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An ultrafast Na-ion battery chemistry through
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Rechargeable Na-ion batteries for grid-scale applications require key battery materials that couple high
performance with sustainability. However, there are limited choices of electrodes and electrolytes to
achieve this goal. Here we demonstrate that a sustainable organic electrode can deliver unprecedented
electrochemical performance through coupling with a rationally designed hybrid electrolyte based
on cost-efficient NaClO,4, water, and weakly solvating additives (e.g., acetamide). We discover a new Na*
storage mechanism involving simultaneous structural and morphological changes of the organic
electrode in the hybrid electrolyte. The unique combination of the organic electrode and hybrid
electrolyte can facilitate unprecedented rate performance (>1000C), competitive and even superior to
state-of-the-art fast-charging battery chemistries. We identify that the unique electrolyte chemistry
enabled by the weakly solvating solvent can significantly promote electron transfer kinetics through the
reorganization process, which was proven to be one key enabler for the high rate performance.
The electrode and electrolyte chemistries elucidated in this work can propel the development of fast-
charging battery technologies based on sustainable and low-cost materials.

Sustainable batteries represent one key battery technology to decarbonize current energy structures. Aqueous Na-ion batteries will play a critical role in large-

scale applications because of the earth abundance and recyclability of the key battery materials. However, compared to other battery chemistries, the study of

the fundamental kinetics (i.e., charge rate) for aqueous Na-ion batteries remains at the early stage. Herein, in this study, we illustrate the fundamental interplay
between the engineered aqueous electrolytes and electrodes, which typically dominates the kinetics. We design a new aqueous electrolyte featuring weakly

solvating amides, which apparently promotes the Na* storage mechanism of the electrode in a manner of initializing structural changes and promoting charge
transfer kinetics. The resultant unprecedented rate capability is found to be related to the facilitated solvation sheath reorganization. This work unlocks a new
design strategy to develop high-performance aqueous batteries.

Introduction

“ Materials Science and Engineering, King Abdullah University of Science and

Technology (KAUST), Thuwal 23955-6900, Saudi Arabia.

The rapidly growing global market of energy storage calls for

E-mail: husam.alshareef@kaust.edu.sa

b Core Labs, King Abdullah University of Science and Technology (KAUST),
Thuwal 23955-6900, Saudi Arabia

¢ Advanced Membranes and Porous Materials Center, Division of Physical Sciences
and Engineering, King Abdullah University of Science and Technology (KAUST),
Thuwal 23955-6900, Saudi Arabia

4 KAUST Solar Center, Physical Sciences and Engineering Division, King Abdullah
University of Science and Technology (KAUST), Thuwal 23955-6900, Saudi Arabia

¢ KAUST Catalysis Center, Division of Physical Sciences and Engineering, King
Abdullah University of Science and Technology (KAUST), Thuwal 23955-6900,
Saudi Arabia

t Electronic supplementary information (ESI) available: Details of experiments,

characterizations, and simulations. See DOI: https://doi.org/10.1039/d4ee00367¢

2480 | Energy Environ. Sci., 2024,17, 2480-2491

rechargeable batteries that can integrate electricity generated
from renewable energy into the grid. This large-scale energy
storage requires battery components (e.g., electrode materials,
electrolytes) to be sustainable, inexpensive, earth-abundant,
and environmentally friendly." In this regard, aqueous Na-ion
batteries (ANIBs) represent a promising energy storage techno-
logy because of their intrinsic safety and cost advantages brought
by aqueous electrolytes and inexhaustible sodium resources.>™
In reverse, the electrochemical performance (e.g., power density,
cycling stability) of ANIBs is determined by the battery compo-
nents, especially electrode materials and electrolytes. The search

This journal is © The Royal Society of Chemistry 2024
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for fundamental solutions that can achieve battery component
sustainability and improved battery performance simultaneously
has re-emerged as a field of technological and scientific interest
for rechargeable ANIBs.

Similar to the working mechanism of the state-of-the-art Li-
ion batteries, the electrodes of ANIBs undergo reversible Na*
uptake and removal to enable the charge and discharge
processes.” However, compared to Li‘, the larger size and
heavier molar mass of Na' deliver two profound issues upon
reversibly hosting Na" in the electrodes, including: (1) serious
volume changes of the crystallographic structures lead to
accelerated electrode pulverization and performance degrada-
tion; and (2) the larger ionic size of Na* can hinder its solid-
state mobility in the electrodes, which proposes a barrier to
improve the rate performance. Beyond classical strategies like
developing inorganic electrodes with open frameworks to alle-
viate the two issues,®® organic compounds feature intrinsic
structural and chemical advantages to facilitate the solid-state
diffusion of large Na*."*® Structurally, organic compounds are
consisted of periodically arranged molecular units that bear
redox-active functional groups,”'"'> wherein the weak inter-
action (e.g., van der Waals, hydrogen bonding) between mole-
cular units endow organic compounds with intrinsic structural
flexibility. This is markedly different from the robust frame-
works of inorganic electrodes that are formed by strong ionic
or covalent bonds, which necessitates sluggish kinetics (large
volume change or even phase transformation) to accommodate
large Na*.>® Chemically, the redox-active functional groups
(e.g., C=0 < C-07) in organic compounds ensure fast redox
kinetics since the bond rearrangement in typical battery che-
mistries is avoided during charge/discharge.”>'* Hypotheti-
cally, the structural flexibility and rapid redox chemistry of
organic compounds can enable facile Na' diffusion, even
potentially at a rate that is typically unexpected in inorganic
electrodes. However, in practice, the rate performance (typically
<200C, 1C means that a battery can be fully charged/dis-
charged in one hour) of organic compounds towards Na*
storage, either in organic electrolytes or in aqueous electrolytes, is
comparable to or even worse than inorganic electrodes. %%~
The origin of this discrepancy is still unclear.

Electrolyte design shows equal significance in improving
battery performance, especially battery kinetics and cycling
stability. Since the electrolyte is the only component that is in
contact with other components in a battery, designing better
electrolytes signifies tuning and balancing a variety of proper-
ties, ranging from bulk (e.g., ion transport, extended liquid
structure) to interfacial structure (i.e., ion desolvation, parasitic
reaction suppression).'® Water featuring a high dielectric con-
stant and high dipole moment has been proven to be an
excellent solvent. Nevertheless, the abundance of free water
molecules, featuring percolating hydrogen bond networks, is
responsible for undesirable parasitic reactions (e.g., water
decomposition) in conventional aqueous electrolytes. Recently,
several concepts have been proposed to efficiently suppress the
activity of water, including superconcentrated electrolytes,"® >
organic additives,”*>* and nanoconfinement by polymers or
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porous hosts.”®*” The philosophy behind these breakthrough
methodologies is similar, namely, breaking the ubiquitous
hydrogen bonding networks formed by water molecules to limit
the activity of water from the thermodynamics point of view.
For these newly developed electrolytes, their high viscosity and
insufficient ionic conductivity are unfavorable for high-power
applications as a result of slow ionic transport and sluggish
(de)solvation kinetics at the electrode-electrolyte interface.
Additionally, economic and environmental concerns (e.g:,
expensive and toxic F-containing salts) of these electrolytes
impede their large-scale energy storage applications.

In this study, we report a strategy to achieve an unprece-
dented rate performance of aqueous Na-ion batteries through a
two-pronged approach: realizing fast redox kinetics of an
organic electrode that features remarkable structural flexibility
and a non-diffusion controlled enolization redox chemistry
(C=0 < C-07); and improving bulk ion transport and Na"
desolvation at the electrode-electrolyte interface through
designing a modified aqueous electrolyte composed of weakly
solvated molecules. We employed both concepts through cou-
pling an organic electrode, perylenetetracarboxylic dianhydride
(PTCDA), with an amide-modified aqueous electrolytes.
Further, we identified reversible structural transformation of
PTCDA accompanied by spontaneous nanostructuring upon
Na' uptake/extraction, which is uniquely enabled by the mod-
ified aqueous electrolyte. This mechanism was proven to take
account for the ultrahigh rate performance of Na' storage,
comparable to and even superior to state-of-the-art electrodes

storing smaller charge carriers like H" or Li*.>**

Results and discussion
Rationale for materials selection

PTCDA was chosen as a model organic electrode to illustrate
the Na' storage electrochemistry for three reasons, including:
(1) materials sustainability. PTCDA is composed of earth-
abundant (C, H, and O) and is a low-cost organic dye molecule
with enormous commercial availability; (2) open and flexible
crystalline structure (Fig. 1a and b). The crystalline structure of
PTCDA shows alternating layers of hexagonally packed mole-
cular units (space group P2,/c), wherein the molecular unit
consists of a perylene core to which two anhydride groups are
attached, one at either side. The open and flexible van der
Waals structure of PTCDA is intrinsically superior in storing
large Na'; and (3) electrochemistry. The carbonyl groups of
PTCDA are known to be redox-active (C—0 « C-O") towards
hosting cations (e.g., Na*, Mg*>"),** while four carbonyl groups
in one PTCDA molecular unit ensures a high theoretical
capacity (e.g., 138 mA h g~ ' for 2e” reaction). Up to now,
compared to inorganic electrodes that have been deeply and
widely studied, attention has seldom been paid to the redox
mechanisms (e.g., crystal structures, morphology evolution) of
organic electrodes.’ %33

PTCDA with carbonyl motifs is an n-type organic electrode
that typically shows an average working potential of —0.6 to
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Fig. 1 Characterizations of PTCDA. (a) XRD pattern with the Rietveld refinement, (b) refined crystal structure viewed along a axis and (c) SEM image
showing nanoparticle morphology. The initial three cycles of CV curves of the PTCDA electrode in the hybrid electrolyte with NNaclo,, : Nacetamide  Nwater =
1:4:4 (d) and organic electrolyte (e) (scan rate: 0.2 mV s™%). () Comparison of GCD curves in two different electrolytes recorded at 1C.

—0.7 V (versus standard hydrogen electrode) for storing
cations.”®?? This electrochemistry feature makes PTCDA a
promising anode candidate for aqueous Na-ion batteries.
Noticeably, such a low working potential of the anode is
normally accompanied by unwanted side reactions, especially
water decomposition at the anode in conventional aqueous
electrolytes. Following the state-of-the-art strategies in suppres-
sing water activity,'>>” we presume that introducing a co-solvent
featuring a wide electrochemical stability window into aqueous
electrolytes is an alternative way to achieve the same goal. Applica-
tion of the co-solvent practice to aqueous electrolytes, similar to
the co-solvent strategy in organic Li/Na batteries,***> has to be
subject to several new constraints. First, the co-solvent should be
non-toxic, non-flammable, and cost-efficient. Second, the co-
solvent is favored with good miscibility with water in a wide range
of electrolyte compositions, thus enabling a high degree of free-
dom in tuning the hydrogen bonding networks between water
molecules. Third and most significantly, the co-solvent should
have a simple and small molecular structure and coordinate
weakly with Na*, both of which together can deliver favorable bulk
properties (e.g., low viscosity, high ionic conductivity) and inter-
facial behaviors (e.g., low energy barrier for Na* desolvation). The
aforementioned factors rule out most organic solvents like carbo-
nates, ethers, and sulfones as they are either flammable/toxic/
expensive or form strong coordination with metal cations, result-
ing in serious economic and environmental concerns and poor
rate performance.

2482 | Energy Environ. Sci., 2024,17, 2480-2491

Upon the screening process, we selected acetamide as a logical
co-solvent that meets the requirements discussed above. More
specifically, acetamide shows extremely high solubility in water
(2000 g Lyaeer 1), while its small molecular structure, high dielec-
tric constant and decent polarity can ensure high ionic conductiv-
ity. The amine and carbonyl groups of acetamide have a high
tendency towards hydration with water and coordination with Na".
The hydration effect can disturb the extensive hydrogen bonding
networks between water molecules, as confirmed by Fourier-
transform infrared spectroscopy (FT-IR) (Fig. S1, ESIT) and differ-
ential scanning calorimetry (DSC) (Fig. S2, ESIt). The weak coor-
dination allows for facile Na' transport and low desolvation energy
barriers to achieve fast Na' storage kinetics. A transparent, liquid-
state electrolyte can be formed by mixing acetamide, water, and
NaClO, (Fig. S3, ESIt). Noticeably, NaClO, was utilized because of
its cost efficiency, sustainability, and non-toxicity, making it a
decent candidate for large-scale energy storage. Herein, the elec-
trolyte exhibits well-balanced bulk properties at the molar ratio of
7Naclo, * MAcatamide : B0 = 1:4:4 (Fig. S4, ESIf), including low
viscosity (11.4 mPa s), high ionic conductivity (28.6 mS cm™",
approximately three times organic Na-ion battery electrolytes®®),
and low water content (14.9 wt%). For simplicity, this electrolyte is
labelled as the hybrid electrolyte in the following.

Electrochemistry of organic electrodes towards Na' storage

Fundamentally, the electrochemical performance of an electrode,
especially classical inorganic electrodes, strongly depends on the

This journal is © The Royal Society of Chemistry 2024
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electrolytes. One performance difference between organic and
aqueous electrolytes is the rate performance, wherein a higher
rate performance can be generally achieved due to the higher ion
transport rate (conductivity) and more facile desolvation in aqu-
eous electrolytes. Another mechanism difference is the stored
cation species. Protons are oftentimes reversibly co-hosted by
inorganic electrodes in aqueous electrolytes.**” To date, com-
pared to inorganic electrodes, the electrochemical energy storage
mechanism of organic electrodes has been much underdeveloped
either in organic or in aqueous electrolytes. The systematic
illustrations of the redox reaction mechanism of organic electro-
des can bring new opportunities to design better organic electro-
des and compatible electrolytes.

Herein, the electrochemical behavior of PTCDA was evalu-
ated in two different electrolyte systems, i.e., the classical
organic electrolyte (NaClO, dissolved in ethylene carbonate
and diethyl carbonate) and the hybrid electrolyte. A classical
three-electrode set-up was used to evaluate the electrochemical
performance of PTCDA in different electrolytes (Fig. S5, ESIT).
All the electrode potentials versus the reference electrode
were converted to standard Na/Na' potentials for comparison
purposes. Proton co-intercalation mechanism in the hybrid
electrolyte has been excluded based on the ex situ X-ray photo-
electron spectroscopy (XPS) (Fig. S6, ESIT). Na' has been con-
firmed to be the only cation that is reversibly uptaken/extracted
during charge/discharge in both electrolytes. This can be
rationalized by the suppressed water activity of the hybrid
electrolyte (Fig. S7, ESIT).

Two important features of PTCDA can be observed when
working in the two different electrolytes, as indicated by the cyclic
voltammetry (CV) curves. One remarkable feature is the discre-
pancy in the CV plots between the first cycle and the following
cycles in the hybrid electrolyte (Fig. 1d), but not in the organic
electrolyte (Fig. 1e). One profound irreversible peak upon cathodic
Na' uptake can be seen during the first cycle when operating
PTCDA in the hybrid electrolyte. Additionally, a couple of pairs of
redox peaks can be identified in the hybrid electrolyte, whereas
only one pair of dominant redox peaks is seen in the organic
electrolyte. Such a difference in electrochemical behavior is more
visually obvious in the corresponding galvanostatic charge-
discharge (GCD) curves (Fig. 1f), wherein several well-defined
plateaus appear when discharging/charging PTCDA in the hybrid
electrolyte, in contrast to the relatively straightforward charge/
discharge profiles in the organic electrolyte.>® The overpotentials
of the GCD curves are reasonably related to the low electronic
conductivity of the PTCDA electrode and pronounced structural
changes of PTCDA during (de)sodiation, as will be discussed in
the next section. Apparently, the electrochemical reaction of
PTCDA during Na' storage in the case of hybrid electrolyte follows
a reaction mechanism that is hitherto unknown, especially dis-
tinct reaction pathways between the initial and subsequent
sodiation/desodiation processes.

Analysis of Na* storage mechanism

In the above two electrolytes, PTCDA delivers nearly the same
capacity that approaches theoretical capacity enabled by 2e™

This journal is © The Royal Society of Chemistry 2024
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reaction at 1C rate (Fig. 1f), an indication of reversible enoliza-
tion redox chemistry involving two carbonyl groups in one
PTCDA molecule towards electrochemical Na* storage. Consid-
ering the large single crystals and structural flexibility of
PTCDA (Fig. 1a—c), we hypothesize that the inconsistent elec-
trochemical behaviors are associated with different structural
transformation processes of PTCDA in the two electrolytes.
We first performed in situ X-ray diffraction (XRD) to illustrate
the origin of voltage profile evolution between cycles in differ-
ent conditions (Fig. S8, ESIt).

According to the in situ XRD patterns of PTCDA working in
the organic electrolyte (Fig. 2a), PTCDA maintains its mono-
clinic structure during the entire sodiation/desodiation pro-
cess. Closer examination indicates the lattice expansion upon
sodiation and reversible lattice shrinkage during desodiation.
The reversible structural changes are reminiscent of the Na*
intercalation chemistry for classical inorganic electrodes.>”"®
As expected, the in situ XRD patterns of the PTCDA electrode
reveal completely different structural evolutions on charge/
discharge in the hybrid electrolyte (Fig. 2b). The foremost
difference is the complicated yet reversible diffraction evolu-
tions upon sodiation/desodiation, in accordance with the mul-
tiple pairs of redox peaks in the voltage profiles (Fig. 1d).

The other intriguing structural transformation is the sharp
loss of diffraction intensity upon sweeping the potential across
the irreversible cathodic peak in the discharge curve of the first
cycle (Fig. 1d). This is indicative of losing crystallization,
whereas this process is irreversible, as confirmed by the weak
diffractions in the following sodiation/desodiation steps.
To uncover the underlying reasons, we conducted ex-situ scan-
ning electron microscopy (SEM) to characterize the morphology
of the PTCDA electrode (Fig. 2d). The SEM images show a
remarkable morphology change from the pristine nanorods to
nanofibers with largely increased length-to-width ratios.
According to previous studies, drastic morphological changes
of electrode materials (e.g., metal oxides, sulfur) can induce
significant voltage hysteresis,”*°"*! This is a kinetically limited
process that is accompanied by large polarization in the voltage
curves. Accordingly, compared to the stable and reversible
potential profiles afterward, we attribute the irreversible catho-
dic peak in the first cycle to the significant textual transforma-
tion during sodiation. Upon further Na' uptake, the PTCDA
nanoparticles experience a process of continuous morphological
changes, whereas the nanoparticles become much smaller in
length and/or width compared to the pristine PTCDA (Fig. 2d).
Once fully desodiated, the electrode can not recover the original
particulate morphology (Fig. S9, ESIT), as confirmed by the much
weakened diffraction intensity after the first cycle in the in situ XRD
patterns (Fig. 2b). This noticeable morphological change is repeat-
able cycle by cycle after the first cycle, in line with our observations
of reproducible in situ XRD patterns during each sodiation/deso-
diation cycle and stable voltage profiles in the following cycles.
In sharp contrast, we did not observe significant morphological
evolutions of PTCDA nanoparticles in the organic electrolyte
(Fig. S10, ESIt). This result coincides well with the strong diffractions
in the corresponding in situ XRD patterns during cycling (Fig. 2a).

Energy Environ. Sci., 2024,17, 2480-2491 | 2483
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Fig. 2 Structural and morphological evolutions of the PTCDA electrodes upon Na* storage. Operando XRD patterns of the PTCDA electrode in the
organic electrolyte (a) and hybrid electrolyte with NNaClo,, : Nacetamide : Nwater = 1:4:4 (b). (c—e) Ex situ SEM images and (f) the corresponding fitted
crystalline structures of the PTCDA electrodes upon discharging (Na* intercalation) to different potentials in the hybrid electrolyte at Nyacioa : Nacetamide :
Nwater = 1:4:4. The intercalated Na* is shown in the way of occupancy. Occupancy is defined as the faction of Na* present at the site.

We selectively fitted the diffraction patterns of the PTCDA
electrode at various charge/discharge states to accurately illus-
trate how the structural evolutions relate to the morphological
changes. The pristine PTCDA features a B-phase crystal struc-
ture that is attributed to the monoclinic space group of P24/c
(unit-cell volume: 777.29 A®), while the monoclinic space group
was maintained upon Na' uptake/removal when testing PTCDA
in the organic and hybrid electrolytes. In the organic electro-
lyte, Na" tends to occupy the 4e site to achieve a high capacity
approaching the theoretical 2-Na' storage capacity (Fig. S11,
ESIt). The unit-cell volume of PTCDA shows insignificant
changes during (de)sodiation (Table S1, ESIf}).

However, the structural evolution of PTCDA followed a
different mechanism when storing Na" in the hybrid electrolyte
(Fig. 2f and Fig. S12, ESI¥). Structural fitting results reveal that
Na-ions occupy the 4e site (i.e., the basal parts of the PTCDA

2484 | Energy Environ. Sci., 2024,17, 2480-2491

molecules) until storing 1.5 Na-ions per unit cell. Upon dis-
charging to 2.1 V (storing 1 Na-ion per unit cell), the lattice
parameters and unit-cell volume were insignificantly changed.
On discharging to 1.9 V (storing 1.5 Na-ions per unit cell), the
unit-cell volume (972.19 A%) was increased by 25%, along with
the elongation of the unit cell along the b-axis and c-axis. This is
due to the steric limitation as the 1.5 Na-ions still occupy the 4e
sites (occupancy: 0.375). We notice that discharging to 1.6 V
(storing 2 Na-ions per unit cell) leads to the contraction of the
unit cell (unit-cell volume: 805 A%). The reason behind this is
besides 4e site (occupancy: 0.25), Na-ions start occupying the
hole parts of 2d site (occupancy: 0.25), thereby resulting in a
decreased steric effect. The intercalation of two positively
charged Na-ions at two different sites can attenuate the carbo-
nyl/carbonyl repulsion and become coordinated by two differ-
ent carbonyl groups. Reversely, upon charging, Na-ions at the

This journal is © The Royal Society of Chemistry 2024
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2d site were deintercalated first, followed by the removal of
those at the 4a site (Fig. S12, ESIf). This indicates the high
structural reversibility of PTCDA in the hybrid electrolyte,
which is essential for efficient Na* storage in PTCDA over
multiple cycles.

Based on the above investigation, we conclude that PTCDA
undergoes completely different crystalline structural and mor-
phological evolutions when working in the hybrid electrolyte,
while the crystalline structure transformations and morpho-
logical changes are intimately correlated. During the first
sodiation process, we hypothesize that a large energy barrier
is required for the phase transformation from the pristine
monoclinic phase to the phase storing 1.5 Na per PTCDA unit
(Na; 5-PTCDA) in the second sodiation step, as the direct
nucleation of Na, 5-PTCDA that involves the entire slab shift
is kinetically sluggish and difficult. On downsizing the nano-
particles, the kinetic barrier for the reversible phase transfor-
mation in the hybrid electrolyte can be efficiently decreased.”****
Apparently, compared to the organic electrolyte, the hybrid electro-
lyte appears to be more efficient in facilitating morphological
evolutions and reversible phase transformation simultaneously.

Electrochemical and spectroscopic analysis of the electrolytes

An electrolyte is a complicated system that involves intermole-
cular interactions among cations, anions, and solvent mole-
cules (e.g, solvation sheath structure of Na"). Quantifying the
influence of these interactions on the electrochemical behavior
of an electrode is not straightforward. In this regard, chemical
potential, uy,+, turns out to be an appropriate macroscopic
descriptor. Indeed, pun,+ defines the molar Gibbs free energy
change upon adding an infinitesimal amount of Na" into the
electrolyte system.*” Since Na" coordinates with solvent mole-
cules and/or anions, its solvation sheath structure (coordina-
tion environment) plays an indispensable role in tuning pya-,
and hence, the equilibrium potential of the electrode.
To confirm this, we tested the equilibrium potential shift based
on electromotive force measurements on the Naz ,V,(PO,)s
(x ~ 2) in different Na-ion battery electrolytes (Fig. 3a). The
details of this experimental design is given in Fig. S13 and S14
(ESIf). For reference, the equilibrium potential shift expected
in ideal solutions (assuming a Na' activity coefficient of 1,
ie., irrespective of the Na' concentrations) is depicted in
Fig. 3a. For the pure aqueous electrolytes, the equilibrium
potential shifts upwards with the increase of Na' molality.
It is noteworthy that the upward potential shift is markedly
larger than that expected in ideal solutions, which suggests an
increased Na" activity coefficient.

When introducing acetamide to make the hybrid electro-
lytes, the upward shift of equilibrium potential undergoes an
even larger extent in comparison with that of pure aqueous
electrolytes. From the thermodynamics point of view, the
control over the molar ratio of acetamide to water can effi-
ciently modulate the solvation structure of Na*, which provides
a straightforward strategy to illustrate electrolyte chemistry in
detail. Closer observation indicates that the decrease of water
content in the hybrid electrolytes causes the upward shift in

This journal is © The Royal Society of Chemistry 2024

View Article Online

Energy & Environmental Science

potential. These results signify the different solvation sheath
structures of Na” upon incorporating acetamide, whereas water
plays a pivotal role. To verify this assumption, we conducted
liquid-state nuclear magnetic resonance (NMR) spectroscopy to
investigate the chemical environment of core elements in the
electrolytes (Fig. S15, ESIt). Fig. 3b is the comparison of **Na
NMR spectra for three representative electrolytes. Compared to
the aqueous electrolyte, the >*Na resonance peak for the hybrid
electrolyte shows a pronounced upfield shift. This indicates a
strong shielding effect introduced by acetamide (Fig. S16, ESIT),
while acetamide starts modifying the solvation sheath of Na* in
the hybrid electrolyte, as further confirmed by molecular
dynamics (MD) simulations discussed later.

The changes in the chemical environment for the hybrid
electrolytes can be further revealed by the NMR spectra for
amine protons of acetamide (Fig. 3c). Compared to the pristine
acetamide (Fig. S17, ESIf), one notable characteristic of the
hybrid electrolytes is the appearance of two resonance signals
of amine protons. This indicates two different chemical envir-
onments for the acetamide molecules in the hybrid electrolytes.
Another key characteristic is the different shift directions of
these two resonance peaks: upfield shift for the resonance
at ~6.45 ppm and downfield shift for the resonance at
~6.82 ppm. The downfield and upfield resonance shifts reveal
decreased and increased electron density of the nuclei,
respectively.*> Accordingly, we attribute the resonance at
~6.82 ppm to amine protons of acetamide interacting with
water molecules through hydrogen bonding and the resonance
at ~6.45 ppm to amine protons that interact with water
molecules in the solvation sheath of Na®. This conclusion can
be endorsed by the downfield shift of water protons (Fig. S15,
ESIt) and the relative amount of proton resonance shift
(Fig. 3d) upon decreasing the molar content of acetamide in
the hybrid electrolytes. Conversely, when decreasing the molar
content of acetamide, the resonance at ~6.45 ppm shows an
upfield shift yet a similar extent of relative peak shift compared
to that of water protons. However, less pronounced peak shifts
are observed for the peaks around 6.8 ppm. Therefore, we
hypothesize that water can be partially freed from the solvation
sheath by acetamide replacement, while the hydrogen bonding
networks of water molecules can be substantially disrupted by
acetamide. The most pronounced upfield shift occurs in the
organic electrolyte, which can be attributed to the strong
shielding effect caused by anions in the solvation sheath of
Na'. The increased line width for the hybrid electrolyte entails
improved interaction and complexation among Na‘, ClO,~,
H,0, and acetamide, whereas the fast exchange between Na*
and molecules/anions in the solvation shell can be preserved.**

AD initio MD simulations were further performed to provide
theoretical insights into the electrolytes. The solvation struc-
tures of different electrolytes are in good agreement with
experimental results. MD simulations exhibit that C1O,  anions
dominate the solvation sheath of Na" in the organic electrolyte
(Fig. S18, ESIt), matching well with the NMR spectroscopic
results (Fig. S15, ESIT). Similarly, the first solvation shell of Na*
features ClO, coordination in the aqueous electrolytes to form
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these two electrolytes.

contact ionic pairs (CIPs) (Fig. 3e), while a free water network
formed by uncoordinated water molecules exists, which can
lead to side reactions and fast capacity degradation at the
anode (Fig. S19, ESIY). Differently, in the hybrid electrolyte,
the entrance of acetamide into the first solvation sheath of Na*
displaces water in the solvation shell (Fig. 3f). Acetamide bears
an electron-donating functional group of -NH, to induce a
strong dipole moment of acetamide (3.76 Debye vs. 1.85 Debye
for water). Therefore, an increased affinity between acetamide
and Na' (increased ion-dipole interaction) can be initiated,
which in turn promotes the Na'-O (acetamide) association to
displace water molecules in the solvation sheath,*® as further
confirmed by the NMR and FT-IR results (Fig. S1 and S15, ESIT).
As expected, the -NH, and -C=O groups in acetamide can
assist its penetration into the hydrogen-bond network of water
molecules, which disrupts the intermolecular network in free
water clusters and thereby suppresses the water activity

2486 | Energy Environ. Sci., 2024, 17, 2480-2491

thermodynamically.'®>"*® This is a critical enabler for the
high-efficiency PTCDA anode working at low redox potentials.

Mechanism for morphological and phase evolutions

As illustrated by electrochemistry, electron microscopy, and
in situ XRD experiments, two noticeable changes can be identi-
fied in the organic PTCDA electrode when storing Na' in
different electrolytes: morphology and phase transformation.
In the following experiment, PTCDA was tested in a water-free
electrolyte made of NaClO, and acetamide (Fig. S20, ESIY).
Similar voltage profiles to the case of organic electrolyte are
observed, indicating a similar Na* storage mechanism in these
two electrolytes. Upon introducing a minor amount of water
into this water-free electrolyte (Fig. S20, ESIt), we observe nearly
identical voltage profile evolution between the first and follow-
ing sodiation processes to that of the hybrid electrolyte.

This journal is © The Royal Society of Chemistry 2024
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This indicates the critical role of water in enabling the
morphological phase evolutions of the organic PTCDA elec-
trode. This conclusion can be further reinforced by the large
discrepancy between the initial and subsequent cycles in the
voltage plots when operating PTCDA in an aqueous NaClO,
electrolyte (Fig. S19, ESI¥).

According to the spectroscopic analysis and MD simula-
tions, the solvation sheath of Na' in the hybrid electrolyte
features a significant contribution of water molecules. During
sodiation, Na® with this unique hydrated solvation structure
approaches the electrode/electrolyte interface to create a water-
enriched Helmholtz layer, as proven by previous theoretical
simulations.’® This indicates a certain extent of hydration of
the surface region of the PTCDA electrode in the hybrid
electrolyte (Fig. S21 and S22, ESIt)."*?? Given the much higher
solubility of PTCDA in water than that in organic solvent,’
we hypothesize that slight dissolution of negatively charged
PTCDA units upon uptaking Na® in the water-containing
interfacial region is one key enabler for the morphological
changes (Fig. S21-S24 and Supplementary Note 1, ESI{). On
the other hand, different from other organic electrodes with
covalent frameworks (e.g., polymers), monomer PTCDA parti-
culates are constructed by aromatic organic units featuring
weak interactions (e.g., n-m, hydrogen bond) among them.
This endows the molecular units with sufficient flexibility
for morphological evolutions especially when introducing
strong Na—O ionic bonds between the molecular units on
sodiation.

The second question would be the mechanism of different
crystalline structure transformations of PTCDA in organic and
hybrid electrolytes. We hypothesized the crucial role of water in
initiating structural evolutions. The electrode reaction of
PTCDA in the hybrid electrolytes (or generally in the presence
of water, as analyzed above) can be ascribed to a heterogeneous
liquid (soluble Na,-PTCDA)-solid (insoluble PTCDA) reaction.
This reaction resembles that of sulfur in storing alkaline metal
ions in organic electrolytes.’®"” Given the structural flexibility
of monomer PTCDA, a different storage mechanism is thermo-
dynamically feasible considering the high activity of Na" in the
hybrid electrolyte. It is reasonable to conclude that the weak
solvation of water and acetamide for solvated Na"* can facilitate
Na' desolvation and insertion into the structure of PTCDA,
which in turn reduces the kinetic barrier for the unit-cell
volume change. Similarly, a new conversion reaction mecha-
nism of sulfur cathodes was recently found in aqueous electro-
lytes compared to that in organic electrolytes.*®

The different mechanisms of Na' storage in PTCDA can be
further revealed by different Na* solid diffusion kinetics in
these two electrolytes. As revealed by galvanostatic intermittent
titration technique (GITT) plots (Fig. S25, ESIt), the voltage
response of PTCDA in the hybrid electrolyte shows remarkably
decreased overpotentials during (de)sodiation compared to that
of organic electrolyte. This signifies faster Na* diffusion in
PTCDA when working in the hybrid electrolyte, wherein the
diffusion coefficient is about one order of magnitude higher
than that enabled by organic electrolyte.

This journal is © The Royal Society of Chemistry 2024
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Ultrahigh rate performance and mechanism

The understanding of the sodiation mechanism of PTCDA
motivated us to further evaluate its rate performance in the
hybrid electrolyte, especially considering the facile solid-state
diffusion of Na* and the unique solvation environment of the
hybrid electrolyte. On the basis of the GCD profiles recorded in
a three-electrode setup (Fig. 4a), there are limited polarization
and profile distortion even at a high rate of 1000C, delivering a
capacity of 118 mA h g™' (85.5% capacity retention of the
theoretical capacity). Such high rate performance is competitive
to and even superior to state-of-the-art battery electrodes for
smaller cations (e.g., H", Li*) storage (Fig. S26, ESI{).*%732
On the other hand, PTCDA exhibits considerably poorer rate
performance when working in the organic electrolyte (Fig. 4b).
As expected, inferior rate performance in the organic electrolyte
is associated with lower Na* diffusion rate (or ionic conductiv-
ity) and sluggish solid-state diffusion. Dissociating Na* from
the strong solvation of CIPs in the organic electrolyte can
further create kinetic barriers for Na* storage.

It is noteworthy that PTCDA working in the hybrid electro-
Iyte delivers a competitive rate performance to that of the other
control electrolyte of aqueous NaClO, (Fig. 4b), which is the
same molality as the hybrid electrolyte. However, the aqueous
electrolyte shows higher ionic conductivity (128 mS cm™%).
Accordingly, the solvation environment of Na' is the key to
understanding the mechanism of how acetamide enhances
charge transfer for Na' storage. Comparing the hybrid electro-
lyte with the aqueous electrolyte, MD simulations and spectro-
scopic results uncover that the role of acetamide is to displace
water molecules from the solvation shell of Na'. This is
ascribed to the higher affinity between acetamide and Na®, as
initiated by the strong dipole moment of acetamide, to facil-
itate Na'-O (acetamide) association. This in turn delivers
increased binding strength between acetamide and Na', reveal-
ing more stable solvation sheaths for the hybrid electrolyte.
However, solvates in the hybrid electrolyte featuring higher
association strength than that in aqueous electrolyte support
faster (de)sodiation. For an electrode-bound electrochemical
reaction, the electron transfer can be approximated as non-
adiabatic. This process involves ionic intermediates featuring
a reorganized solvation sheath according to the Marcus
theory.** The corresponding reorganization energy (/)
denotes the energy required to reorganize the solvation sheath,
herein Na', to facilitate electron transfer. Accordingly, the
species in the solvation sheath of Na* show an impact through
their contribution to A. Compared with smaller molecules,
larger molecules in the solvation shells tend to show lower
2.*2 Since large acetamide appears in the solvation sheath of
Na', as proven by our spectroscopic tests and ab initio MD
simulations, it is reasonable to infer that the reduced 4 for the
hybrid electrolyte can facilitate the desolvation and electron
transfer to enable high-rate performance during Na® storage
(Fig. 4f).

The influence of solvents on electron transfer is larger
than simply through their energetic contribution to solvent
reorganization upon charge transfer. The dynamics of solvent

Energy Environ. Sci., 2024,17, 2480-2491 | 2487
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barrier for solvation sheath reorganization and faster electron transfer kinetics to facilitate the high rate performance.

reorganization can be represented by the longitudinal relaxa-
tion time (71) of the solvent.*>*® Analyzing T1 is thus expected
to deliver insights on how acetamide impacts the dynamics of
solvent reorganization to enable the unprecedented high rate
performance. Herein, we conducted inversion recovery techni-
que based on '"H NMR to measure the T1 values for different
electrolytes (Fig. S27-529; see Experimental details; see calcula-
tion details in Supplementary Note 2, ESIt).>' Hydrogen nuclei,
especially -NH, of acetamide and -OH of water, were chosen as
the probes to study relaxation behaviors of solvents (acetamide
and H,0) because of protons’ intrinsic high sensitivity and
spectrum resolution, distinctive chemical shifts for different
species (Fig. 4c), and their direct indication with chemical
environment (solvation and interaction with water through
hydrogen bond). T1 is related to the size of a solvent molecule
containing hydrogen nuclei and in particular the tumbling rate of
the molecule (typically known as molecular motion). According to
the Marcus theory microscopic model,”>*> heterogeneous electro-
chemical reaction rate constant (k,) is proportional to 71",
wherein 0 is a fraction between 0 and 1 (Supplementary Note 3,

2488 | Energy Environ. Sci., 2024, 17, 2480-2491

ESIf). Based on our '"H NMR longitudinal relaxation experiments,
T1 for "H (H,0) is four times decreased for the hybrid electrolyte
compared to that of aqueous electrolyte (Fig. 4d). This corresponds
to approximately four times increase of heterogeneous reaction rate
upon solvent motions or reorganizations in the hybrid electrolyte.

Indeed, it is reasonable to find clues about the decreased T1
of "H (H,0) from the chemical environment of the hybrid
electrolyte, as previously depicted by MD simulations and
spectroscopic measurements. Asymmetric acetamide with a
high dipole moment can displace water in the solvation sheath
of Na' and to break percolating hydrogen bonding networks
between water molecules. This creates more polarizable envi-
ronments especially around Na" and induces increased inter-
molecular dipole-dipole interaction to decrease T1 for both
acetamide and water (Fig. $30-S32, ESI{).>® This phenomenon
can be further evidenced by the paradoxical trends of transverse
or spin-spin relaxation time (Fig. 4d and e), ie., T2, for 'H
(-NH,) and 'H (H,0) upon increasing the molar ratio of water
in the hybrid electrolytes. Specifically, when decreasing the
molar ratio of water to acetamide, T2 values for 'H (H,O) are

This journal is © The Royal Society of Chemistry 2024
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shortened (Fig. 4e), following the same trend as that of T1 for
'H (H,O). This can be attributed to the increased dipolar
interactions among solvent molecules and reduced tumbling
rates of water, which can be further revealed by the increased
viscosity and decreased ionic conductivity of the electrolytes
on decreasing water content (Supplementary Fig. S4, ESIT).
Nonetheless, T2 values for "H (-NH,) decrease along with the
increase of T1 values for "H (-NH,) when changing solvent
ratios (Fig. 4d). The rationale is the less frequent spin-spin
interaction between acetamide molecules and water molecules
as free acetamide and water molecules move rapidly (decreased
viscosity) when water content in the hybrid electrolyte is
increased. T1 reveals the dynamic feature of solvent molecules
(herein water and acetamide), while 71 is intimately related to
the electrolyte chemistry. Accordingly, the modulation of solva-
tion structures can efficiently regulate the dynamic behaviors
(e.g., orientation) of solvent molecules to influence the inter-
facial electrochemistry. To summarize, the more polarizable
and less compact solvation shells, as induced by acetamide, can
facilitate the kinetics of solvent reorganization through coher-
ent motions of acetamide and water in the first solvation
shells,>**> which consequently promotes electron transfer for
the unprecedented rate capability of PTCDA in the hybrid
electrolyte (Fig. 4f).

Another factor also needs attention in this process. It is the
downsizing effect of PTCDA in the hybrid electrolyte to mini-
mize the kinetic barrier of structural evolution to ensure fast
solid-state Na* diffusion. Herein, we can conclude that it is the
combination of the unique redox chemistry of PTCDA and the
hybrid electrolyte design that makes the unprecedented rate
performance achievable.

High-performance aqueous full Na-ion batteries

The cycle life has been one obstacle for organic monomer
electrodes in aqueous electrolytes, which show rapid capacity
degradation due to the dissolution of organic electrodes and
continuous loss of active electrode materials during cycling.
This issue can be efficiently suppressed in the hybrid electrolyte

This journal is © The Royal Society of Chemistry 2024

because of limited free water. The PTCDA electrode shows
decent cycling stability in the hybrid electrolyte, though a
capacity attenuation of 38% still occurs after 1350 cycles at
a rate of 100C (Fig. 5a). To further control the dissolution issue,
a thin and lightweight membrane of two-dimensional (2D)
TizC,T, (T, represent negatively charged surface functional
groups like -O and -OH) MXene was introduced between the
PTCDA electrode and the separator to trap the soluble inter-
mediate. Ti;C,T, MXene turns out to be an excellent interlayer
to cope with the instability issue of organic electrodes without
coming at the cost of the rate capability significantly (Fig. 5b
and c). Firstly, the negatively charged surface caused by the
functional groups on the MXene surface can act as ion-hopping
sites of positively charged carriers,”® namely, Na* in this study,
and impede the transport of negatively charged species (e.g.,
PTCDA*", x < 2) as a result of electrostatic repulsions (Fig. S33,
ESIT). Furthermore, 2D MXene nanosheets (Fig. S34, ESIT) can
act as physical barriers. Last but not least, Ti;C,T, MXene
features metallic electrical conductivity, while its 2D morpho-
logy with large sufficient interlayer spacing can facilitate fast
Na" transport (Fig. S35 and S36 and Supplementary Notes 4
and 5, ESIt). After introducing the Ti;C,T, MXene interlayer
(Fig. S35, ESIT), the capacity retention of the PTCDA electrode
reaches 70% after 20 000 cycles (Fig. 5a).

To further illustrate the concept of aqueous Na-ion batteries,
we assembled a full battery with a PTCDA anode, a Prussian
blue analogue cathode (Fig. S38, ESIY), a Ti;C,T, MXene inter-
layer between separator and anode, and the hybrid electrolyte.
The full battery delivers a high rate performance (up to 80C)
and a promising cycling performance (capacity retention of
70% after 4000 cycles) (Fig. S39, ESIT).

Conclusions

In this work, we have achieved the mechanistic understanding
of charge storage in a classical organic electrode of PTCDA,
in different electrolyte systems, including organic, aqueous,
and hybrid electrolytes. We discovered a redox mechanism
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associated with simultaneous morphological and structural
changes when operating PTCDA in the hybrid electrolyte,
whereas water was confirmed to play a crucial role. Moreover,
we introduced the relaxation time of the solvent that can be
used as the descriptor, which can be employed to evaluate the
reorganization of solvent to enable Na" desolvation and inter-
calation and the coupled electron transfer kinetics. A small and
polar molecule of acetamide was demonstrated as an efficient
additive to modulate the solvation sheath of Na* and electrolyte
chemistry, while acetamide can efficiently facilitate the Na"
desolvation and electron transfer to unlock the ultrahigh rate
performance. Our design principles of electrolytes and the
methodology of evaluating solvent reorganization processes
are generally applicable to many other metal-ion batteries.
Thermodynamically and kinetically, solvent reorganization
and interfacial electron transfer can be modulated by control-
ling the molecular structures and compositions, e.g., creating
less compact structure and introducing donor atoms, to further
improve the fast charging capability of the key battery techno-
logies. This is urgently needed for stationary energy storage of
renewable energy and transport electrification.
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