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Abstract

The growing hydrogen-economy requires accelerating the hydrogen evolution reaction. The water
dissociation step (Volmer step) has been proposed as a main kinetic limitation, but the mechanisms at play
in the electrochemical double-layer are poorly understood. This is due to the ambivalent role of water: it acts
both as a reactant and as a solvent. Here we propose to confine water inside an organic liquid matrix in order
toisolate the sole role of water as a reactant. We observe the formation of aqueous-rich nanodomains, which
size can be tuned by changing the supporting electrolyte, and found that the reactivity of the system
significantly varies with its nanostructure. Depending on the conditions, it is dominated by either the
strength of short-range cation-water interactions or the formation of long chains of water molecules. This
understanding paves the way toward the development of more efficient and selective electrocatalysts for

the water, CO,, O, or N reduction.



Introduction

The conversion of electricity into chemical fuels is of prime interest to overcome the intermittency of
renewable energies that hampers their massive deployment. Thanks to its versatility, hydrogen fuel (H,) is
expected to be one of the big players for the global decarbonization since it can be used to power zero
emission vehicles, be transformed into electricity, and feed the chemical industry." While seductive, the
hydrogen production through water electrolysis (water splitting: H,O = H, + 1/2 O,) suffers from several
fundamental challenges that have to be tackled before it can become cost-competitive against hydrogen
generated by reforming of fossil fuels. Because the anodic oxygen evolution reaction (OER: 2H,O = O, + 4H*
+ 4e) exhibits large overpotentials compared to the one of the hydrogen evolution reaction (HER: 2H" + 2e
= Hy) in acidic media, it has attracted most of the efforts, in particular for improving the performances and
the stability of Ir-based catalysts.? Nevertheless, the foreseen development of alkaline anion exchange
membrane water electrolyzers? recently shifted the attention on the sluggish kinetics of the HER in alkaline
media when compared to acidic conditions.*® Understanding the physical origin of these slow kinetics for

the HER in alkaline electrolytes has now become a main objective of the electrocatalysis community.

Traditionally, the HER performances of different catalysts is explained by the use of descriptors
approximating the energy of the reaction intermediates with physical in vacuum parameters intrinsic of the
surface, such as the hydrogen binding energy (HBE) on the surface of the catalyst.”® Nevertheless, despite
some attempts,”'° those intrinsic properties fail to capture the influence of extrinsic parameters such as the
pH,"1? or the presence of Li* cations in the electrolyte,® on the HER activity.” These limitations urged the
need for understanding the water environment within the electrochemical double-layer (EDL) and its impact
on the reactivity of water. Hence, the use of operando spectroscopies such as X-Ray absorption
spectroscopy'*!"® (XAS) or Raman spectroscopy'® coupled with ab-initio calculations revealed a strong
dependence of the interfacial H-bond network with the applied potential. Furthermore, a model involving

an increased rigidity of this network in alkaline electrolyte, which would hinder the transfer of water ions



(HsO" or OH) across the EDL, was recently proposed. This model, supported by laser temperature-jump
measurements, provides an interesting lead for the slow kinetics measured for the HER in alkaline
electrolytes."'® Nevertheless, our understanding of the impact of weak interactions in the electrolyte on the

HER kinetics remains elusive at the molecular level.
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Figure 1. Chemical strategy to select long- and short-range interactions. a) Building blocks representing the interactions
between water-water (blue) or cation-water (yellow) molecules that are studied and b) visual representation of the 3 series of
systems that can be studied by playing on the water or supporting salt concentration.

In order to draw this molecular understanding for the dependence of the HER on the electrolyte
composition/structure, one must first define a strategy to decouple the effect of each interaction on the
reaction kinetics. Indeed, while at short-range, non-covalent interactions between water molecules (H,O-
H-O) or between water and the supporting-salt cation (A*-H,O) are competing (Figure 1.a), at long-range
the formation of a hydrogen bonding network and its dynamics must also be considered. Here we apply a
chemical strategy consisting in constraining the water environment by diluting it in a non-reactive matrix,
i.e. in an organic solvent (acetonitrile), stable at the working potentials, in order to form nanoscale
reactors."** This strategy allows us to confine water in a situation where it no longer plays the dual role of
solvent and reactant. We select the interactions of interest by controlling independently or concomitantly
the water and salt concentrations (as well as the nature of the cation), as schematized on Figure 1.b. The

reactivity of water is assessed by electrochemical measurements, while the structure of the systems is
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analyzed by combining classical molecular dynamics (MD) simulations (at the bulk or interface levels) with
nuclear magnetic resonance (NMR) spectroscopy analysis that provide critical information regarding the
acidity of the protons, the strength and the amount of H-bonds and small-angle X-ray scattering, which
gives us an information on the structure at medium to long-ranges. Doing so, we draw a water
structure/reactivity model that depends on two main parameters: 1) the nature of the cation and 2) the size
of the nanodomains formed by the water molecules and the salt inside the matrix. More specifically, our
study highlights that mastering short-range and long-range noncovalent interactions can help to tune the

water reactivity at electrified interfaces, which is at the heart of a wide variety of electrochemical devices.

Cation-water vs. water-water interactions
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Figure 2. Modification of the reactivity of water depending on its environment. Linear sweep voltammograms recorded in
acetonitrile in the presence of a) 100 mM of TBACIO: b) 100 mM of LiClOs and ¢) 100 mM of NaClO4 with different water contents (1,
25,5,7.5and 10% in mass from light to dark blue, the exact values are given in the Supplementary Tables 1 and 2) on a rotating disk
(1 600 rpm) Pt electrode with a 50 mV s sweeping rate. d) Evolution of the 'H chemical shift of the water molecules in these
electrolytes as a function of the water content.

Among the different interactions playing a role on the water reactivity, our attention first focused on the
short-range A*-H,0 and H,O-H,O interactions and their competing effects. In order to compare the relative

weight of these interactions on the reactivity of water at the electrochemical interfaces, we studied by

rotating disk electrode (RDE) using a platinum electrode different supporting salts, i.e. tetrabutylammonium



perchlorate (TBACIOs), sodium perchlorate (NaClO.) or lithium perchlorate (LiCIO4) in acetonitrile (ACN) at
increasing water concentration from 1% (4.4 molecules of water per cation) to 10% (44 molecules of water
per cation) in mass. When using TBACIO, as a supporting electrolyte, no water reduction is measured at low
water concentration (Figure 2.a), which can be explained by the formation of a TBA*-rich EDL. Indeed, since
the water molecules hardly enter the solvation shell of TBA* cations, their presence in the EDL under
negative polarization prevents water to access the interface and therefore to be reduced.'®?” Nevertheless,
by increasing the concentration of water in the organic electrolytes, water reduction slowly takes off with its
onset potential shifting toward less negative values at higher water contents. Unlike for TBACIO,, when using
LiCIO4 as supporting salt, water reduction is measured even at a water concentration as low as 1% (Figure
2.b). Furthermore, the onset potential is not altered by the water concentration. Indeed, increasing the water
concentration only gradually transforms the reduction event from a peak which arises from the passivation
of the electrode due to the precipitation of LIOH at low water content,'” to a classical exponential event as
expected for the catalytically activated HER. Such precipitation phenomenon is simply explained first by the
formation of OH" following the HER and second by the greatest solubility of LiOH in water than in pure
acetonitrile, leading to an absence of the electrode passivation at greater water content. Finally, when the
cation is changed to sodium (Na*), the reduction of water is observed even at low water concentration, but
at more negative potential than with Li* cations (Figure 2.c). Furthermore, alike for TBA* cations, the increase
of the water content in the electrolyte shifts the onset potential for H,O reduction toward less negative
potentials. While this shift observed for Na* and TBA* suggests that H.O-H,O interactions that presumably
increase at greater water concentration are likely to influence the HER within these electrolytes, the different
behaviors measured in the presence of these three different cations confirms a competing effect between

H,O-H,O and A*-H,0 interactions.

To gain further understanding into this competition, insights on the chemical environment of protons from
water molecules is obtained by the means of NMR spectroscopy. At 1% water concentration, the 'H chemical

shift of H,O molecules follows the same order as the onset potential for water reduction: Li*>Na*>TBA*
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(Figure 2.d). Since a more positive chemical shift reflects a weaker electronic density, this trend demonstrates
that the strength of the A*-H,O interaction is correlated with the Lewis acidity of the cation following the
order Li*>Na*>TBA* which results in a weaker O—H bond and easier proton adsorption (the so called Volmer
step: H,O + e = Hage+ OH)." This is coherent with a recent ab-initio MD simulation study of aqueous
solutions of alkali metal salts under applied electric field.® It showed that the water dissociation threshold
field is lowered in LiCl and NaCl with respect to bulk water (with an effect slightly more marked in the case
of the lithium salt), but not in the less acidic KCI. For electrolytes using TBA* and Na* cations, a monotonous
increase of the proton chemical shift with the water concentration is measured (Figure 2.d). Monitoring that
the shift of the peak related to the CHs group in ACN is almost unaffected, we can discard changes coming
from a drastic modification of the electrolytes magnetic susceptibility as the origin for this shift (Figure S1).
Thus, this downfield shift toward values closer of a bulk H,O environment reflects a greater acidity for protons
that matches well with their increased reactivity. In contrast, in the presence of LiClO,, a “V-shaped” curve
characterizes the evolution of the 'H chemical shift for protons in water with its concentration (Figure 2.d).
Surprising at the first glance, such a behavior can be attributed to the existence of different water
populations with an exchange rate high enough to observe the coalescence of their respective NMR
signals.** This existence of different H,O populations in the presence of Li* cations would confirm a stronger
A*-H,0 interaction in the latter case. Finally, it is noteworthy that changing the anion from CIO4 to TFSI is
not altering the aforementioned experimental trends (Figure S2), confirming that in these conditions the
effect of water-water and water-cations interactions prevail on the reactivity of water. Nevertheless, while
NMR reveals a drastic influence of the water concentration on the protons environment, it fails to explain

why an increase of the chemical shift for the Li* electrolytes does not lead to more facile water reduction.
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Figure 3. Water structure in the vicinity of hydrophobic TBA* cation. a) MD snapshots for the systems containing 1% and 10%
of water in mass in the presence of 100 mM TBACIOx4 in acetonitrile. Water molecules are represented in red, TBA* cations in green,
ClOs anions in orange and acetonitrile solvent with grey points. b) Coordination numbers for TBA*-H.0 and H.O-H.0 and ¢) structure
factor for the oxygen atom of H.O molecules at different water concentrations (1% in grey, 5% in blue, 10% in dark blue).

Additional understanding on the molecular environment of water molecules in these different systems was
thus gleaned performing classical MD simulations of the bulk electrolytes. To no surprise, for the TBACIO,
electrolytes, the water environment is found drastically different at 1% - isolated H,O molecules - from the
one observed at 10% where the formation of nanodomains of clustered water molecules can be found, as
illustrated on the snapshots in Figure 3.a. Furthermore, the coordination numbers between TBA* cations and
water molecules (Figure 3.b, top) at short distances only weakly depends on water concentration, confirming
the absence of favorable interactions between H,O and TBA* cations (as illustrated by the broadness of the

first peak in the radial distribution functions, Figure S3). The rise of the coordination number between the



water molecules (Figure 3.b, bottom) with the water concentration pinpoints an increase of H-bond
interactions between the water molecules at high water concentration. This increasing amount of
interactions is confirmed by the growth of a peak at low-qg in the computed OuaterOwater Structure factor
(Figure 3.c) indicative of a long-range organization for water molecules and the formation of water clusters
that results from the increase of H-bonds between water molecules. Thus, the average environment of the
water molecules becomes more similar to a bulk water environment, which explains the downfield in the
NMR 'H chemical shift (Figure 2.d). Here again, the more facile water reduction measured when
nanodomains start to be formed may be explained using previous ab-initio MD results. Indeed, early studies
highlighted the need for a favorable H-bonding environment for the transfer of both the proton® and the
hydroxide” ions. As a consequence, when autoprotolysis reaction occurs, the transfer of protons along a
hydrogen bond “wire” allows the two ionic products to be separated by three or more neighbors. If this wire
remains unbroken, the ions recombine rapidly.?” A similar picture arised from a static density functional
theory (DFT) study of the palladium-water interface.”® Here we can draw an analogy and hypothesize that

larger clusters facilitate the separation of the product of the Volmer step in the TBACIO, electrolyte.
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Puzzled by the different experimental trends observed for the LiCIO4 containing electrolytes, we also
analyzed the water environment with MD simulations for the Li*-containing systems. As previously shown,'"
at low water concentration (1% in mass ~ 400 mM), water molecules are found to preferentially coordinate
the Li* cations (Figure 4.a top). Unlike for TBA* cations that are hydrophobic, water is found to replace
acetonitrile and perchlorate anions (Figure S4) in the first solvation shell of Li* cations (Figure 4.b). This is
further confirmed by observing a downfield shift of the ’Li chemical shift in these electrolytes to values close
to those observed in aqueous electrolytes (Figure S5). Thus, at intermediate water contents, water is either
coordinating Li* cations (unshielded environment) or free in the electrolyte (shielded environment) (Figure
2.d). Alike for TBACIO,, at higher water content, water clusters are forming in the electrolyte (Figure 4.a
bottom) with the increase of the coordination between water molecules (Figure 4.b) being responsible for

this aggregation. Thus, the increase of H,O-H,0O interactions explains the downfield observed in the NMR
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spectra at higher water content. The MD simulations of the bulk of the electrolyte also reveals that the energy
required to extract one water molecule from the Li* cation solvation shell (~200 meV) is greater when
compared to the energy required to separate two water molecules (~80 meV) (Figure S6), and that the
strength of these weak H,O-H,O interactions is weakly affected by the water content. Hence, it confirms that
the short-range H,O-H-O interactions are much weaker than Li*-H,O interactions, independently of the H,O
content in the electrolyte. In order to confirm that the different water environments isolated in the bulk of
the organic electrolyte are maintained at the interface, simulations were carried out applying a constant
voltage (1 V) between two planar carbon electrodes to investigate the water structure within the EDL.
Interestingly, the water organization is found to be similar at the negative electrode as in the bulk of the
electrolyte. Hence, water molecules are found to coordinate Li* cations in both systems (Figure 4.c), and
some clusters of non-coordinating water are present in the water-rich electrode, surrounding the Li*-(H,O)x
adducts. This undoubtedly establishes that the intensity of the short-range Li*-H,O prevails on H,O-H,0O
interactions and dictates the water reactivity at the interface. Finally, the case of the sodium electrolyte is
logically an intermediate between these two extreme cases. While the electrolyte structure is similar to the
one of the lithium (Figure S7), the weaker interactions between water molecules and Na* cations when
compared to Li* cations (Figure S8) explain why when increasing the H,O-H-O interactions, the reactivity of

water is found to increase.

Enlarging the aqueous nanodomains to promote the water reactivity

At this point of the study, we managed to tune the nature of the cation-water interaction, and to study how
increasing the H,O-H-O interactions is affecting the water reactivity. Nevertheless, while some long-range
organization of water was found for the electrolytes with the highest water content, a direct correlation with
water reduction could be drawn for the TBA* and the Na*-based electrolytes only. Hence, we then extended
our study for Li*-based electrolytes by forming larger aqueous-rich domains to increase the long-range

interactions within the electrolyte. While such nanodomains were already reported for water into acetonitrile
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at large H,O content,”* their formation is triggered (and enhanced) here by the addition of a salt at large

concentration.*
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Figure 5 Formation of nanochannels to enhance the water reduction. a) Linear sweep voltammograms recorded in acetonitrile
with 10% in mass of added H.O in the presence of 100 mM (yellow), 500 mM (orange), 1 M (red), or 2 M (brown) LiCIOs on a rotating
disk (1 600 rpm) Pt electrode with a 50 mV s sweeping rate. b) Total X-ray-weighted structure factor of the electrolytes containing
10% H20, 100 mM (yellow), 500 mM (orange), 1M (red) LiCIO4 as computed from the MD simulations. The insert represents the SAXS
intensity experimentally measured. ¢) Number of LiClO+-H.O domains and their average volume depending on the LiCIOs/H.O ratio
at 10% in mass of water calculated from the MD simulations. d) MD snapshots of the concentrated electrolyte (1M LiClOsand 10%
H-0) showing the nanodomains in the bulk and e) at the cathodic interface.

The concentration of LiClO4 was thus gradually increased from ~100 mM to ~2 M in the 10% H2O in mass
electrolytes (see Table S3 for exact values). As the LiCIO4 concentration increases, the onset potential for
water reduction is shifted toward less negative values (Figure 5.a), which is consistent with the increase in
the water 'H chemical shift measured by NMR (Figure S9). To better grasp the molecular origin for this
enhanced reactivity, the electrolyte structure was analyzed with MD simulations and, at short-range, Li-H-O
interactions were found to be gradually replaced by ion-pairing (Figure S10). These results are confirmed by
the typical "bell-shape” curve obtained for the conductivity of these electrolytes as well as by the decrease

of the ’Li chemical shift (Figure S11).
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The formation of water-rich domains at the nanoscale may result either in a fluctuation of the species
concentration or in the microsegregation between these heterogeneities that can be experimentally
accessed by small-angle X-ray scattering (SAXS) at the low-q values which reflects changes in the structure
factor** The increase of the SAXS intensity at low-q values with the LiCIO, concentration reveals the growth
of nanodomains (Figure 5.b, inset). This observation is corroborated by the increase of the X-ray-weighted
structure factor calculated from the MD simulations at the low-q values (Figure 5.b) that arises from the
formation of oxygen-rich domains (i.e. rich in H,O molecules and ClO4 anions) (Figure S12). Hence, these
results suggest that increasing the LiICIOs concentration enhances the size of the formed aqueous-rich
nanodomains in the organic electrolyte, as visually illustrated by a MD snapshot of the electrolyte containing
TM of LiCIO4 and 10% of water in mass (Figure 5.d). This interpretation is further reinforced by observing that
while activation energies for the Li* and H,O diffusion measured by diffusion-NMR spectroscopy (Figure S13

and Supplementary Table 5) differ at low concentration (E, =42 kJ.mol"and E, =

D+ DH,o0
31 kj.mol™1 at 100 mM LiClO), they become closer to each other when the LiCIO, concentration is

increasedto 1M (Ea'DLi"' =32kJ.mol™1and Ea,DHzo = 28 kJ.mol™1). As a result, we can assume that the

diffusion of both Li* and H,O becomes correlated with the formation of these H,O-LiCIO4 rich nanodomains
in the electrolyte. More quantitative information is obtained by performing a domain analysis®: when LiClO4
concentration is increased from 100 mM to ~1M (at fixed water concentration), the number of H,O-LiCIO,4
domains follows a two-fold decrease while their average volume increases by a factor 4 (Figure 5.0).
Interestingly, when an electrical potential is applied, these large water-rich domains are conserved, as shown
in Figure 5.e, and migrate to the negative electrode (Figure S14), forming aqueous-rich “channels” between
the interface and the bulk. The presence of these large water-rich aggregates strikingly contrasts with our
previous observations at low LiClO, content for which only small water clusters could be found in the bulk
and at the EDL. While these results suggest that the long-range ordering of the aqueous phase within the
electrolyte is likely to impact the water reduction, the environment of water at short-range conspicuously
diverges between the different electrolytes studied. Nevertheless when keeping the H,O/Li* ratio constant,
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the third axis of the triangle in Figure 1, the short-range environment for Li* and H,O is not altered and a
simultaneous increase of the H-Oand Li* concentration does not modify the number of domains but rather
increases their size (Figure S15). The presence of larger nanodomains drives the water reduction to higher

potential (Figure S15), confirming the prime importance of the long-range interactions.

Discussion

Our combined experimental and theoretical observations evidence the crucial role of the long-range
organization of water-rich domains on the water electrochemical activity. They provide a picture at the
molecular scale of the complex role of the water at electrochemical interfaces. Notably, the greatest
reactivity measured for water in large water-rich domains can be explained with the current knowledge of
the bulk water autoprotolysis mechanism?% as well as the framework developed by Filhol et al. * which
suggests that several “layers” of water are required to accomplish the Volmer step: the first one provides
proton to the electrode, the second accepts the OH generated during the HER and the following ones allow
the reactants and products to diffuse into solution following a Grotthuss diffusion mechanism. It is also
noteworthy that a higher Li* concentration in the electrolyte may also drive the OH" transport across the
double layer and promote the cleavage of the water O—H bond, as previously suggested.?*** From these
experimental and modeling observations, we can therefore conclude that the highest activity measured for
water reduction in presence of these nanodomains highlights the critical role of the long-range-interactions

onto the water reactivity.

From both an experimental and a modeling point of view, we have highlighted in this work the critical role
played by the organization of water at both short and long-ranges on its reactivity upon electrochemical
reduction. By playing on the water content and the salt concentration/nature in the electrolytes, we could
constrain the structure of water and sort out 4 different behaviors. When the H,O-H,O interactions are
insignificant in the electrolyte (low water concentration), the strength of the water-cation interaction directly

impacts the O—H bond strength and thus dictates the water reactivity upon reduction. By creating H-bond
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interactions between water molecules at the short-range, small water clusters are formed which can impact
the water reactivity only if the cation-water interaction is not too strong. Nevertheless, when the size of these
clusters is grown by increasing the salt concentration, thus creating nanodomains in the electrolyte as
detected by SAXS, an increase of the water reactivity is measured. Classical MD simulation shows that these
structural heterogeneities are conserved at the interface. Overall, this confirms at the molecular scale that
the transport of hydroxides and hydroniums ions at the electrode-electrolyte interface through several layers

of water is a key parameter controlling the water reactivity.

Mastering the water structure at the electrode-electrolyte interface has recently been highlighted both from

theoretical®®¥ and experimental®1%3%

studies as critical to improve the catalytic activity of a surface toward
water splitting. The framework developed in this work presents a molecular picture of how short and long-
ranges interactions can be employed to promote water reduction on conductive electrodes in non-aqueous
electrolytes. This acquired knowledge may transpose beyond the HER to other domains such as the
electrosynthesis of complex organic molecule where it was for instance recently theoretically predicted that
the formation of domains at the electrode-electrolyte interface may drastically influence electrochemical
synthesis kinetics.*® Thus we believe that a similar approach that the one developed in this study may be
employed to confirm these theoretical predictions. This picture may also been of interest to explain the
decrease of potential window stability measured in wet ionic liquids,*™*" or explain the surprising poor
cathodic stability of water-in-salt electrolytes that contains Li-H,O rich domains.****® Moreover, the creation
of these kind of nanodomains in the electrolyte may also be used to tune the selectivity of reactions such as

CO,* or N,*reduction by playing on the affinity of the reactants/products with an aqueous or hydrophobic

nano-phase.
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Material and methods

General procedures

All the experiments were carried out in an Ar-filled glovebox (MBraun, O, < 0.5 ppm H,O < 0.5 ppm). All the
salts were dried under vacuum for 24h in a Bichi oven at 80°C and directly transferred to the glovebox. The
electrolytes were prepared by adding a precise weight of Ar-flushed Milli-Q H,O to acetonitrile (Acros
organics; 99.9%, AcroSeal®, over molecular sieves) so that the final electrolyte contains the right weight
percentage of H,O. To these as-prepared solution, a precise mass of salt (@anhydrous LiCIO4 Alfa Aesar, 99%,
LiTFSI, Solvay, NaClO4 Alfa Aesar, Battery Grade or TBACIO,, Sigma-Aldrich for electrochemical analysis,
>99.0%) was added to obtain the desired cation/water ratio. The electrochemical cells were rinsed in aqua-
regia, boiled in Milli-Q water before to be rinsed 5 times with fresh Milli-Q and finally dried Th at 80°C prior
to be used. The density of the electrolyte was measured by weighing 2.0 + 0.025 mL (volumetric flask) of
each electrolyte. Their conductivity was measured with a SevenCompact 230 (Mettler Toledo) conductivity-

meter. All their physical properties (density, concentration) are given in the SI.

Electrochemical measurements

Data were acquired on a Biologic VMP3 potentiostat. Prior to any measurement, platinum polycrystalline
electrodes (5 mm diameter, Pine research) were polished using three polishing slurries (6 um diamond on

nylon polishing disk, followed by 0.3 um and 0.04 um aluminum oxide on microcloth polishing disk) using
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a polishing machine (Le Cube, Presi). Residual traces of slurries were removed by sonicating the as-polished
electrode in a 50:50 H,O:EtOH solution two times for 2 minutes. To ensure the cleanliness of the platinum
electrodes surface, the electrodes were held at + 2.0 V vs. SHE in a 0.5 M H,SO4 solution purged with Ar for 2
minutes followed by 10 cycles of cyclic voltammetry (from 1.350 V to 0.0 V vs. SHE) in a fresh H,S04 solution.
Then, freshly cleaned electrodes were rinsed with ultrapure water, air-dried and pumped in the glovebox
antechamber. Inside the glovebox, the electrodes were immediately covered by a drop of acetonitrile before
being mounted onto a rotating disk setup (Pine research). All electrochemical measurements were recorded
using a three electrodes cell setup with an AgNOs/Ag organic reference electrode (regularly calibrated
against ferrocene). During the measurement, the working electrode was rotated at 1 600 rpm. A flame-
annealed platinum wire was used as a counter electrode and placed in a separate compartment. A sweep
rate of 50 mV.s was used during all the electrochemical experiments. The ohmic drop was measured using
current-interrupt technique after every electrochemical measurement. Typical values of around ~50 to ~100
Q) were obtained. The ohmic drop compensation was performed during the data treatment (85% of

correction, as suggested by the potentiostat manufacturer).

Nuclear-magnetic resonance characterization

Liquid-state NMR spectra were recorded on a Bruker 7.046 T Avance Il HD NMR spectrometer mounted with
a 5 mm HX(F) probehead. For electrolyte analysis, NMR tubes equipped with a D,O (99% D, Sigma-Aldrich)
filled coaxial insert were used in order to lock the magnetic field and HOD signal was used as an internal

reference (4.7 ppm). Single pulses sequences were used to record the 'H and ’Li spectra.

'H and ’Li self-diffusion coefficient measurements by NMR

The self-diffusion coefficients were measured using 10mm tubes in a Bruker Advance Ill HD 4.7 T operating
at 200 MHz for 'H and 77.7 MHz for ’Li, using a Bruker 10 mm liquid-state probe equipped with a 'H or “Li
10mm saddle coil. The pulsed magnetic field gradients (PFG) were performed with a Bruker diff30 pulsed

magnetic field gradient (up to 30 Gecm™A™") coil and a Bruker GREAT60 gradient amplifier. A stimulated
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echo* was used with diffusion times of 7 to 10ms and encoding/decoding square PFG pulses (1 to 2ms).
The PFG amplitudes were varied in 32 steps from 0 to 600 G/cm (‘Li) and from 0 to 300 G/cm ('H). A
saturation, 2 dummy scans and a repetition time of 4s for ’Li and 5s for 'H were used to ensure steady state.

At least 32 transients were added for each measurement.

The Bruker Control Unit (BCU20) was used to set 5 temperatures for the water in the PFG coil (281 Kto 321 K
in steps of 10K), and the temperature was calibrated using a 10mm tube filled with glycerol in the same
conditions. The sample was left to equilibrate for at least 30 minutes in the spectrometer before the

measurements. The data processing is described in the Supplementary information.

Small-angle X-Ray Scattering

Small-angle X-ray scattering (SAXS) data were collected at the SWING beamline (SOLEIL synchrotron, Saint-
Aubin, France). The beamline was operated at 16 keV and an Eiger 4M Detector (Dectris) was used. Electrolyte
samples were filled into T mm capillaries inside the glovebox, sealed with epoxy and the measurements
were performed at room temperature. The sample-to-detector distances were set to 6.2 m and 0.5 m, which
allowed to cover scattering vectors in the range from q = 0.0016 A™ to 0.28 A" The data analysis (including

integration, normalization and background subtraction) was carried out using the FOXTROT software.

Bulk Molecular Dynamic Simulations

Classical MD simulations of the bulk systems were performed using the GROMACS software package.®
Acetonitrile solvent was described with a six-site model.>* SPC/E model was chosen for water molecules.>?
Force field parameters for perchlorate anions and TBA cations were taken from Ref. 53 and Ref. 54,
respectively. The Lennard-Jones parameters for Li* and Na* were taken from Aqvist.55 Mixed Lennard-Jones
parameters for all of the different atom types were obtained from the Lorentz-Berthelot combination rules.
The simulations were performed in the NVT ensemble at 300 K for 100 ns, with the Nosé-Hoover

thermostat®®*’ (the relaxation constant used is 0.5 ps), using a timestep of 1 fs and saving a configuration
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every 100 fs. The initial configuration was achieved by generating a low density cubic box by means of the
PACKMOL package,®® that was then compressed in the NPT ensemble in order to reproduce the electrolyte
density at temperature and pressure conditions of 300 Kand 1 atm, respectively. All the box configurations
are given in Supplementary Tables 1-3. The systems were then equilibrated in the NVT ensemble at 700 K
for 0.5 ns, followed by a final NVT equilibration at 300 K for 2 ns. The production simulations were finally
carried out in the NVT ensemble at 300 K for 100 ns. Long-range electrostatic interactions were computed
with the particle mesh Ewald method,*® while a cutoff distance of 9 A was adopted for the non-bonded
interactions. The LINCS algorithm was employed to constrain the stretching interactions involving hydrogen
atoms.®® The coordination numbers were obtained by the integration of the radial distribution functions
(RDF), calculated every 100 fs using the GROMACS utilities.*® The structure factors were calculated with an
in-house code using the partial RDFs. The domain analysis was performed using TRAVIS*>#* while VMD

software was used to obtain the snapshots .5

Molecular Dynamic Simulations at constant applied voltage

Classical MD simulations of the electrolytes containing LiCIO4 between two planar graphite electrodes were
performed at a fixed potential difference of 1V using an in-house code, following the approach detailed in
Refs.8364 2D periodic boundary conditions were used in the xy directions. The force field parameters were
kept the same as in the bulk simulations, with the addition of the Lennard-Jones parameters for the electrode
carbon atoms taken from Ref® The simulations were performed in the NVT ensemble at 300 K, with the
Nosé-Hoover thermostat®®>7 (the relaxation constant used is 1 ps), using a timestep of 1 fs. Long-range
electrostatic interactions were computed with the Ewald summation method in 2D with a combination of
point charges for the electrolyte and Gaussian charges for the electrodes,®*%¢ while a cutoff distance of 12 A
was adopted for the non-bonded interactions. The SHAKE algorithm was employed to constrain the
stretching interactions involving hydrogen atoms.®”-%8 Further details about the box sizes and geometries

are provided in Supplementary Table 4. The systems were first pre-equilibrated by fixing the electrode
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charges to zero (about 400 ps) and then under constant applied potential of 1V. The equilibration time was
2.5ns, 1.5 ns and 3.0 ns for the three systems, respectively. Once the steady state was reached, the systems

were simulated for 5.2 ns, 3.0 ns and 3.7 ns, respectively.

Data availability

The data related to this study are available from the authors upon reasonable request.
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