanoparticles.(32) We
elaborate further the connection to SFA experiments in the Discussion Section.

Discussion

The force-distance curves for this SilL are significantly different to those measured for neat
[EMIM][TFSI], which display (i) an exponentially decaying force with a decay length of ~ 6.5 nm, (ii) a
short range (structural) force reflecting the layered arrangement of the IL ions with a step width of ~ 7.5
A, and (iii) good agreement with subsequent force-distance curves, i.e. a reversible behavior. The novel
observations of the SilL are thus the forced separation, “soft” structure of the electrolyte at large
separation, slow equilibration times (i.e., long relaxation times), and the difference between first and
subsequent approaches, which are almost certainly all linked phenomena. An explanation thus needs to
self-consistently address all observations, as well as being consistent with other properties of the
electrolytes, such as conductivity.(14)

The influence of a “soft” structure on the long-ranged forces has been reported for a water-in-salt-
electrolyte (WiSE) with LiTFSI.(34) This WiSE exbibits a cluster-like nanostructure in the bulk, as
inferred from small angle neutron scattering and MD simulations.(35, 36) In SFA measurements,(34) the
onset of the repulsive force can be as large as ~80 nm. As these clusters become confined between the
mica surfaces, they are forced to re-arrange in layers, which appears as “subtle" steps superposed to the
surface forces. SFA measurements revealed an increasing cluster size with concentration, ranging from 1
to 3.3 nm in the range ~8-18 m LiTFSI in water. At 8 m, the less prominent long-range structure in force
curves is a clear indication of the vanishing nanostructure of the bulk electrolyte. Closer to the surface,
the structural size is smaller and less dependent on concentration (0.80—0.99 nm), revealing the
significant influence of the surface on the nanostructure. These results suggest an origin of the long-range
surface forces based on the aggregation behavior of the WiSE, and by extension for this SilL, although
the less clear steps in force-distance curves of the latter could reflect a greater disorder in the electrolyte.

We have provided evidence that the interfacial behavior of this SilL strongly deviates from that expected
for an electrolyte according to Debye-Hiickel theory. Even if the classical EDL theory of dilute
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electrolytes were to be invoked, the presence of multivalent coions (i.e. negatively charged aggregates)
would likely eliminate the observation of an exponentially decaying electrostatic force.(29) Despite this,
an exponential function was fitted to the force-distance curves to enable a comparison to reported decay
lengths of neat ILs, and other highly concentrated electrolytes.(25) As x; increases, the values of d4
(diamonds) and d, (circles) increase to ~14.1 and 19 nm, respectively (Figure 2¢), while there is no
distinction between d; and d, for the neat IL (~6.5+ 0.5 nm). It is difficult to reconcile these
observations with an exponential electrostatic model. All this has motivated us to propose an alternative
approach within an aggregation framework.

Conceptually, our theory is based on the analogy between highly concentrated electrolytes and
polymers,(32) with highly branched polymer-like aggregates being predicted by theory and simulations.
One could then draw an analogy between the long-range repulsion and that arising from the compression
of a charged polymer film between mica surfaces in a reservoir of solvent. A simple model for an osmotic
polyelectrolyte brush(37) was thus tested to describe FC2-FC5; see SI. As shown in Figure S17, the fits
are satisfactory at xg <0.10. One of the fitting parameters is the area per charge, ranging between 0.63 to
0.98 nm? (Table S2), which is reasonable in comparison to what is expected for SilL aggregates. The
surface forces in SilLs with higher x-values can be still fit by the same model, but one needs to account
for the shift of the hard wall (not shown). Notably, the size of the aggregates found in the bulk SilL —
according to theory and simulations— is significantly smaller than the range of the force. Thus, instead of
the small aggregates attached to the mica surface, as shown in AFM experiments, the confining geometry
of the SFA appears to induce the formation of larger aggregates. Next, we shall describe how the
discrepancy between AFM and SFA measurements is linked to the forced separation in FC1, hysteresis,
and slow dynamics.

Complex surface forces have been reported for nanoparticle suspensions in water,(38) with significant
hysteresis between approach and separation in FC1 and a prominent difference between FC1 and
subsequent force-distance curves, which are of much shorter range, in contrast to our results. Regions of
near-constant force —inward kinks— are observed in the force curves and associated with a change of
volume at constant pressure, and therefore, with a first-order transition; specifically, the disorder-to-order
transition of the nanoparticles of different shapes (spheres, rods and wires) when they are forced to
arrange between the mica surfaces. This disorder-order transition leads to an inward step, while here an
outward kink (forced separation) is observed, and hence, these must be different phenomena.

The difference between FC1 and the following force-distance curves is intriguing, and has not been
reported for ILs, as far as the authors are aware. At the mole fractions of our experiments, the theory does
not predict the onset of a fully percolating ionic network (gelation) in the bulk SilL, but instead, the
presence of clusters in a liquidous SilL. FC1 initially resembles the long-range force in an IL, but, at a
certain characteristic force (F;/R) and separation (D,,) a transition occurs to a state with a larger
characteristic length. This larger characteristic length presumably arises due to the presence of larger
aggregates between the mica surfaces, which are, likely, confinement-induced. Note that the disorder-to-
order (sponge-like to lamellar) transition in ILs was proposed to be templated by a “flat” interfacial cation
layer. (39) Perhaps, the first approach (FC1) modifies (flattens) the interfacial cation layer and this
induces a transition of the confined SilL to a state of smaller density, and thus, greater volume or
characteristic length. It is also possible that an enhancement in the local Na" concentration results from
the preferential adsorption of Na to the mica surface (as further outlined in the SI) and/or the non-
stoichiometric expulsion of ions upon approach of the surfaces. The latter assumes that EMIM" is more
weakly bound to TFSI than Na®, which implies that EMIM-TFSI ion pairs could be expelled more easily
than large Na-TFSI aggregates, resulting in a local increase in Na" concentration. Na™ enrichment
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between the mica surfaces could cause the onset of a percolating ionic network between the mica surfaces
and lead to a local, and robust transition to a state with a larger characteristic length scale. This transition
into interconnected (branched polymer- or nanogel-like) aggregates could propagate laterally throughout
the confined region (radius of the order of a micrometer, Figure 2d). Such a confinement-induced
transition should not be confused with the related phenomena of, for example capillary condensation(40)
or capillary induced polymer separation,(41) which cause an interface to be formed between a (different)
confined phase and the bulk, and therefore an attractive force. Rather one should see this as an
acceleration towards equilibrium, with local inhomogeneity. There is no interface, per se.

The proposed transition would lead to a difference in chemical potential with respect to the bulk, where
smaller clusters exist. Invoking an imbalance of the chemical potential between the larger aggregates in
equilibrium with the supersaturated solution in the confined region (i4;,conr) and the bulk SilL (1) leads
to a mechanical work Ap - V that pushes the mica surface away, causing the forced separation. The
measured force for this transition (F/R~2 to 5 mN/m) implies a pressure between 1 and 40 MPa, which
leads to Cconf/Cpuir~1.1-10, assuming V;,=141 cm’/mol for NaTFSI; see details in the SI. That is, the
concentration of clusters in the confined region becomes ~1.1-10 times larger than in the bulk for the
range x; from 0.008 to 0.1, which triggers further aggregation and even gelation. Subsequent separation
of the surfaces draws these larger aggregates into the gap between the surfaces (Figure 2d). The surface
force in following compressions can be understood to result from an osmotic pressure driving the
swelling of the nanogel-like aggregates and an electrostatic component, where the ionic units no longer
correspond to the individual ions but to strings of coordinated ions. Although the small hysteresis
between approach and retraction force curves FC2-FCS5 implies that hydrodynamics cannot justify the
long-range of the surface forces, it might also have a small effect. The absence of a pull-off force in
retraction force-curves indicates that bridging between the aggregates adsorbed on both surfaces is not
possible, as expected for crosslinked polyelectrolyte films and nanogels.

Interestingly, a longer equilibration before approach (12 h vs. 24 h, Figure 1b;d) typically maintained the
forced separation but it was less significant. Furthermore, in the experiments where the forced transition
was not measured (in the range of low concentration), the force still became longer range, presumably
suggesting that the percolation/interconnection between clusters happened, but less “abruptly”, i.e. more
continuously during approach and retraction, leading to the same equilibrium state.

The subtle differences between the force-distance curves (FC2, and subsequent) point at the slow
dynamics in the SilLs after percolation being induced under confinement, possibly transitioning slowly
toward equilibrium, and consistent with the long relaxation times inferred from simulations for another
SilL.(8, 9) WAXS measurements (Figure S1) also showed a slow change in the bulk structure of the
SilLs, which might contribute to the variation of the surface forces. There is also reported evidence for an
ultra-slow transition in common imidazolium ILs, namely, 1-ethyl-3-methyl imidazolium ethylsulphate
and 1-hexyl-3-methyl imidazolium [TFSI].(42) WAXS experiments revealed the gradual ordering of the
ions in domains of ~10 nm size while adopting a 1D lamellar structure; over a similar period of time, SFA
measurements showed the evolution of the surface force. In that study, a relation between the domain
ordering in the IL and the variation of the surface force was suggested. Here, we propose a similar
relationship for a stronger correlated electrolyte.

The shift of the hard wall observed at high mole fractions is presumably also associated with surface- or
confinement-induced nucleation of large aggregates. Note that a confinement-induced solidification was
also reported for 1-hexyl-3-methyl imidazolium ethylsulphate between mica surfaces, and it also appeared
as a continuous shift of the hard wall.(43) Although crystallization is observed in unconfined SilL at
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x4=0.2 and 25°C, we do not have any evidence for the crystallinity of the aggregates formed between the
mica surfaces. Indeed, nucleation can follow a non-classical pathway,(44) where prenucleation clusters
(often, chain-like ionic clusters) precede the formation of amorphous intermediates (via aggregation),
which may then transition into a crystal, or instead, kinetically remain in an amorphous state. Even
according to classical nucleation, the lifetime of amorphous metastable precursors becomes dramatically
longer under confinement, while the nucleation rate of crystalline phases is significantly reduced.(45)
Note that we refer to the confinement-induced formation of (charged) branched polymer- and nanogel-
like clusters based on i) MD simulations and theory, and ii) its compressibility in experiments, but such a
structure is not very different from the concept of prenucleation clusters and amorphous precursors based
on non-classical and classical nucleation, respectively. It is thus possible that at the highest xs-values
investigated here, the formation of larger and/or a higher number of aggregates is further promoted in the
confined region, which is reflected as a significant shift of the hard wall.

In conclusion, the described experiments and theory of SilLs close to a negatively charged surface appear
to be unified by the presence of clusters and their confinement-induced aggregation, which explains,
among others, the action of long-range forces despite the small screening length. This work thus provides
experimental and theoretical evidence that, for complex associating systems such as SilLs, a dilute
electrolyte EDL model(20) is insufficient. It cannot be ruled out that such association can occur in other
IL systems, leading to similar long-range interactions, but that for weaker association of IL ions these
non-exponential forces are not measureable. Furthermore, the aggregation occurring close to charged
surfaces likely has implications for the formation of solid electrolyte interphases and for intercalation,
which are crucial for battery operation.

Materials and Methods

Sodium bis(trifluoromethylsulfonyl)imide (NaTFSI, 99.5%, Solvionic) was dried at 120°C under vacuum
for 12 hours. [EMIM][TFSI] (97%, Sigma-Aldrich) was dried at 50°C under vacuum in a Fisher
Scientific Isotemp vacuum oven for 48 hours. Both were stored in an Ar-filled glovebox, containing <1
ppm of Oz and <1 ppm of H>O. Six electrolytes were prepared under Ar atmosphere with mole fractions
(x5) 0.008, 0.02, 0.05, 0.10, 0.15 and 0.20 of NaTFSI. They were mixed in a THINKY AR-100
conditioning mixer for three sessions of three minutes. The solutions were investigated within 1 week
after preparation. All samples were filtered with a 200 nm syringe filter before the measurements.

The force measurements with an extended SFA(21, 22) were conducted following well-established
procedures.(24) A volume of ~500 uL SilL. was injected into the space between two mica surfaces in the
fluid cell of the SFA. During force measurements, the cell was purged with dry N, while the relative
humidity in the cuvette was constantly monitored with a sensor (Sensirion, Switzerland) located roughly 1
cm above the surfaces. The dry nitrogen maintained the relative humidity below 3% RH during the SFA
experiments, which is labeled as “dry” condition. The temperature of the system was maintained at either
2540.02 °C or 4010.05 °C with a home-built temperature-control device.(22) The system was
equilibrated for either 12 or 24 hours to minimize mechanical and thermal drifts, after which one of the
surfaces was driven to approach the other at a constant velocity of 0.3 nm/s.

Force measurements were also conducted using a JPK (Santa Barbara, CA) atomic force microscope
(AFM) and CSC-37 silicon tips (MikroMasch, CA), with nominal spring constant ~0.6 N/m as
determined by the thermal noise method(46) and a nominal tip radius of ~10 nm. Prior to the
measurement, the cantilevers were cleaned by UV ozone for 20 minutes. AFM force measurements were
obtained on freshly cleaved mica surfaces. The tip velocity was set at 20 nm/s. A total of 64 force curves
were collected on an area of 500 nm by 500 nm at each concentration. At least two force maps were
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carried out per sample. Tapping mode AFM images were captured using a Cypher VRS AFM (Asylum
Research, Oxford Instruments) and a JPK AFM. Images with a scan size of 500 nm x 500 nm were taken
at a scan rate of 8 Hz with soft cantilevers (0.09 = 0.03 N/m, BL-AC40TS, Olympus). At least three
different areas were imaged on each sample. The AFM cell was sealed and purged with dry N,.

To perform the molecular dynamics (MD) simulations of NaTFSI in [EMIM][TFSI], we followed the
method outlined by Molinari et al. in (8, 9). The OPLS-AA force fields(47) for these ions were utilized,
but the charge was rescaled to take into account effects from polarizability.(8, 9) For x5 =0.05, 0.1, 0.15,
0.2, there are 7, 15, 23, 32 Na', 150, 155, 159, 164 TFSI" and 143, 140, 136, 132 EMIM", respectively.
MD simulations were conducted in LAMMPS(48) at temperatures of 25°C or 85°C and at atmospheric
pressure and used the equilibration procedure in refs. (8, 9) to ensure the structures found their lowest
energy state, before 500 uncorrelated frames were collected for further analysis. A total of 5 simulations
at each mole fraction and temperature were run to ensure good statistics. The collected 2500 frames were
used to calculate properties of the aggregates, such as the cluster distribution and cluster bond density.

It is known that EMIM" only weakly interacts with TFSI in comparison to Na".(7, 31) To define the
associations between Na" and TFSI', a real space cutoff of 3.65 A was used, as this corresponds to the
first minimum in the pair correlation function between Na and TFSI. We used this information to build an
adjacency matrix between the Na-TFSI clusters for the calculation of coordination numbers, cluster
distribution and cluster bond density. To estimate the average length scale of clusters, the weight average
degree of aggregation was modified as shown in the SI. We also calculated the relative ionic strength
using a similar expression; see SI.

The MD simulations also allowed to extract the parameters of the theory developed in ref. (7) for SilLs.
We found that Na" has a maximum of f;=5 associations, and TFSI" a maximum of f=3 associations; note
that the results are not very sensitive to small changes in these values and a f+ = 4 could be more
appropriate. The volume of a lattice site was taken to be that of Na", while EMIM" and TFSI are
approximately 7 times this size. The association probability between the ions was obtained by dividing
the coordination number of TFSI” around Na” by f; and used in the mass action law to find the association
constant at each mole fraction to be 20.2, 22.9, 25.7, 30.1, respectively. From fitting the concentration
dependence of the association constant, we decoupled the free energy of an association between Na-TFSI
and [EMIM][TFSI] regular solution interaction. This led to values of the free energy of association and
regular solution interaction to be -8.4 and 7.1, respectively. These values indicate stronger interactions
than in previously investigated SilLs,(7) especially the regular solution term, but as we only have data
over a limited concentration range to perform the fit, we are not confident in these values. Only the
overall association constant is well known at each concentration, which is found to be smaller than for Li-
based SilLs.

Our theory is inspired on the free energy functional by Flory, Stockmayer and Tanaka, which was
modified first for the bulk(7, 31, 49) and later to handle electrified interfaces.(50) Here, we draw on the
previous work on salt-in-ionic liquids (SilLs) from McEldrew et al.(7) and extend it to the electrical
double layer (EDL) using the formalism of Goodwin et al.(50)

The system is composed of IL cations and anions, denoted by, respectively, €D and —, and alkali metal
cations, denoted by +. The volume fraction of each species, ¢;, is known in the bulk. The size of the
alkali metal cation is v,, with the volumes of the other species being given by v, ¢;, where &; = v; /v,.
The unitless concentration of each species is given by ¢; = ¢;/¢;.
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The alkali metal cations are assumed to form a maximum of f, associations and the anions a maximum of
f- associations, referred to as the functionality of each species. If both the functionalities are larger than 1,
a polydisperse cluster distribution of clusters of rank /m can form, where / is the number of alkali metal
cations and m the number of anions. A key assumption is that only Cayley-tree-like clusters can also
form.(49) A percolating ionic network can form for both functionalities larger than 2.(49) This is referred

to as the gel here. In the gel regime, we employ Flory’s convention to determine the volume fractions of

gel
+/-

sol

each species in the gel/sol, where ¢, = ¢7_ + ¢

The free energy functional is taken to be:

14
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Where ® (1), p.(r) = vi (cg + ¢4 —c_), and, ¢(r)/c(r) are, respectively, the electrostatic potential,
+

charge density, and volume fractions/dimensionless concentrations. Here, the free energy of forming
clusters of rank /m is given by Ay, x is the regular solution interaction between the IL cations and the

open association sites, A}g °lis the free energy of species associating to the gel, and A is the Lagrange
multiplier to enforce the incompressibility.

The free energy of forming a cluster of rank /m has two contributions

Alm — Acomb + Allaind

lm m
)
the combinatorial entropy and the binding free energy. The combinatorial entropy for Cayley trees is
given by
AP = kT In{ f{ f2" Wi}
3)
where
W = (fil = D! (fim —m)!
M rmi(fl—l—m+DI(m—m—1+ 1!
“4)
The binding free energy for Cayley trees is given by
AP — (] + m — 1)Af,
O]
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From the free energy we can calculate all properties of our system, both in the bulk and the EDL. From
establishing the chemical equilibrium between free species and clusters of rank /m, we can arrive at the
cluster distribution:

— Wlm l m
Cim = 1 Afsb10)" (Af~o1/¢-)
(6)
Here A is the ionic association constant, given by
A= exp {B(=Afs + xpe)} = Ao exp {Bxde}
(7)

Crucially, the cluster distribution depends on the volume fraction of free species, i.¢., those not bound to
any other species, and should be calculated by theory. This problem is overcome by introducing ion
association probabilities, p;;, which is the probability that an association site of species i is bound to
species j, where i and j are either the alkali cation (+) or the IL anion (—).(7) Therefore, the volume
fraction of free alkali cations can be written as 1o = ¢ (1 — p,_) *and free anions as ¢o; =

¢-(1—p-)-.(7)

The association probabilities can be determined through the conservation of associations and a mass
action law between open and occupied association sites.(7, 49) The conservation of associations is given
by

D+-Y+ = P-4+ Y-
®)
where Y, = f, ¢, and Y_ = f_¢_/&_ are the number of alkali cation and anions association sites per

lattice site, respectively.(7, 49) The mass action law between open and occupied association sites is given
by:

_ P+-DP—+
A-ps) A —p-y)

Ag
()]
where { = Y_p_, = Y, p,_ is the dimensionless concentration of associations (per lattice site).(7, 49)

Following the work of Goodwin et al.,(50) we connect the bulk and EDL cluster distributions to the
Poisson equation through closure relations. Equating the chemical potential of the free ions in bulk and in
the EDL allows us to write down three additional equations:

$10 = P10 exp(—efP + A)

(10)
Po1 = o1 exp(efP — pxf- (g — Pa) + E-A)
(11)
P = dg exp(—eB® + Bxf-égfc-(1—p3) — c_(1 — p3)} + EgA)
(12)

Note a bar is used to denote EDL quantities. These closure relations can be solved as a function of @ to
determine the EDL properties of the system from solving the Poisson equation. Although the parameters
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extracted from MD simulations can be used in the theory, they led to strong gelation at positive voltages
and sharp features in the results. Due to the lack of confidence in the exact values of the free energy of
association and regular solution interaction, we chose to employ the parameters previously found in ref.
(7), as these have a lower tendency to push the system to the gel regime.
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Figure 1. Representative surface forces between mica surfaces for various mole fractions of
NaTFSI. Force-distance curves for mole fractions (xg) a, 0.02, b, 0.05, ¢, 0.10, e, 0.15, after 12 hours
equilibration, 25°C; d, x,=0.05 after 24 hours equilibration at 25°C, f, x,=0.15 at 40°C after 12 h
equilibration. The plots show FCl1,, (red circles), FCl. (black cross), FC2,, (red triangles), and FC2,
(grey x-marks). a and d) also show force-distance curves FC4. The black and blue lines show exponential
fits with decay lengths d; and d,, respectively. Green arrow in e shows the shift of the hard wall during
force measurements. Each force-distance curve displays the force normalized by the radius of the surface,

F /R, vs. the surface separation.
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Figure 2. Relation between decay length and long-range structure of SilLs. a-b, Examples of steps in
SFA force-distance curves; see also Figure S9. The inset in b shows the distribution of step size. ¢, Decay
length of FCl,, (d1) and FC24-FC54, (d) as a function of mole fraction of NaTFSI, at 25 and 40°C. The
decay lengths influenced by the shift of the hard wall are shown with green markers. For x,=0.2 at 40°C,
d, is 18.9 nm (semitransparent red marker) before the shift of the hard wall, but d, decreases to 13.1+2.6
nm, when the hard wall shifts. The values for the saturated solution at 25°C (for d;~3.3 nm and d,~14.1
0.6 nm, with significant shift of the hard wall) are not shown, since the actual mole fraction of NaTFSI
after filtering the precipitate is unknown. d, Conceptual picture of the confinement-induced gelation of
this SilL causing the forced separation. The yellow circles represent Na” partially screening the negative
charge of the mica surface; IL ions and aggregates are shown in blue and red, respectively. We assume
aggregate concentration is enhanced when the surfaces are approached so that ccons > Cpyi. At a critical
surface separation D, gelation is triggered, and the imbalance in the chemical potential inside and outside
the pore justifies the mechanical work exerted by the branched polymer- and nanogel-like aggregates
against the mica surface, Vy;Ap. In subsequent force measurements, the osmotic pressure gradient
justifies the enhanced repulsion.
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Figure 3. AFM force-distance curves in dry SilLs with x a, 0, b, 0.05 and ¢, 0.10 NaTFSI in
equilibrium with dry nitrogen. The mica surface was equilibrated for 2 hours with the SilL. before
measurements started. Each plot shows a heat map of superposed force-distance curves (34 ina, 46 in b
and 63 in c). Results were reproducible in other spots of the mica surface. Dimensions of IL cation 4 A x
7.5 A x 1.7 A and of IL anion 3 A x 7.6 A x 2.5 A (see molecular structure of the IL in Figure S11).
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Figure 4. Theory and simulation of ionic aggregation in the bulk and at charged interfaces. a,

Probability distribution of number of TFSI” bound to Na" for x,= 0.05. b, Structures and length scales of

example clusters for a single Na" and two Na'. ¢-d, Distribution concentration of TFSI-Na aggregates
(¢im. in dimensionless units) composed of m TFSI" and / Na', for x; = 0.05 and 0.2, respectively. e,
Cluster bond density (CBD); the solid line denotes the Cayley tree limit given by (/+m-1)/({+m). f,

Volume fraction of ions and g, volume fraction of free Na', free TFSI” and aggregates in the EDL, both as

a function of applied potential ®. h, Screening length A from the theory in function of x;.
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