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HIGHLIGHTS
e Transport fingerprints of aqueous electrolytes are captured to be mediated by environment-reconstructed ion correlation networks.

e Taking the Nernst—Einstein deviations as descriptors, electrolyte transport presents threefold-hierarchical variations due to salt con-

centration, thermal effect, and nanoconfined interface.

e This threefold-hierarchical framework is transferable among diverse electrolytes, offering a localized insight for electrolyte evaluation

in electrochemical energy devices.
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simulations at sub-nanometer resolution. It is revealed that ultrahigh
concentration changes electrolyte electronic states and forms ion correlation networks with extensive aggregates. These alterations reduce
free water content and hydrogen bond network connectivity, resulting in notable deviation from the Nernst—Einstein (NE)-predicted
conductivity. This deviation is thermal-alleviated by weakening ion correlations. Nanoconfined interfaces create oscillatory-decaying
distribution and heterogeneous orientation in HCAE constituents, resulting in redrawn ion correlation networks and localized NE devia-
tions. Such transport behaviors are further modulated by synergistic thermal-interfacial constraints. Taking NE deviations as descriptors,
HCAE transport, mediated by environment-reconstructed ion correlation networks, is then summarized to present threefold-hierarchical
variations due to ion concentration, thermal effect, and confinement extent. This threefold-hierarchical framework is transferable among

diverse electrolytes, offering a localized insight for electrolyte evaluation in electrochemical energy devices.
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1 Introduction

Ions serve as basic carriers in energy conversion and
storage, and the application scenarios of electrolytes are
extensible by altering ion charge density. Diluted aqueous
electrolytes (DAEs) are widely used in ion separation [1,
2], nanogenerators [3, 4], and ion sensing [5]. By contrast,
highly concentrated aqueous electrolytes (HCAEs), in which
salt content exceeds that of solvents by weight and volume,
have unique occurrence states of ions and solvents. They are
promising candidates in ion batteries [6, 7], supercapacitors
[8, 9], and electrocatalysis [10] due to high energy density
and electrochemical stability. Precise evaluation of HCAE
structure—transport relationship is vital for electrolyte design
in electrochemical energy devices.

HCAE transport behaviors are primarily determined by
ion concentration, thermal effect, and nanoconfined interface
in applications. Ultrahigh concentration is basically respon-
sible for HCAE transport fingerprints. From an ion insight,
ion—ion correlations produce ion clusters and charge aggre-
gates, inducing dense networks and collective ion motion.
Distinct from solvent-free ionic liquids [11], this collective
motion is more complex in HCAEs due to the participation
of water solvent. For instance, neutral aggregates consisting
of equal cations and anions do not contribute to electrolyte
conductivity, and negative clusters make opposite contribu-
tions due to the dragged cations by anions [12, 13]. From a
solvent insight, the less free-state water in HCAEs reduces
solvent activity in lithium batteries [14, 15] and zinc batter-
ies [16, 17]. Water can even reshape the aggregate composi-
tion, so that it no longer merely offers background resistance
for ion transport. Given these complexities, the classical
Nernst—Einstein (NE) relation presents notable devia-
tions for evaluating HCAE transport [18, 19], despite its
achievements in DAE-based scenarios such as desalination
[20], water treatment [21], and ion logic devices [22]. This
deviation stems from the fact that the NE relation neglects
ion—ion-correlated motions and treats all ions equally, with-
out distinguishing whether they belong to neutral or charged
species. Hence, the intricate cation—anion—solvent interplay
and water states still require exploration, thereby offering a
bottom-up understanding of the structure—transport relation-
ship of HCAEs.

The deviation from the NE relation in HCAE-based
devices is further modulated by wide temperature ranges.

© The authors

For instance, the non-freezable bound-state solvents endow
aqueous ion batteries and capacitors with robust low-tem-
perature function [23-26], and the ultrahigh ion density
enhances the power output of osmotic energy conversion
devices in high-salinity and high-temperature situations
[27]. These diverse scenarios imply a thermal-regulated
equilibrium of dynamic formation and dissociation of ion
aggregates, thereby altering the concentration of effective
charge carriers. Temperature is thus a regulator of HCAE
microstructures, including ion correlation and hydrogen
bond (H-bond) networks, no longer merely an accelerator
of species transport. This electrolyte transport behavior,
determined by thermal-induced structure evolution, clearly
deviates from the NE assumption that ions are independent
charge carriers. Hence, the structure—transport relationship
and the NE deviation of HCAEs require decoding under
thermal regulations, aiming at the accurate prediction of
device outputs.

HCAE microstructure and its NE deviation are even mys-
terious at nanoconfined interfaces, such as electrode pores
in aqueous batteries [28], catalyst surfaces in CO, electrore-
duction [29], and ion-selective channels in osmotic power
generation [30, 31]. These interfacial scenarios have hetero-
geneous local environments, leading to position-dependent
aggregation and orientation of species. HCAE structure and
the NE deviation are thus expected to present spatial hetero-
geneity. However, the NE relation typically treats ion motion
in a homogeneous medium when discussing the electrolyte
transport, so the entire electrolyte space is roughly simpli-
fied to a single package. In fact, as preliminarily explored
by spectroscopic techniques [32—34], sub-nanometer-resolu-
tion explorations are necessary to probe species occurrence
states, thereby unraveling the interface-reshaped NE devia-
tion for HCAE transport.

In this study, the visualized and quantified explorations
of bulk and interfacial aqueous electrolytes are performed
by integrating infrared (IR) and Raman characterization,
pulsed-field gradient nuclear magnetic resonance (PFG-
NMR) experiment, conductivity measurement, and first-
principles molecular dynamics (FPMD) simulation. The
origin and expression of ion correlation networks are
clarified to reveal the environment-controlled HCAE
transport. Taking NE deviations as descriptors, threefold-
hierarchical variations in HCAE transport features are
then summarized to revisit its behavior at sub-nanometer
resolution. This hierarchical framework provides a localized
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insight for electrolyte evaluation in electrochemical
applications.

2 Experimental Section
2.1 Experimental Characterization of Bulk Electrolyte

Due to the low cost and excellent conductivity, NaNO; aque-
ous solutions serve as promising alternatives in energy con-
version and storage. They are thus selected to evaluate the
structure—transport relationship of aqueous electrolytes. In
detail, NaNO; salt is dissolved in distilled water to prepare
electrolytes at 0.01, 0.71, and 7.29 M, representing DAE,
moderately concentrated aqueous electrolytes (MCAE),
and HCAE, respectively. MCAE is a transited concentration
between the other two values. These concentrations are cho-
sen by balancing the rationality of experimental conditions
with the accessibility of subsequent FPMD simulations,
thereby probing the concentration dependence of struc-
ture—transport association. The concentration of 0.01 M is
generally a threshold of ideal diluted solutions. The concen-
tration of 7.29 M meets the HCAE definition and approaches
NaNOj solubility limit. The concentration of 0.71 M shows
an order difference from DAE and HCAE concentrations,
and a lower value may cause fewer ions and inadequate sam-
pling in simulations.

To probe the electrolyte structures, IR and Raman spectra
are characterized for bulk DAE, MCAE, and HCAE under
various temperature conditions. To probe the solvent water
properties with concentration dependence, PFG-NMR
experiments are then conducted at room temperature to
obtain two-dimensional (2D) diffusion-ordered spectroscopy
(DOSY) of 'H nuclei. Additional experiments are performed
for HCAE at 274, 285, 315, and 330 K, to evaluate the tem-
perature-dependent water transport. This range can avoid
low-temperature freezing and high-temperature irreversible
changes of HCAEs. The NMR signal is related to water dif-
fusivity D, and D, values are fitted to extract the activation
energy for water transport (E, ,,) in HCAEs.

After clarifying the water behaviors, temperature-depend-
ent conductivity measurements are performed for the three
concentrations across a temperature range (270, 285, 300,
315, and 330 K). The tests are conducted at constant tem-
perature (humidity: 20%) through the four-electrode method
using a DZB-712F multiparameter analyzer (REX, INESA
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Scientific Instrument Co., Ltd.). Before testing, the instru-
ment undergoes rigorous calibration using standard solutions
to guarantee measurement accuracy. To ensure temperature
uniformity, a stabilization period of 10-15 min is conducted
after each temperature adjustment before data collection.
During data collection, temperature and its relative deviation
are monitored through integrated sensor arrays. All tests are
repeated three times. To assess the concentration depend-
ence of activation energy for electrolyte transport E, ., the

measured conductivity o,,, is fitted using the Arrhenius

exp

equation. The definitions of D, E, ., E, ., and o,

aws Eaer exp AIC shown
in Note S1.

2.2 FPMD Simulation of Bulk Electrolyte

To ensure consistency of concentration and temperature with
experiments, bulk electrolyte models at 0.71 and 7.29 M are
established for FPMD simulations, representing the MCAE
and HCAE, respectively. DAE is not included in simula-
tions for two reasons: Experimental results here indicate
minor differences in solution environments between DAE
and MCAE, and the limited model size makes it infeasible
to reproduce concentrations low to 0.01 M. Hence, MCAE
contains 3 Na'/NO;~ pairs and 222 water molecules (simu-
lated at 300 K), and HCAE contains 31 Na*/NO;™ pairs and
143 water molecules (at 270, 300, and 330 K). Both cubic
models show dimensions of 19.19x19.19x19.19 A*. To
minimize the equilibration time, classical MD simulations
are performed to extract final snapshots as initial structures
for FPMD simulations. FPMD simulations of these bulk
models are conducted using the NVT ensemble. Computa-
tional details are shown in Note S2 and Table S1.

To uncover the electrolyte behaviors in diverse environ-
ments, this study analyzes physical quantities in four aspects,
including electronic, structural, and thermodynamic proper-
ties, as well as transport performance. Electronic properties
include electrostatic potential (ESP) distribution and pro-
jected density of states (PDOS). Structural properties involve
the spatial distribution of species, radial distribution func-
tion (RDF, also written as g(r)), radial space charge p (r),
spatial distribution function (SDF), H-bond network, and
water occurrence state. Specifically, H-bonds are classified
into water—water and anion—water ones, denoted as HB,,
and HB, ,,, respectively, and the normalized H-bond number
is calculated. Water occurrence states are divided into four

@ Springer
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types: not solvated by any ion (H,Og), solely solvated by
cations (H,O), solely solvated by anions (H,O,), and co-
solvated by cations and anions (H,Ocp).

The dissociation energy barrier AG of ion pairs is calcu-
lated to assess ion—ion correlation strength from a thermo-
dynamic insight. Transport performance is assessed by water
diffusivity (D,,) and electrolyte conductivity. For a binary
1:1 electrolyte, the NE relation links electrolyte conductivity
ong With ion diffusivity:

2

oNg =0, +0° = %(C+D++C_D_) (1)

where o7 and o® are cation and anion self-diffusion con-
tributions, respectively. ¢ and D are ion concentration and
diffusivity, respectively. Subscripts + and — denote cation

and anion, respectively. F, R, and T are the Faraday constant,
gas constant, and temperature, respectively.

In fact, electrolyte conductivity is accurately a sum of
self-diffusion and ion—ion-correlated contributions, as
expressed by the Green—Kubo (GK) relation:

oGk =0, +0° + O'i+ +0¢ — 20'2_ )

In this expression, in addition to the self-diffusion con-

d d d
4 02_, and o _ denote the par-

tial conductivity contributions arising from cation—cation,

tributions (afr and ¢*), o

anion—anion, and cation—anion correlations, respectively.
The factor of 2 before cri_ is derived from rigorous math-
ematical calculations, so it is generalized and independent
of charges carried by cations and anions. Ion correlation
networks thus result in deviations from the NE relation,
depending on the ion—ion correlation strength. Two dimen-
sionless quantities are then defined to quantify the NE devia-
tion, including the Haven ratio H and cation transference
number 7. Hy is defined as:

S S
o, to_

ONE
HR: —_— =

S N d d _ d
oGk o0} +0%+ol, +od —200_

3

t, is defined as the relative contribution of cation motion

tOUGK:
s d _ d
. o,to,, —0,_ 4
TS 408 40l 09 —269 @)
+ - ++ — +—

Ion correlations are negligible in low-concentration elec-
trolytes, so Hy, values are close to one. However, in HCAEs
and nanoconfinement scenarios, strong ion correlations and
heterogeneous aggregates lead to Hy deviating from one and
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t, with negative values. In this case, the transport behavior
deviates from the NE relation. Details are shown in Note S1.

2.3 FPMD Simulation of HCAE at Interfaces

HCAE:s and carbon-based materials form a mature com-
bination in electrochemical energy devices, and graphene
is a representative carbon material [35]. Hence, this study
confines a 7.29 M NaNO; solution between two graphene
sheets, forming two symmetrical graphene—HCAE interfaces
for FPMD simulations. The lateral size in the xy plane of
such an orthorhombic cell is 17.22x 17.04 A2 Its vertical
dimension in the z-direction is 39 A, which includes a 12 A
vacuum layer to minimize the periodic image interactions.
FPMD simulations of these interfacial models are performed
at 270, 300, and 330 K using the NVT ensemble. Detailed
parameters are shown in Note S2.

To investigate HCAE behaviors at interfaces, the physical
quantities involve electronic and structural properties as well
as transport performance. Electronic property involves the
electronic density difference Ap, and Bader charge. Struc-
tural property includes species number density p,, (e.g., ions,
water molecules, and H-bonds), as well as anion and water
orientations. Anion orientation at interfaces is assessed by
a distance—angle colormap and orientation preference Pyp
of anion plane. Water orientation is assessed by another
distance—angle colormap and orientation preference P4 of
water dipole.

Moreover, the approach established for bulk electrolytes
is followed to assess the position-dependent HCAE transport
with sufficient statistical sampling. In detail, the partial con-
ductivity, Hg, and ¢, are calculated separately in regions I, 11,
and III. System parameters (e.g., volume V, number of ions
N, and N_, and ion concentration) are adjusted according to
the size and number density of each region. All structural
properties and transport performance in interfacial systems
are averaged over two symmetric interfaces. Details are
shown in Note S1.

3 Results and Discussion
3.1 Comparison of DAE and HCAE

The transport behaviors of aqueous electrolytes rely on
environments of ion concentration, temperature, and

https://doi.org/10.1007/s40820-026-02075-1
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nanoconfinement. Figure 1 compares DAE and HCAE. The
low-cost and low-concentration sodium nitrate (NaNO5)
widely appears in desalination [36] and osmotic energy
conversion [37]. It even has low viscosity and high conduc-
tivity at high concentration, serving as a promising alterna-
tive for aqueous energy storage [38, 39]. Hence, this study
employs NaNO; aqueous electrolyte to explore the intrinsic
association between electrolyte microstructures and trans-
port behaviors.

In terms of bulk DAE (Fig. 1a), ion—ion correlations
are negligible due to solvent-separated ions and abundant
free-state water, and ion presents independent movement
without mutual interferences. The electrolyte transport
thus conforms to the NE relation. In terms of bulk HCAEs
(Fig. 1b), the crowded environment leads to overlapping
hydration shells between neighboring ions and induces
strong ion correlations. Ion correlation networks then
produce aggregates with bound species and trigger the
collective ion movement.

When HCAEs appear at the nanoconfined interface
(Fig. 1c), in addition to solvation effects and ion correla-
tions, the pattern and composition of aggregates also exhibit
spatial heterogeneity, due to the disparate confinement levels
at different distances from the surface. For instance, the local
constituent concentration presents an oscillatory decay with
an attenuated confinement level, and ion and water near-
est to the surface adopt their preferred orientations. These
fingerprints endow HCAEs with localized ion correlation
networks and spatially hierarchical transport. Thermal
effects further perturb the aggregate stability and reshape
ion correlation at interfaces. Hence, electrolyte conductivity
and its partial contributions must be described by complex
functions of local ion concentration, temperature, and spatial
position within interfacial regions. It is crucial to reveal the
environment-controlled ion correlation networks and HCAE
transport behaviors for electrolyte evaluation in energy con-
version and storage.

3.2 Research Framework

To probe the environment-shaped HCAE behaviors from
bulk to interface, Fig. 2 shows the three-stage research
framework. By integrating experimental characterizations
with first-principles simulations, multiple environmental
factors are discussed, including ion concentration, thermal

SHANGHAI JIAO TONG UNIVERSITY PRESS

effect, nanoconfined interface, and the thermal-interfacial
coupling. The first stage probes the structure—transport
relationship of bulk electrolytes under three concentration
regimes, including DAEs, HCAEs, and MCAEs. IR and
Raman spectra are employed to clarify the environment-
dependent structural features. Given the critical water role
in electrolyte transport, PFG-NMR is used to evaluate water
structure and transport with concentration and temperature
dependences. The conductivity is then measured to quan-
tify the transport performance. Hence, the structure metrics
include peak positions of IR, Raman, and NMR signals,
and the transport metrics involve water diffusivity and its
energy barrier, as well as electrolyte conductivity and its
concentration-controlled energy barrier.

Electrolyte transport performance can be traced
back to the intrinsic features of constituents. Inspired
by the divergent structural and transport behaviors in
experiments, the second stage performs FPMD simulations
for bulk MCAE and HCAE. Such arrangements aim to
quantify the contributions of ion correlations to electrolyte
transport. The outputs involve water diffusivity as well
as total and partial ionic conductivities. Meanwhile, H
and ¢, are descriptors to quantify the deviation from the
NE relation-predicted conductivity. The second stage
further probes the origins of environment-dependent
transport from the insight of ion correlation networks. The
outputs involve three aspects: electronic, structural, and
thermodynamic properties. Electronic properties are the
ESP distributions of isolated components and the PDOS
of electrolyte systems. Structural properties involve the
species distribution around ions, ion solvation structure,
H-bond network connectivity, and water occurrence state.
A thermodynamic property is the dissociation energy
barrier of ion pairs.

HCAEs commonly appear at nanoconfined interfaces in
applications, where experimental techniques suffer from
limited spatial resolution for the distinct confinement
levels. To address this challenge, the third stage focuses on
interfacial HCAEs by performing room-temperature FPMD
simulations, extending the fundamental insights obtained
from bulk states to interfaces. This stage highlights the role
of solid surfaces in reconstructing ion correlation networks
and transport behaviors of HCAEs. Temperature-regulated
FPMD simulations are further conducted to explore
the electrolyte behaviors under the coupled impacts of
nanoconfinement and thermal effect. The interface-specific

@ Springer
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a Diluted aqueous b Highly concentrated
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Subsequently, the NE deviation serves as a descriptor to
summarize HCAE transport behaviors mediated by envi-
ronment-reconstructed ion correlation networks, offering a
reliable evaluation pathway for aqueous electrolytes in elec-
trochemical devices.

3.3 Spectroscopic Fingerprint and Transport
Performance of Bulk Electrolyte

This study starts from experimental characterization for bulk
electrolytes. Figure 3a shows NaNO; aqueous electrolyte
samples used for characterizations, covering DAE (0.01 M),
MCAE (0.71 M), and HCAE (7.29 M). Figure 3b presents
the environment-dependent IR spectra of the samples. The
peak at 1342 cm™! is the antisymmetric stretch in NO,~ ions
(denoted as v3-NO; ™), and the peak at 3000-3600 cm™" indi-
cates water O—H stretch (denoted as v-H,0). As an increased
concentration from DAE to MCAE and HCAE at 300 K,
the absorption peak of v;-NO;™ orderly evolves from neg-
ligible to remarkable. This result stems from the fact that
water molecules fail to fully shield ion—ion interactions at
an ultrahigh concentration, and strong ion—ion correlation
places anions in a highly asymmetric local environment.
Meanwhile, the absorption peak of v-H,O shifts from 3280
to 3332 and 3390 cm™' with an enlarged concentration. This
concentration-dependent shift stems from the impaired role
of strong HB,,_,, and the enhanced role of weak HB,_,, with-
out fully breaking H-bond networks. This alteration is con-
firmed by the decomposed v-H,O spectra (Fig. S1), inspired
by previous reports [26, 40].

Figure 3c displays the environment-dependent Raman
spectra of the samples. The peak at 1030-1060 cm™" indi-
cates the symmetric N-O stretch in NO;™ ions (denoted
as v;-NO;™). As the concentration increases from DAE to
MCAE at 300 K, the peaks of v;-NO;~ and v-H,O remain
at 1047 and 3472 cm™!, respectively, implying a minor dif-
ference in the electrolyte environment between DAE and
MCAE. Upon increasing the concentration to HCAE, the
peaks of v,-NO;~ and v-H,0 shift to 1045 and 3470 cm™",
respectively. This result stems from that the ultrahigh con-
centration weakens anion N-O bonds by enhancing cat-
ion—anion interactions, and it impedes water O—H bonds by
forming the crowded aggregates. In terms of temperature-
affected HCAEs, the v,-NO;~ peak shifts from 1057 to
1035 cm™! with temperature from 270 to 330 K, indicating

© The authors

the thermal-weakened anion N-O bonds. Meanwhile, the
v-H,0 peak shifts from 3484 to 3460 cm™'. This specific
shift, deviating from the pattern in pure water and diluted
electrolytes, is reasonable in HCAEs, as previously reported
[26]. Intrinsically, the v-H,O peak is co-shaped by multiple
factors, such as anion hydrophilicity and species micro-
structure. Thermal effects alter H-bond strength, relax the
electrolyte structure, and rearrange ion—water coordination
in HCAEs simultaneously. The eventual output mimics a
decreased concentration (still belonging to the HCAE), shift-
ing the v-H,O peak to lower frequencies. Ion concentration
and thermal effects thus reshape ion—ion and ion—water
interactions in aqueous electrolytes.

Note that the v-H,O peak appears at different locations in
IR and Raman spectra, and it shifts much more in IR than
in Raman results with a transition from DAE to MCAE and
HCAE. This discrepancy arises since the two techniques
probe different aspects of the water O—H stretch. In IR spec-
tra, the water O—H stretch is highly sensitive to variations
in dipole moment, which is strongly affected by H-bond
strength. From DAE to MCAE and HCAE, the strong HB,,
are progressively replaced with weak HB,_,, leading to a
pronounced blue shift of v-H,O. In contrast, Raman scatter-
ing is governed by changes in molecular polarizability. The
v-H,O band in Raman spectra represents a collective vibra-
tion averaged over diverse water species, including weakly
H-bonded and non-H-bonded OH groups. Hence, its peak
position exhibits only a small shift with ion concentration,
consistent with the previous report [41].

Figure 3d shows the 'H PFG-NMR spectrum at 300 K.
The 'H peaks of DAE and MCAE are located at 4.70 and
4.65 ppm (Fig. S2), respectively, implying a minor differ-
ence in the solution environments. The 'H peak negatively
shifts to 4.25 ppm in HCAE, due to the reduced electron
cloud density around H nuclei, which stems from the
enhanced H-bond deshielding effect due to more HB,_,, in
HCAEs. As shown in Fig. S3, the 'H peak in HCAE posi-
tively moves from 4.10 to 4.40 ppm as temperature rises
from 274 to 330 K. This result is ascribed to the enhanced
electron cloud density around H nuclei, which is caused by
the reduced H-bond deshielding effect due to fewer HB,_,
under thermal effects.

The peak shift reappears in 'H 2D DOSY (Fig. 4a), where
D, reduces with concentration at 300 K and grows with
temperature in HCAEs. As shown in Fig. 4b and Table S2,
from DAE to MCAE and HCAE at 300 K, D,, decreases

https://doi.org/10.1007/s40820-026-02075-1
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Fig. 3 Environment-dependent spectroscopic fingerprint of bulk aqueous electrolytes. a Aqueous electrolyte samples used in experiments. b
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ized to the intensity of the band near 490 cm™!. Raman spectra in panel (c) are normalized to the v-H,O band intensity, and the v,-NO;~ band
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MCAE, and HCAE, respectively
268.37 mS cm™! at 330 K in HCAE, due to the thermal-

promoted ion movement. Notably, although DAE and

their energy

from 23.4x1071° t0 21.8 x 107'% and 10.0x 1071 m? s/,
Xp?

indicating the hindered water diffusion by high concentra-
tions. From 274 to 330 K for HCAESs, D,, increases from
4.80x 10719 t0 20.0x 1071 m? 57!, implying the thermal-
promoted water diffusion in HCAESs, with an energy barrier

E,, of 19.72kJ mol™".
According to experimental measurements, Fig. 4c

MCAE present significant discrepancies in o,
barriers are almost identical, with E, . values at 6.28 and

6.36 kI mol~!, respectively. This consistency suggests that
their electrolyte environments are largely similar, with
comparable microscopic resistance for ion transport. In
contrast, E, . increases to 6.9 kJ mol~! in HCAEs, implying
a significant variation in electrolyte environments. The
densely packed ions in HCAEs intensify ion correlations

shows the electrolyte conductivity o, as a function of
and form ion aggregates that move collectively, thereby

concentration and temperature, and the data are shown in
increases with concentration at a certain

Table S3. oy,
temperature. It changes from 2.71 mS cm™! in DAE
increasing the resistance to ion transport.
To reproduce experimental observations and offer atomic-

to 191.37 mS cm~! in HCAE at 300 K due to more ion
also increases with temperature at a certain
level mechanistic explanations, FPMD simulations are

carriers. oy,
concentration. It rises from 157.07 mS ecm™! at 270 K to
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Fig. 4 Environment-dependent transport performance of bulk aqueous electrolytes. a 2D DOSY spectrum of 'H nucleus obtained from PFG-
NMR measurements. b and ¢ Water diffusivity and ionic conductivity from experiments. d—f Snapshots of aqueous electrolyte, water diffusivity,
and ionic conductivity from simulations, respectively. The error bars in panel (e) are standard deviations. Haven ratio (Hy) and cation transfer-
ence number (z,) are listed in panel (f). g Summary of environment-dependent transport performance

performed for bulk aqueous electrolytes. Given the minor
differences in solution environments between DAE and
MCAE and the feasibility of model size, the 0.71 M solution
is employed to represent MCAE, compared against the
7.29 M solution representing HCAE at 300 K. To evaluate
the temperature-dependent NE deviation in HCAE:s,
simulations are also conducted at 270 and 330 K to generate

© The authors

outputs for comparison. Convergence tests for simulation
parameters are provided in Fig. S4.

Figure 4d compares simulation snapshots of bulk MCAE
and HCAE. Snapshots at different temperatures and the
thermal equilibration are shown in Fig. S5. The simulated
D, agrees well with experiments (Fig. 4e, Table S2), and
they reproduce the high-concentration suppressed and
thermally enhanced D,,. Figure 4f shows the simulated
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electrolyte conductivity and its partial contributions. These
results are derived from EMSDs in Fig. S6, with data
shown in Table S4. ogk calculated from the rigorous GK
relation matches with experimental values o, confirming
the reliable simulation results. For MCAE at 300 K, o5k
primarily originates from ion self-diffusion contributions
(i.e., o-jr and o*, denoted as ¢°), and contributions from ion-
4,09 ,and 6¢_, denoted as )

are an order of magnitude lower. Electrolyte conductivity

correlated motions (i.e., o

derived from the NE relation (oyg) is thus almost equal to
ogk» With Hp at 1.00 and 7, at 0.38. Hence, the NE relation
is acceptable for describing electrolyte transport in MCAEs.

With an increased concentration to HCAE at 300 K, D,
and D_ are reduced (Table S5) to imply the impeded ion
self-diffusion. However, the ultrahigh concentration indi-
cates more ion carriers to contribute afr and ¢°. Eventually,
the positive effect of increased carrier density outweighs the
negative impact of slowed ion motion, leading to an enlarged
ong- Ong €ven exceeds ogg in the HCAE, with Hy at 1.23
and a negative 7, at —0.20, indicating the pronounced NE
deviation. This deviation stems from the negatively charged
aggregates due to the bound cation with multiple anions, so
that cations are dragged to cause net negative contributions
to electrolyte conductivity. The NE deviation is even tem-
perature-dependent in HCAEs. oy far exceeds o5 at 270 K,
and Hp and ¢, are 1.39 and —0.39, respectively, indicating
a significant NE deviation. At 330 K, Hj decreases to 1.15,
and 7, returns to be positive (0.22), implying a mitigated
NE deviation. Note that although these transport outputs are
based on the limited model size (19.19° A%) and sampling
time (24 ps), their statistical convergences are confirmed
by the comparable results upon large model sizes and long
simulation durations (Fig. S7).

Figure 4g summarizes the environment-regulated trans-
port of bulk aqueous electrolytes. From DAE to HCAE,
the increased ion carriers are accompanied by less water,
resulting in crowded microenvironments and ion aggre-
gates. This change limits the free space available for spe-
cies motion and reduces D,. Meanwhile, the increased
self-diffusion and ion-correlated contributions (i.e., ¢° and

oY) enlarge oy and ok . The enhancement in ¢

surpasses
that in ¢®, so Hy rises and 7, reduces, suggesting a growing
NE deviation. In HCAEs, thermal effects disrupt aggre-
gate structures, strengthen ion self-diffusion, and suppress
ion correlations. oy and ogg are thus enlarged with the

increased D, due to the promoted ¢* and suppressed o9.
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Hpy and ¢, are thus reduced and ascended, respectively,
implying an alleviated NE deviation.

3.4 Concentration- and Thermal-Reconstructed Ion
Correlation Networks in Bulk Electrolyte

The electronic, structural, and thermodynamic proper-
ties are then analyzed to explain the above phenomena.
As shown in Fig. 5a, the polar water molecule has an
uneven ESP distribution, serving as both H-bond donors
and acceptors. Na* and NO;™ ions have positive and nega-
tive ESP values, respectively. NO;~ even presents planar
geometry and heterogeneous ESP distribution, enabling
the HB,_,, formation. Combining the isolated species with
diverse proportions yields bulk electrolytes at various
concentrations. As shown in Fig. 5b, NO;™ has a certain
contribution to the lowest unoccupied molecular orbital
(LUMO) feature in MCAE, which stems from the intrin-
sic electronic structure of anions. As an enlarged concen-
tration from MCAE to HCAE, ion correlations increase
the NO;™ contribution to the LUMO feature, enabling the
prioritized anion decomposition in HCAE. Such results
highlight the superior electrochemical stability of HCAE,
making it suitable for applications in energy conversion
and storage.

The electronic properties endow unique structural features
for HCAE. Figure Sc compares species distribution around
ions, derived from the RDFs (Fig. S8). Na* ion in MCAE
features a water-rich hydration shell comprising five water
oxygen (O,, at 2.5 A) and 15 water hydrogen (H,,). This
pattern stems from ion—dipole interactions, where cations
prefer to coordinate with lone pairs on water oxygen.
NO;™ nitrogen atoms are sparsely distributed and distant
from Na™, indicating an ion—ion separation. Moreover,
five H, and eight O,, (at 3.5 A) appear around NO;™.
Water hydrogen thus prefers to approach anions through
H-bonds, resulting in a larger hydration shell with higher
water content. In contrast, Na* and NO;~ ions of HCAEs
present less water in their hydration shells, and adjacent
anions and cations are prevalent. This result implies the
emergence of ion pairs through electrostatic interactions.
The densely packed ion pairs enhance ion correlations and
promote the formation of extensive aggregates. These results
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Fig. 5 Graphical cognition of concentration-dependent ion correlation networks in bulk aqueous electrolytes. a ESP distribution of water mol-
ecule and ions. b PDOS of MCAE and HCAE. ¢ Radial species distribution around ions. O, and H,, denote water oxygen and hydrogen atoms,
respectively, and N denotes NO;™ nitrogen atom. d Solvation configuration of cation and anion. Transparent areas in red, cyan, and blue are vdW
volumes of the solvated water molecule, cation, and anion, respectively. e Spatial distribution function of cation and anion in HCAE. Color-filled
volumes in red, white, cyan, and blue denote the space occupied by O, H, Na, and N atoms, respectively. f and g Schematic diagram and snap-

shots of ion correlation networks in bulk aqueous electrolytes, respectively. HB

w_w and HB,_,, denote water—water and anion—-water H-bonds,

respectively. H,Op, H,O¢, H,0,, and H,O, denote water molecules in a free state, solely solvated by cation, solely solvated by anion, and co-

solvated by cation and anion, respectively

are supported by the cluster size distribution analyses (Fig.
S9), inspired by previous reports [42—44].

As shown in Fig. 5d, we do not observe contact ion pairs
in MCAE in the current simulation, indicating the absence
of observable overlaps between cation and anion hydration
shells. In contrast, ion hydration shells feature fewer water

© The authors

molecules and include counterions in HCAE, indicating
notable alterations in ion coordination environments. These
alterations are supported by ion topological structures (Fig.
S10), inspired by a previous report [45]. Figure 5e shows
the SDFs in HCAE to capture the directional information of
such environments. Species around the Na* ion distribute

https://doi.org/10.1007/s40820-026-02075-1
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diffusely, whereas cations and water molecules exhibit dis-
tinct angular preferences around the NO;™ ion, attributed to
the enhanced ion correlations and HB, _,,.

Figure 5f illustrates ion correlation networks in HCAEs
upon these observations, involving ion pairs, H-bonds,
and solvation effects. The crowded environment generates
ion pairs together with the coexisting HB,, ., and HB,_,.
Water molecules have distinct occurrence states, including
H,0g, H,0, H,0,, and H,0O,. These interactions form ion
aggregates and induce heterogeneity in HCAEs, as described
in Fig. S11. Figure 5g compares snapshots of ion correla-
tion networks. HB,,_,, and H,Of are dominant in MCAE,
whereas HB,_,, and H,O(, are prevalent in HCAE. Moreo-
ver, H-bond breaking and formation are explicitly observed
between adjacent snapshots (Video S1), and water occur-
rence states undergo transient transitions in bulk MCAE
and HCAE systems. These phenomena suggest the dynamic
microstructures in aqueous electrolytes.

The above discussions reveal the concentration-depend-
ent solvation configurations and ion correlation networks in
bulk electrolytes from graphic insights, and such depend-
ence is further quantified below. According to Fig. S12, the
space around a central ion is primarily occupied by water
molecules in MCAE, whereas it is held by extensive ions
in HCAE, implying the altered charge distribution around
ions. As shown in Fig. 6a, the radial space charge density
p.(r) around the central ion remains near zero in MCAE,
due to the screened ion—ion electrostatic interactions by
water. In contrast, p,(r) successively presents a minimum
of —16.93 and a maximum of 4.03 around Na* in HCAE,
and it in turn shows a maximum of 16.77 and a minimum of
—1.86 around NO;™. These peak values stem from that ions
in HCAE are surrounded by multiple counterions to form
ion aggregates, as supported by the degree distribution of
ion aggregate (Fig. S13), inspired by a previous report [45].
To quantify the ion pair strength, Fig. 6b compares the dis-
sociation free energy barriers AG of ion pairs in HCAE, as
derived from the potential of mean force in Fig. S14. AG
reaches 47.87 kJ mol~! for cation—anion pairs, followed by
16.28 and 12.09 kJ mol~! for cation—cation and anion—anion
pairs, respectively.

H-bond network strength in bulk electrolytes is evaluated
from its configuration and number upon the geometric cri-
terion (Fig. S15). Based on the H-bond length—angle color-
map (Fig. S16) inspired by a previous report [46], HB,_,, is
weaker and fewer than HB,,_, in bulk MCAE. As a transition
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from MCAE to HCAE, the role of strong HB,, , is impaired,
and the role of weak HB,_,, is enhanced. Based on their
time-evolved results (Fig. S17), Fig. 6¢ shows the normal-
ized number of H-bonds N*, which denotes the effective
H-bond number formed per water molecule. N* reaches 1.39
for HB,,_,, and 0.06 for HB,_,, in MCAE, whereas it drops
to 0.83 for HB,,_,, and rises to 0.51 for HB,_,, in HCAE.
The concentration-dependent variation in H-bonds is sup-
ported by 2D maps of H-bond density (Fig. S18) and degree
distribution of H-bond networks (Fig. S19), inspired by a
previous report [45]. All these phenomena suggest the weak-
ened H-bonds without fully breaking H-bond networks as an
enlarged concentration, consistent with the concentration-
induced shift of water frequency in IR spectra (Fig. 3b).
Figure 6d presents the concentration-dependent proportions
of water states, derived from the time-evolved results (Fig.
520). H,0Op and H,O, occupy 84.30% and 0.66% in MCAE,
respectively, whereas H,Op drops to 14.10% and H,O rises
to 49.97% in HCAE. Therefore, an ultrahigh concentration
makes a dominance transition from free-state to bound-state
water, which is unfavorable for water diffusion.

Upon these discussions, Fig. 6e shows the concentration-
dependent association between ion correlation networks
and transport behaviors in bulk electrolytes. The LUMO
contribution becomes anion-dominated with a transition
from MCAE to HCAE. The crowded environment then
reduces free water and disrupts H-bond network connectiv-
ity, explaining the decreased D, observed in experiments
(Fig. 4b) and simulations (Fig. 4e). The raised ion carrier
density even compensates for the hindered self-diffusion of
individual ions due to ion crowding (reducing D,), enlarging
o* and oy It also enlarges 69 by enhancing ion correlations.
Eventually, ogx and Hp are magnified, and 7, is declined,
explaining the concentration-dependent NE deviation.

Following the same route, ion correlation networks
restructured by thermal effects in HCAE are examined. p,(r)
amplitude reduces with rising temperature (Fig. 6f), suggest-
ing the weakened ion correlation. Hence, the dissociation
energy barriers (AG, Fig. 6g) decrease with temperature for
all ion pairs, primarily reflecting the increased entropic con-
tribution at higher temperatures. Ion pair dissociation and
recombination are then shown by the probability distribution
of cation—anion distance (Fig. S21), and a linear association
between AG and Hy, is further observed (Fig. S22), despite
the limited data sample. Hence, the decrease in the disso-
ciation energy barrier of ion pair accounts for reduced NE
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deviation at elevated temperatures. Moreover, the reduced
N* values appear in both the strong HB,,_,, (from 0.88 to
0.84 and 0.77) and weak HB, ,, (from 0.55 to 0.51 and
0.45) with a raised temperature from 270 to 300 and 330 K
(Fig. 6h), suggesting a more uniform H-bond distribution,
as verified in Fig. S18. This alteration indicates an enlarged
proportion of HB,_, from 61.54 to 62.22% and 63.11%.
The temperature-dependent H-bond number is confirmed by
the H-bond degree distribution (Fig. S19). Furthermore, the
proportions of bound-state water (H,O¢, H,O,, H,O(,) are
decreased (Fig. 61), along with an increased free-state water
(H,Op) proportion from 4.36% to 14.10% and 21.56%. Ther-
mal effects thus modulate H-bond strength and rearrange
ion—water coordination in HCAEs simultaneously. These
impacts explain the v-H,O peak shifting toward lower fre-
quencies (Fig. 3c), and they further suggest an accelerated
species diffusion under thermal effects.

As a summary (Fig. 6j), thermal heating induces less free-
water fraction and homogeneous H-bond networks, thereby
enhancing water diffusivity D,,. Meanwhile, the enhanced
ion motion promotes D;, 6°, and oyg; the reduced ion—ion
correlations suppress ¢¢. Eventually, these changes result
in increased ogg and 7, as well as decreased Hp, offering
underlying explanations for the mitigated NE deviation with
rising temperature.

3.5 Interface-Reconstructed Ion Correlation Networks
and Electrolyte Transport

The above discussions elucidate the change patterns and
mechanisms of the environment-controlled NE deviation in
bulk electrolytes. The insight expansion from bulk to inter-
faces will offer profound guidance for electrolyte design.
Hence, this study establishes graphene—HCAE interfaces
for FPMD simulations at 300 K. The outputs are compared
with bulk results to reflect the interface-reconstructed ion
correlation networks and NE deviations. FPMD simulations
are further performed at different temperatures to probe the
coupled effects of nanoconfinement and thermal conditions.
These arrangements allow analysis of electronic and struc-
tural properties as well as transport performance related to
the interface.

Figure 7a shows a snapshot of the graphene-HCAE inter-
face, and its thermal equilibration is shown in Fig. S23.
Figure 7b depicts the electron density difference to provide
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an electronic-level insight into confinement-regulated elec-
trolyte behaviors. The presence of surfaces induces slight
redistributions of interfacial electron clouds, resulting in a
negative Bader charge of —0.03e on the surface. In terms
of species spatial distribution (Fig. 7c), the atomic num-
ber density map presents multiple spot-like aggregation
patterns, and the patterns are interconnected to form ion
networks. Notably, a vacuum layer in 2.0 A from the sur-
face is devoid of any species, whereas the peak density of
297 nm~? appears at 3.5 A. One-dimensional (1D) num-
ber density (i.e., concentration) indicates a pronounced
peak within 4.7 A from the surface, attributed to surface
adsorption. The density then oscillates slightly in subsequent
regions. Upon these oscillations, the interface is divided into
regions I (2.0-4.7 10\, nearest to the surface), II (4.7-9.0 10\,
next-nearest to the surface), and III (9.0-13.5 A far from
the surface).

Specifically, region I is water-dominated, and anion den-
sity is more enriched and closer to the surface than cati-
ons, although the surface has weakly negative charges. This
feature stems from the coexisting ion adsorption and ion
correlation. In detail, compared with Na* ions, NO;™ ions
with parallel orientation can approach the surface with a
shorter distance and more negative adsorption energy (Fig.
S24). Such anion adsorption with parallel orientation can
overwhelm the weak electrostatic repulsion induced by sur-
face charges, enabling anion accumulation closer to the sur-
face than cation. Moreover, cation—anion correlation allows
the formation of neutral or weakly charged clusters. These
large-sized species (consisting of multiple cations and ani-
ons) occupy the interfacial space, apparently allowing ani-
ons to approach closer to the surface. In subsequent regions,
alternating peaks of cation and anion concentrations are
observed, and all species show oscillatory decay to uniform
distributions. The region-dependent aggregations suggest
spatial variations in ion transport mechanisms. Ions near
the surface exhibit collective motion as aggregates, whereas
those farther away engage in faster self-diffusion.

Species orientation preferences are also region-dependent
at interfaces. Upon the definition of orientations (Fig. S25),
the distance—angle colormap of anion orientation shows a
maximum occurrence of 767 at € near 0° and nearly zero
occurrence at 90° in region I (Fig. 7d), indicating a prefer-
ence of parallel orientation. In other regions, angle occur-
rences are diffusely distributed without preference. The 1D
orientation preference of the anion plane (Pyy) is further

@ Springer



231 Page 16 of 23 Nano-Micro Lett. (2026) 18:231

a HCAE at interface and Troom
T I |
f”w/y'f’;»g;
g‘o
\!'(0970‘0
\ Ll”,“
i o
99
I

P I N

90
B oo
g g
=l 767 5
0 a LB
. - 9
S 6f = H-down H20O &»
< < 0 J,
23} 2 w
a [ i
-10 F-11.63\ !
0 1 | I 1
0 0 3 6 9 12
z(A)
f g 20 - h 60 | — Total [1HB,., [ |HB,,
@ LR —HOch | &
£ £ ’ E s ‘ ;
e : # 10 & : ‘
o : ! < <20} !
Q i ! - Q N Q
5 ‘ ! ' |
5.29I ; Oslcﬂlatoryide:‘cl|neI 8 / < -l | 5 / : | |
0 3 6 9 12 0 3 6 9 12
z(A) z(A)

H,Of
H20ca
H204

lon correlation networks at interface

_ g M"}\\\\V'///{/ /&3 ?; @
j @ of f”’%, e Two-H-down

One-H-down
H,O ~}

Electric double layer

£
=
=
o
o
>

OGK,bulk

'
'
'
'
'
'
'
'
'
'
!
'
|
'
'
|
T
!

+
'
'

e S et

Region | Region Il Region Il

Fig. 7 Room-temperature ion correlation networks and transport performance of HCAE at interfaces. a Snapshot of graphene—electrolyte interface. b Projected
map and planar-averaged profile of electron density difference. Electron depletion and accumulation are displayed by orange and cyan with isosurfaces of 5x 107 e
Bohr™3, respectively. ¢ Projected map of atomic number density and z-direction number density of species. White circles and black dashed lines denote ion correla-
tion networks. Graphene surface is at the z-position of zero. d Distance-angle colormap and z-direction preference Py, of anion orientation. ¢ is defined between the
surface normal and the NO;™ plane normal. 6 value near 0° denotes a parallel anion orientation. Py, is the product of anion number density and the ensemble-aver-
aged value of cos. The larger Py, indicates a more pronounced tendency of parallel anion orientation. e Distance—angle colormap and z-direction preference P4 of
water dipole orientation. ¢ is defined between the surface normal and the opposite of water dipole. ¢ close to 128° and 180° denote one-H-down and two-H-down
orientations, respectively. P, is the product of water number density and the ensemble-averaged value of cosg. The maximum occurrence in panels (c—e) is marked
by numbers. f-h z-direction number density of space charge, water molecules, and H-bonds, respectively. i Schematic diagram of ion correlation networks and EDL
at interfaces. j Snapshot of ion correlation networks at interfaces. k Region-dependent ionic conductivities. Haven ratio (Hp) and cation transference number (z,) are
listed by numbers
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analyzed to reflect the coupling between anion concentra-
tion and its angle feature. Py, has a peak of 6.19 in region I
and flattens out in other regions. Hence, despite the limited
timescale and system size in simulations, the results support
the conclusions of parallel anion orientation in the region
nearest to the surface and the spatial hierarchy of such ori-
entation preference.

In terms of water dipole orientation (Fig. 7e), the high
occurrence appears in a ¢ range of 80°~150° in region I,
implying a preferred orientation at one-H-down structure.
A ¢ range of 150-180° is then dominant with a two-H-
down structure in region II, and angle occurrence is broadly
distributed without specific orientation in region III.
Meanwhile, the orientation preference of water dipole (P,4)
has a minimum of — 11.63 in region I, and it decays toward
zero in subsequent regions. Note that water alignment
features emerge within the space up to 10 A above the
surface, attributed to the unique interfacial structure of
HCAE:s. In detail, water alignment at interfaces is the result
of competition between the surface and bulk effects. Due
to fewer HB,,_,, in HCAEs than in MCAE (Fig. 6¢), the
impact of bulk H-bonds on the interfacial water alignment is
reduced, and the ordered water pattern can extend to distant
spaces. Moreover, ion aggregation and water alignment
are concomitant in interfacial HCAEs. Water molecules,
oriented by ions at interfaces, can alter water configuration in
subsequent spaces through the correlations among hydrated
ions, propagating water alignment features outward. Hence,
water alignment above the surface can be regarded as an
extension of water ordering at interfaces.

The spatial distribution and orientational preferences of
HCAE components result in region-dependent behaviors.
Figure 7f shows the spatial charge density p, induced by the
discrepancy in local concentrations of cation and anion. p,

3

is negative to —5.29 e nm™" in region I due to excess anions,

and it transforms into positive to 6.24 ¢ nm™>

in region II.
p, then fluctuates around zero in region III, indicating an
oscillatory decay in net charge accumulation at interfaces.
Figure 7g shows the number density of water molecules.
H,0, density is dominant in region I, followed by H,O,,
H,0¢, and H,Oy, attributed to anion enrichment and cation
depletion in this region. H,O, density rises and then sta-
bilizes in regions II and III, whereas the other water mol-
ecules decline. In terms of H-bond density (Fig. 7h), HB_,
peaks in region I due to water enrichment, and it fluctuates

in regions II and III due to water content oscillations. In
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contrast, HB,_,, always remains low due to fewer interfacial
anions relative to water.

As a summary, Fig. 7i illustrates the EDL structure of
interfacial HCAEs. Cation and anion hydration shells with
distinct sizes nest with each other, thereby forming ion cor-
relation networks and ion aggregates. Electrolyte constitu-
ents even present hierarchical distribution and oscillatory
decay at interfaces. In region I nearest to the surface, ani-
ons are enriched with parallel orientation, and water has a
content exceeding ions and emerges in H-down structures.
These features lead to the enrichment of anion-solvated
water and water—water H-bond networks. In region II, cation
content surpasses anion, and the species orientation features
are weakened. In region III, cation and anion concentrations
are identical, and species orientation almost disappears. For
graphic understanding, Fig. 7j displays a snapshot of ion
correlation networks for interfacial HCAEs. Water states
and H-bond types even show transient fluctuations over
time (Video S2), along with the dynamic dissociation and
combination of ion pairs (Fig. S26).

The structural features result in region-dependent trans-
port behavior and NE deviation for interfacial HCAEs
(Fig. 7k, Table S6). Compared with bulk HCAEs at 300 K
(Fig. 4f), the high anion concentration in region I causes
the highest conductivity contribution from anion—anion
correlations (¢4), whereas the self-diffusion contribution
(c®) is suppressed by the reduced ion diffusivity upon sur-
face adsorption (Table S7). o and o are thus low and
divergent from each other due to ion aggregation, corre-
sponding to Hy of 1.53 and ¢, of —0.58. In regions II and
I1II, the reduced surface effect allows the weakened species
aggregation, which restores ¢° and decreases 6. Hence, Hy
decreases to 1.30 and 1.20, and ¢, rises to —0.24 and 0.04
in regions II and III, respectively. Note that the hierarchi-
cally reduction in ion—ion-correlated transport from regions
I to III may partially stem from surface dielectric effects
[47]. Specifically, the presence of a solid surface can reduce
dielectric constants at interfaces, attributed to the aniso-
tropic dipolar electric field and the excluded-volume effect
of low-dielectric confining materials. In summary, such find-
ings indicate a hierarchical deviation from the NE relation
under nanoconfinement. This deviation is most significant
in the nearest region to the surface, and it presents stepwise
declines in subsequent regions and eventually approaches
the deviation extent in bulk states.
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3.6 Interface-Thermal-Co-reconstructed Ion
Correlation Networks and Electrolyte Transport

FPMD simulations are then conducted at 270 and 330 K for
interfacial HCAESs, and the snapshots and thermal equilibra-
tions are shown in Fig. S23. This arrangement aims to probe
the coupling impacts of thermal effect and nanoconfinement
on ion correlation networks and the NE deviations. Com-
pared with room-temperature outputs (Fig. 7¢), region I has
more pronounced aggregation patterns with a peak atomic
number density of 387 nm~ at 270 K (Fig. 8a), and the
aggregation diminishes in regions II and III. Meanwhile,
cation and anion densities increase in region I, leading to
a higher total ion concentration due to the suppressed self-
diffusion at a low temperature. In subsequent regions, spe-
cies distributions exhibit oscillatory decay and eventually
stabilize. By contrast, aggregation patterns are weakened
in the entire space at 330 K. The density peak decreasing to
215 nm™ in region I indicates the reduced species concen-
trations, and species distributions then approach homogene-
ity in regions II and III. These changes originate from the
thermal-weakened anion adsorption, thereby reducing ion
accumulation at interfaces.

The altered aggregation patterns further lead to changes
in the orientation features of species at interfaces. Compared
with room-temperature outputs (Fig. 7d), the distance—angle
heatmap of anion orientation at 270 K shows an increased
occurrence maximum of 2627 at 8 near 0° in region I
(Fig. 8b), and the occurrence pattern is absent in other
regions. Meanwhile, the Py, of 13.23 in region I is higher
than that at 300 K (6.19), and it is flat in other regions. These
results suggest that a low temperature enhances the parallel
alignment of anions in the nearest region to the surface. In
contrast, the occurrence pattern presents a maximum of 424
at 330 K, and the Py, (4.89) in region I is lower than the
room-temperature output. Hence, thermal heating weakens
the parallel orientation of anions at the interface.

In terms of water dipole orientation (Fig. 8c), compared
with a room-temperature condition (Fig. 7e), more occur-
rence patterns appear at 270 K, and they are concentrated in
a @ range of 90°-150° in region I, with an increased maxi-
mum of 163 than that at room temperature (145). Mean-
while, P, is more negative (—17.58) than that at room
temperature (— 11.63) in region I, and it exhibits oscillatory
decay toward zero in other regions. A low temperature thus
reinforces water one-H-down orientation at interfaces. In

© The authors

contrast, the occurrence patterns shift toward a ¢ range of
40°-140° in region I at 330 K, lower than the ¢ range of
80°-150° observed at room temperature (Fig. 7¢), and the
occurrence peak decreases to 133. Furthermore, the negative
peak of P4 is —4.63 in region I at 330 K. These findings
imply the suppressed one-H-down structure of water mol-
ecules due to thermal heating.

The temperature-dependent distribution and orientation of
constituents further modulate the HCAE behaviors at inter-
faces. Compared with room-temperature outputs (Fig. 7f),
although p, reserves an oscillatory decay at 270 K (Fig. 8d),
the augmented discrepancy in cation and anion concentra-
tions results in a more negative peak in region I (—10.65 e
nm™) and a more positive peak in region II (7.02 ¢ nm™),
suggesting the enlarged oscillation amplitude. Conversely,
due to the narrowed difference between cation and anion
concentrations at 330 K, p, peaks in regions I (—4.06 e
nm~>) and II (3.71 e nm~>) approach zero, indicating the
thermal-weakened charge oscillation. Moreover, compared
with the room-temperature distribution (Fig. 7g), the H,Oy
accumulation feature is consolidated in region I at 270 K
(Fig. 8e), whereas the contents of H,O., H,0,, and H,O¢
decrease. This alteration stems from the enhanced ion—ion
correlations at low temperature, resulting in more water mol-
ecules in bound states. In contrast, H,O, and H,Of densi-
ties fade and grow in region I at 330 K, respectively, lead-
ing to comparable contents among all water states. Hence,
thermal effects dissociate aggregates and release water into
free states. In addition, compared with the room-temperature
output (Fig. 7h), the density peak of HB,_,, exceeds that of
HB,, ,, in region I at 270 K (Fig. 8f), whereas HB,_,, and
HB,,_,, densities descend and rise at 330 K, respectively.
These changes stem from temperature-regulated concentra-
tions of anion and water, thereby altering the H-bond net-
work connectivity in interfacial HCAEs.

Upon the altered ion correlations, thermal effects affect
the transport behaviors of HCAEs at interfaces (Fig. 8g).
Compared with room-temperature outputs (Fig. 7k), a low
temperature retards ion motions and enhances ion correla-
tions, leading to depressed ¢° and enlarged ¢ in all regions.
ong and oy thus decline, with more reduction in ogk. These
changes enlarge Hp to 1.59 and reduce 7, to —0.99 in region
I, implying an amplification of NE deviation. In contrast,
a high temperature promotes ion self-diffusion and weak-
ens ion correlations, producing the opposite outputs. Spe-
cifically, Hy decreases to 1.21 and ¢, increases to —0.01 in
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Fig. 8 Temperature-dependent ion correlation networks and transport performance of HCAE at interfaces. a Projected map of atomic number
density and z-direction number density of species. Graphene surface corresponds to the z-position of zero. b Distance—angle colormap and
z-direction preference Py, of NO;™ plane orientation. The larger Pyp value indicates a more pronounced tendency of parallel anion orientation.
¢ Distance—angle colormap and z-direction P4 preference of water dipole orientation. The maximum occurrence in panels (a—c) is listed by
numbers. d—f z-direction number density of space charge, water molecules, and H-bonds, respectively. g Region-dependent ionic conductivities.
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region I, implying the mitigated NE deviation. Therefore,
thermal effects can restructure ion correlation networks at
interfaces, thereby altering the hierarchical features of the
NE deviation.

3.7 Threefold Hierarchy of HCAE Transport

According to the above findings, environmental factors
can alter the electronic, structural, and thermodynamic
properties, thereby reshaping the transport behaviors of
aqueous electrolytes. Figure 9 summarizes the transport
performance of aqueous electrolytes under diverse condi-
tions of ion concentration, temperature, and nanoconfine-
ment. These outputs are exhibited by taking NE devia-
tions as descriptors and quantified by H and 7,. In terms
of room-temperature bulk electrolytes, HCAEs exhibit
denser ion correlation networks than MCAEs and thus
result in substantial NE deviation, as reflected by a Hy
far greater than one and a negative ¢,. For bulk HCAEs,
thermal effects can partially mitigate such deviation by
weakening ion—ion correlations. When HCAE:s are located
at nanoconfined interfaces, the reshaped ion correlation
networks induce a spatial hierarchy in the NE deviation.
The strongest deviation emerges in the nearest region to
the surface, as reflected by the highest H, and the most
negative #,. When HCAESs are concurrently modulated by
nanoconfinement and thermal effects, all regions present
the reduced NE deviation, as shown by the diminished Hj
and positively shifted z,. Hence, HCAE transport behav-
iors present a threefold-hierarchical variation, i.e., from
diluted to ultrahigh concentration, from low to high tem-
perature, and from bulk to interface.

To confirm the extensibility of such hierarchy in other
systems, LiTFSI aqueous electrolyte is then selected for
probing its environment-controlled structure—transport
relationship, given its widespread applications. These
discussions rely on FPMD simulations under various
conditions of ion concentration, temperature, and
nanoconfined interface, with details in Note S3 and Fig.
S27. Based on these results, compared with NaNO,
systems, the discrepant ion species and charges induce
fluctuations in structural and transport outputs of LiTFSI
systems. However, LiTFSI transport behaviors still present
a threefold-hierarchical variation due to ion concentration,
thermal effects, and nanoconfinement, i.e., from diluted to

© The authors

ultrahigh concentration, from low to high temperature, and
from bulk to nanoconfined interface. Hence, the threefold-
hierarchical transport behaviors summarized in this study
present a certain extensibility.

Inspired by the above threefold hierarchy, the accu-
rate evaluation of electrolyte transport behaviors can no
longer treat the entire electrolyte space as a single pack-
age, and the region-specific discussion is necessary from
a localized insight. Since the NE relation shows deviation
in capturing the HCAE transport and fails to respond to
environmental changes, such a localized insight is valuable
for modifying the NE relation. In detail, the NE relation
modification relies on an integrated consideration of elec-
trolyte transport regulated by ion concentration, thermal
effects, and nanoconfinement. This regulation is based
on variations in the underlying electronic, structural, and
thermodynamic properties of aqueous electrolytes.

In addition to the salt concentration, thermal effects, and
nanoconfinement, other factors in electrochemical devices
may also alter electrolyte microstructure and reshape the
NE deviation. These factors include the material nature

Bulk HCAE at interface
2.0 FMCAE| HCAE

270K | 300K | 330K

X
-1.0 _,,,,8,
(3p]

(2) Thermal-dependent

} Threefold hierarchy
(3) Confinement-dependent

Fig. 9 Threefold hierarchy of HCAE transport. Hy and t, are Haven
ratio and cation transference number, respectively. I, II, and III are the
nearest-neighbor, next-near-neighbor, and far-away regions relative to
the surface, respectively. Regions from I to III present a successive
decline of nanoconfinement extent. The error bars denote standard
deviations
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and surface charge of solid substrates, the chemical reac-
tivity and proton transfer behavior of electrolytes, as well
as the strength and direction of interfacial electric fields.
Hence, future modification of the NE relation may ben-
efit from incorporating these factors into more complex
expressions. The outputs would provide routes for predict-
ing electrolyte transport performance in electrochemical
energy devices.

4 Conclusions

In summary, electrochemical characterizations and FPMD
simulations are combined to perform the visualized and
quantified investigations for bulk and interfacial aqueous
electrolytes. The impacts of ion concentration, thermal
effect, and nanoconfinement on transport behaviors are
traced back to the alterations of electronic, structural,
and thermodynamic properties. Bulk HCAEs at room
temperature are found to exhibit rare free-state water and
attenuated H-bond network connectivity. These features
encourage the extensive formation of dense aggregates
and ion correlation networks, leading to prominent devia-
tions from the NE relation. Such deviation is mitigated by
thermal effects due to the weakened microaggregates and
ion—ion correlations in HCAEs. Ion correlation networks
of HCAEs are further reshaped at interfaces, resulting in
the oscillating decay distributions and position-dependent
orientations of species. The NE relation thus presents hier-
archical deviations, and the most prominent deviation is
observed in the nearest region to the surface. Based on
these findings, by taking NE deviations as descriptors, a
threefold hierarchy of HCAE transport behaviors is sum-
marized to depend on the concentration, thermal, and con-
finement factors. This hierarchical fingerprint is extensible
to other aqueous electrolytes, linking the microstructural
feature of environment-reconstructed ion correlation
networks and the macroscopic transport performance of
aqueous electrolytes. This work advances the underlying
concept of ion transport from a localized insight at sub-
nanometer resolution, guiding electrolyte reformation and
operating condition regulation in electrochemical energy
devices.
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