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Hydrophobic Deep Eutectic Solvent (DES) Design Enables
Optimally Hydrated DES-in-Water Electrolytes for
High-Performance Bromine Redox-Enhanced Energy
Storage Systems

Tae Pyeong Eom, Gunwoo Lee, Young Hun Cho, Younjee Lim, and Seung Joon Yoo*

Supercapacitors are renowned for rapid charging, high power density, and long
lifespan, yet their practical applications are limited by low energy densities.
Redox-enhanced electrochemical capacitors (redox ECs) address this limitation
by incorporating redox-active electrolytes, enabling Faradaic charge storage.
Bromide is a promising catholyte due to its high reduction potential, excellent
solubility, and low cost. However, the generation of corrosive Br2 and the cross-
diffusion of soluble polybromides result in suboptimal cell efficiency including
severe self-discharge and reduced cycle life. Although solid complexing agents
have been used to suppress polybromides’ cross-diffusion, this approach
necessitates water, which inherently limits electrochemical and thermal
stability. Here, a hydrated deep eutectic solvent (HDES) electrolyte is developed
by combining tetrabutylammonium bromide (TBAB) with ethylene glycol. This
HDES system effectively utilizes themultifunctional roles of TBAB: the bromide
anion functions as a catholyte, while the TBA cation suppresses polybromides’
cross-diffusion as a built-in solid complexing agent. Critically, unlike previous
studies that focus on minimally hydrated DESs, this system leverages the
hydrophobic effect of TBAB to accommodate higher water content, addressing
challenges inherent to DESs while maintaining superior electrochemical
and thermal stability. The optimized HDES-50 electrolyte, containing 50
wt.% water, provides a robust and efficient solution for advanced redox ECs.

1. Introduction

The depletion of fossil fuels and growing environmental con-
cerns drive the demand for sustainable energy sources. How-
ever, the intermittent availability of renewable energy sources
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poses a challenge in maintaining a reliable
energy supply, highlighting the importance
of energy storage. Among various electro-
chemical energy storage systems, superca-
pacitors are widely used across multiple
fields due to their rapid charging rate, high
power density, and long cycle life.[1] These
advantageous properties make them ideal
for integration into mobile devices, hybrid
electric vehicles, and wearable devices.[2]

However, their comparatively lower energy
density compared to secondary batteries
has prompted the development of energy-
density-augmented supercapacitors.[3]

Redox-enhanced electrochemical capaci-
tors (redox ECs) utilize reversible oxidation-
reduction reactions of dissolved redox-
active species for Faradaic charge stor-
age while employing electric double lay-
ers for capacitive charge storage. This hy-
brid approach aims to combine the ben-
efits of high power density and long cy-
cle life with improved energy density, ad-
dressing the limitations of supercapaci-
tors. Among the various redox couples,
aqueous bromine electrolytes stand out
for their cost-effectiveness, high solubility,

and high reduction potential (Br2 + 2e− ↔ 2Br−; 1.08 V vs
SHE) with electrochemical reversibility, making them promis-
ing catholytes in redox-employed systems.[4] However, the charg-
ing process in bromide-based systems generates corrosive and
volatile bromine/polybromide species (Br2 + Br− → Br3

−). The
cross-diffusion of these species results in suboptimal coulom-
bic efficiency and severe self-discharge, posing significant chal-
lenges to commercialization.[4c,5] To overcome these issues, pre-
vious studies have introduced additives that form complexes with
the polybromide species in the aqueous electrolyte tomitigate the
unwanted reactivity and polybromides’ cross-diffusion.[6]

Tetrabutylammonium bromide (TBAB) is widely recognized
in redox ECs as an effective bromine complexing agent.[4b,7] Dur-
ing the charging process, TBA+, characterized by its long alkyl
chains, interacts with tribromide (Br3

−) ions to form a solid
[TBA+

∙Br3
−] complex. This solid complex formation, driven by

dehydration of the hydrophobic [TBA+
∙Br3

−] hydrated droplet,
effectively prevents the cross-diffusion of Br3

− and suppresses
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self-discharge.[7b] As the hydration and dehydration processes are
pivotal for complex formation, a sufficient amount of water in the
electrolyte environment is necessary. Consequently, TBAB and
similar additives are used exclusively in aqueous electrolytes to
ensure effective solid complex formation.
Nevertheless, aqueous bromine-based systems encounter

challenges related to both electrochemical and thermal instabil-
ity, which are inherent to aqueous electrolytes. Aqueous systems
are constrained by a narrow electrochemical stability window
(ESW) due to water decomposition reactions occurring within a
limited voltage window (1.23 V).[8] These reactions can result in
gas evolution and electrode degradation. Additionally, the volatil-
ity and thermal instability of aqueous electrolytes compromise
reliability, especially when operating at elevated temperatures.[9]

Therefore, there is a pressing need to develop electrolyte systems
that offer improved stability while retaining the advantages of
aqueous systems.
Deep eutectic solvents (DESs) have emerged as a promising al-

ternative electrolytes. DESs, formed through intermolecular hy-
drogen bonding between hydrogen bond donors and acceptors,
provide a wide ESW, as well as chemical and thermal stability.[10]

However, their practical application in energy storage is hin-
dered by high viscosity and low ionic conductivity. To improve
these electrolyte properties, hydrated DESs (HDESs) have been
explored, where the addition of water reduces viscosity and en-
hances ionic conductivity.[11] Yet, priorHDES formulations incor-
porated only a small fraction of water, rendering them ineffective
in fully retaining the advantages of aqueous systems.[10b,12]

In this work, we present an electrolyte engineering strat-
egy that bridges the benefits of aqueous and non-aqueous elec-
trolytes. We first developed a DES by mixing ethylene glycol (EG)
with TBAB as eutectic electrolyte components. Unlike previous
studies where TBAB served only as an additive, here it func-
tions as aDES component, bromide source, and built-in complex-
ing agent, simplifying electrolyte composition and preparation.
Recognizing that sufficient water is essential for TBAB to effec-
tively form a solid complex with Br3

−, as well as to lower viscos-
ity and increase conductivity, we deliberately advanced this sys-
tem into a water-rich eutectic mixture. Prior studies have inves-
tigated the structural evolution of DES-water mixtures, demon-
strating that beyond a certain dilution threshold, the DES net-
work is disrupted, leading to a transition where water dominates
the solution properties.[13] While these studies have provided
valuable insights into DES solvation dynamics and phase segre-
gation, the application of DES-water mixtures in energy storage
remains an area for further exploration. Our TBAB-based HDES
system strategically utilizes this transition by leveraging the hy-
drophobic effect of TBAB. The formation of a hydrophobic layer
at the anode prevents direct water contact, enabling higher water
content accommodation. This approach achieves an optimal bal-
ance of bromine complexation, viscosity, and ionic conductivity,
mitigating challenges inherent to DES while also addressing is-
sues in aqueous systems. The optimized hydration level also im-
proves mass transfer characteristics and electrochemical kinetics
without compromising ESW.
We fabricated redox ECs using activated porous carbon elec-

trodes to investigate the performance of the optimized HDES
electrolyte (50 wt.% water content). The high coulombic effi-
ciency observed is attributed to suppressed self-discharge, fa-

cilitated by effective bromine complexation and increased ionic
conductivity. Superior cycle life was demonstrated through both
floating and high-temperature tests, highlighting the electrolyte’s
stability. To further assess the compatibility and long-term cy-
cle stability of the HDES in a high-performance dual redox
EC, a full-cell was assembled, using butyl viologen (BV) as the
anolyte to match the capacity of the bromide catholyte. This sys-
tem achieved a coulombic efficiency of 97.5%, energy density of
36.3 Wh kg−1 and retained 87% of its energy density after 10 000
cycles (1730 h).

2. Results and Discussion

Figure 1a,b illustrate the issues at the anode and cathode for
bromine-based aqueous and DES electrolytes, respectively. For
the efficient operation of an aqueous bromine redox system, the
following issues need to be addressed. 1) water decomposition
reaction leading to reduced coulombic efficiency and electrolyte
consumption at the anode (Figure 1a); 2) the cross-diffusion
of Br3

− causing self-discharge and corrosion at the cathode
(Figure 1b). These issues result in shortened lifespans and de-
creased efficiency. While DESs can prevent water-triggered side
reactions of aqueous electrolytes, they still struggle to address
charged bromide cross-diffusion due to insufficient bromine
complexation in non-aqueous solutions (Figure 1b). By formu-
lating a TBAB-based HDES, the aforementioned issues at both
the anode and cathode can be addressed simultaneously, as
shown in Figure 1c. At the cathode, the tetrabutylammonium
cation of TBAB serves as a bromine complexing agent (see de-
tails in the Note S1, Supporting Information), while at the an-
ode, it forms a hydrophobic layer that inhibits water decompo-
sition reactions.[7b] Furthermore, TBAB functions as a bromide
catholyte, enabling Faradaic charge storage without the need for
additional redox species, thus simplifying the electrolyte compo-
sition.
The DES was prepared by mixing TBAB and EG at a molar

ratio of 1:3. The mixture was heated at 80 °C with continuous
stirring until a homogeneous, colorless liquid formed (Figure 1d;
S1a, Supporting Information).[14] To prepare HDES electrolytes,
varying amounts of water (e.g., 10%, 30%, and 50% by weight–
designated as HDES-10, HDES-30, and HDES-50, respectively)
were added, resulting in DES-water mixtures with various hydra-
tion levels (Figure S1b, Supporting Information). To maintain
clarity and precision in our classification, we define HDESas a
broad term encompassing all water-DES mixtures, regardless of
their water content. This terminology provides a comprehensive
framework that accounts for varying hydration levels while en-
suring consistency in nomenclature.
Intermolecular hydrogen bonding can induce perturbations

in bond length and strength. To investigate structural changes
driven by hydrogen bonding interactions in DES, Raman spec-
troscopy and Fourier-transform infrared spectroscopy (FTIR)
were employed. Raman spectra of neat EG showed broad bands
centered at≈3350 cm−1, corresponding to the O─Hstretching vi-
brations (Figure 1e-orange).[15] When mixed with TBAB during
DES formation, the O─Hstretching vibration peak of EG showed
a blueshift (Figure 1e-green), indicating that intermolecular hy-
drogen bonds of EG itself were gradually disrupted while restruc-
tured hydrogen bonding network formed between the bromine
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Figure 1. Properties of HDES electrolytes compared to DES. a–c) Schematic illustrations of challenges in a) aqueous, b) DES, and c) HDES electrolytes
in bromine-based redox systems, with HDES addressing the limitations of the other systems. d) Preparation of DES, with a zoomed-in view illustrating
intermolecular interactions between components. e) Raman spectra confirming DES formation through the O─H stretching peak. f) Deconvoluted FTIR
spectra of the 𝜈 (O─H) peak in DES. g) Comparative FTIR spectra of various electrolytes, highlighting the 𝜈 (O─H) region for DES and HDES-10, HDES-
30, and HDES-50 formulations. h) Transition from water-in-DES to DES-in-water as a function of water mass fraction. i) Linear sweep voltammetry (LSV)
curves of various HDES electrolytes with differently structured quaternary ammonium cations.

ions of TBAB and the hydroxyl group of EG. In the FTIR anal-
ysis, the spectrum of DES was further examined in the range
of 3100–3700 cm−1, focusing on the O─H stretching region.
Deconvolution of the spectrum resolved overlapping peaks, al-
lowing for the identification of distinct contributions from vari-
ous types of O-H stretching vibrations (Figure 1f). The peak at
3249 cm−1 corresponds to O─H⋯Br interactions, indicative of
hydrogen bonding interactions between the O-H groups of EG
and bromide ions (Figure 1f-green; Figure S2, Supporting In-
formation). The peaks at 3363, and 3499 cm−1 were attributed
to the intermolecular O─H⋯O─H interactions (purple curve)
and the stretching vibration of free OH groups (blue curve),
respectively.[16] The former suggests hydrogen bonding between
neighboringO─Hgroupswithin theDES structure, while the lat-

ter corresponds to non-bonded O─H groups in EG. This result
aligns with the classification of type III DES formation where an
organic salt interacts with a hydrogen bonding donor, leading to
a distinct rearrangement of the hydrogen bonding network that
stabilizes the DES structure.[17]

We investigated the structural changes from DES to HDES
with varying amounts of water added. The FTIR spectrum shows
that as the amount of water added to DES increases (fromHDES-
10 to HDES-50), the ratio of strong hydrogen bonds to weak
hydrogen bonds in the O─H peak increases as the incorpora-
tion of water introduces dense hydrogen bond interactions be-
tween water and DES components (Figure 1g).[11a,18] Additional
Raman comparisons between HDESs and DES showed no sig-
nificant changes in peak positions, except for slight blueshifts
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in the O─H peaks at 3100–3700 cm−1, indicating alterations in
hydrogen bonding (Figure S3, Supporting Information). These
combined spectroscopic results provide evidence that water
functions as both a hydrogen bond donor and acceptor, playing a
crucial role as a component in the DES structure through hydro-
gen bonding.[19]

In the HDES, the structural network of the electrolyte shifts
with the hydration level. Numerous studies have extensively ex-
amined hydration-driven structural and physicochemical trans-
formations in DESs. A diverse range of analytical techniques in-
cluding differential scanning calorimetry (DSC), nuclear mag-
netic resonance (NMR) spectroscopy, Brillouin spectroscopy, and
molecular dynamics simulations, has been employed to provide
a comprehensive understanding of how increasing water content
disrupts the hydrogen bonding network and modifies the sol-
vation environment in DESs.[13c,20] At low hydration levels, the
DES primarily acts as a network host, dictating the system’s struc-
ture and properties, representing a “water-in-DES” regime. Con-
versely, at high hydration levels, water plays a dominant role in
governing the overall structure and behavior of the system, tran-
sitioning it into a “DES-in-water” state, where the system pre-
dominantly exhibits aqueous-like properties rather than those
of a DES.[20c] To investigate the thermal properties of DES elec-
trolytes across varying water contents (10, 15, 20, 25, 30, 50, and
70 wt.%), DSC measurements were conducted. For water con-
tents of 15 wt.% and below, no thermal events were observed ex-
cept for the glass transition, indicating that the DES behaves as
an amorphous liquid (Figures S4 and S5, Supporting Informa-
tion). At these low hydration levels, water participates in hydro-
gen bonding within the DES structure. At high hydration levels,
however, water can solvate each component of the DES, progres-
sively disrupting its structured network and ultimately imparting
the intrinsic properties of an aqueous system.[19,21] When wa-
ter content reaches 20 wt.% or more, melting transitions were
observed between −34 and 0 °C, and crystallization peaks were
observed between −54 and −27 °C (Figure S4, Supporting In-
formation). These transitions are likely due to the behavior of
free water that is not integrated into the hydrogen-bond net-
work of the DES structure. HDES electrolytes that did not ex-
hibit melting and crystallization peaks are classified as water-
in-DES, whereas those displaying these peaks are categorized
as DES-in-water (Figure 1h). This variation in thermal behavior
highlights a critical trade-off: while higher hydration levels en-
hance the ionic conductivity of DES systems, water-rich HDES
are not suitable as electrolytes due to water-triggered side reac-
tions, which significantly compromise both electrochemical and
cycle stability.[10b,12] Consequently, HDES systems have typically
been employed within a limited range of water content, restrict-
ing their capacity to fully exploit the advantages of aqueous elec-
trolytes.
The integration of water-rich HDES (DES-in-water) as an elec-

trolyte to achieve a wide ESW is an important yet challenging con-
sideration. Suppressing the hydrogen evolution reaction (HER) is
critical in this context. We hypothesize that the hydrophobic na-
ture of TBAB enhances electrochemical stability, facilitating the
integration of DES-in-water as an electrolyte by forming a pro-
tective layer at the anode. This layer prevents direct water con-
tact, thereby suppressing the HER and water-triggered side re-
actions, while still retaining the benefits of water, such as high

ionic conductivity, and maintaining electrolyte stability. To vali-
date this hypothesis and demonstrate the hydrophobic effect of
TBAB at the anode, LSV measurements were conducted to com-
pare the HER suppression capabilities of electrolytes containing
different hydrophobic cations. Tetraethylammonium (TEA+) and
choline (Ch+), which are less hydrophobic than TBA+ and com-
monly used as DES components, were included for comparison
(structures shown in Figure S6, Supporting Information). These
cation-based HDESs were prepared by mixing each cation and
EG at a molar ratio of 1:3, followed by the addition of water to
achieve a 1:1 mass ratio of DES to water (Figure S7, Supporting
Information). To determine the onset potential of the HER for
each electrolyte, tangent lines were drawn at 0.06mA cm−2 on the
LSV curves.[22] The onset HER potentials were identified at the
intersection of these tangent lines with the y = 0 axis. As shown
in Figure 1i, a higher hydrophobicity associated with longer alkyl
chain lengths (TBA+

> TEA+
> Ch+) corresponded to a wider

ESW. When a voltage is applied, these hydrophobic cations accu-
mulate at the negatively charged anode surface, forming a pro-
tective layer that prevents water from accessing the interfacial re-
gion, thereby inhibiting water-triggered side reactions.[22,23] Con-
sequently, TBAB functions as an effective protective agent, allow-
ing the use of DES-in-water electrolytes without compromising
electrochemical stability.
To design an optimal electrolyte for systems utilizing bro-

mide as a catholyte, a thorough evaluation of the advantages and
disadvantages of incorporating water is essential for determin-
ing the optimal hydration level. We systematically investigated
the physicochemical and electrochemical properties of TBA-EG-
based DES as a function of water content.
A fast self-discharge due to bromine cross-diffusion is a crit-

ical issue, which can be mitigated by adding a bromine com-
plexing agent. TBAB is well known for its ability to form solid
bromine complexes.[7,24] Notably, water plays a crucial role in
this solid complexation process. The chemical formation of
the [TBA+

∙Br3
−] solid complex was monitored by adding a

uniform amount of Br3
− aqueous solution to DES, HDESs,

and an aqueous 1 m TBAB solution (Figure S8, Supporting
Information).[4b,25] Among the HDES electrolytes, bromine com-
plexes were formed in HDES-50, whereas no solid complex for-
mation occurred in HDES-10 and HDES-30, which contain low
water content (Figure 2a). These results indicate that HDES
within the DES-in-water range facilitates solid-state bromine
complexation. To further confirm the formation of the solid com-
plex in HDES-50 and verify its electrochemical generation, we
conducted a constant-current electrolysis.[4b] This experiment
confirmed the electrochemical formation of the [TBA+

∙Br3
−]

solid complex on the electrode in theHDES-50 electrolyte (Figure
S9, Supporting Information), suggesting that utilizing HDES
within the DES-in-water range can effectively inhibit the cross-
diffusion of Br3

−.
In addition, incorporating sufficient water content into the

electrolyte retains key advantages of aqueous solutions such as
non-flammability, low viscosity, and high ionic conductivity. A
flammability test was conducted by soaking each solution in the
separator and then igniting it (Figure 2b). While the organic
EG and EG-based DES electrolytes ignited readily, the HDES-
50 electrolyte did not catch fire. This result demonstrates that
the inclusion of water in the DES system contributes to its
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Figure 2. Water-content-dependent physicochemical and electrochemical properties. a) Br3
− complexation test of HDES electrolytes versus water (1 m

TBAB) after the addition of chemically generated Br3
−. b) Snapshots of glass fiber after exposing it to an open frame for 5 s with different electrolytes.

c) Viscosity and conductivity of electrolytes with varying water contents. d) Cyclic voltammograms of electrolytes with different water contents. e) Weight
retention of various electrolytes with different water contents. f) LSV curves of HDESs with varying water contents.

non-flammability. With 50% water content, the HDES-50 elec-
trolyte achieves non-flammability, making it suitable for a broad
range of applications. We also compared the viscosity and ionic
conductivity of DES and HDES electrolytes (Figure 2c). The pure
DES exhibited a high viscosity of 93.67 cP and a low ionic con-
ductivity of 1.64 mS cm−1. As the water content increased, vis-
cositymarkedly decreasedwhile ionic conductivity improved. No-
tably, the HDES-50 electrolyte exhibited a low viscosity of 5.78 cP
and a high ionic conductivity of 12.71 mS cm−1, underscoring
its enhanced suitability for practical applications requiring high
power performance. Next, cyclic voltammetry (CV) analysis was
performed to evaluate the bromide redox reaction. The HDES-
50 electrolyte demonstrated a more reversible bromide redox re-
action (Figure 2d) whereas electrolytes with low water content
showed a significant cathodic shift of reduction peaks, greater
peak-to-peak separation, and sluggish redox kinetics. These ef-
fects are attributed to the low ionic conductivity caused by strong
hydrogen bonding between DES components.[26]

One of the key advantages of optimal HDES is its robust ther-
mal stability, derived from the inherent properties of DES, which
addresses the issue of rapid evaporation in aqueous electrolytes.
The low vapor pressure of pure DES prevents discharge capac-
ity decay over time. To assess how this property varies with wa-
ter content, electrolytes were exposed to the open atmosphere at
25 °C (Figure 2e).[11c,27] The DES electrolyte exhibited exception-
ally low volatility, showing no significant weight loss after 48 h.
In contrast, the aqueous electrolyte showed a high evaporation
rate, with a weight retention of only 30.36%. Notably, HDES-50
retained 74.2% of its weight, indicating enhanced thermal stabil-
ity compared to conventional aqueous electrolytes.

While HDES can mitigate several limitations of DES, ex-
cessive water content can introduce drawbacks. As shown in
Figure 2f, increasing the water content in TBAB/EG-based
DES reduces ESW, primarily due to the dilution of TBAB
concentration, which weakens the hydrophobic effect (Figure
S10, Supporting Information). For instance, in HDES-70, the
TBAB concentration falls below 1 m, increasing susceptibil-
ity to the HER, with an onset HER potential of −1.72 V (vs
Ag/AgCl). Nevertheless, HDES-50 maintains a cathodic stability
window extending beyond −2 V (vs Ag/AgCl), achieving the
optimal balance between hydration level and electrochemical
stability.
A thorough analysis of water’s role in HDES and the opti-

mization of multiple electrolyte parameters are crucial for devel-
oping a well-balanced electrolyte that enhances overall cell per-
formance. With its optimal balance of hydration level and key
physicochemical and electrochemical stability, HDES-50 is iden-
tified as the most suitable electrolyte for improving the efficiency
and stability of practical redox RC systems.
To validate the favorable electrolyte properties of HDES-50

in practical battery applications, full-cell evaluations were con-
ducted using an asymmetric cell setup. An asymmetric setup al-
lows one electrode (typically a capacitive electrode) to be oversized
to ensure that the redox-active electrode reaches its full potential
range. In this work, by increasing the anodemass (a 3:1 anode-to-
cathode mass ratio), the capacitive charge stored at the anode is
increased, ensuring that it can accommodate the charge contribu-
tion from the cathode. This configuration allows for an uninter-
rupted examination of the bromine-based Faradaic charging pro-
cess (Figure S11, Supporting Information), preventing voltage
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limitations that would otherwise be imposed by a smaller counter
electrode.
CV measurements were performed to evaluate the electro-

chemical behavior of HDES-50 and DES electrolytes. The CV
curves of HDES-50 electrolytes displayed higher current densi-
ties, indicating larger charge storage capacity compared to DES
at all scan rates (Figure 3a; Figure S12, Supporting Informa-
tion). These enhancements are closely linked to the ion diffusion
and charge transfer characteristics of the electrolyte, as revealed
by electrochemical impedance spectroscopy (EIS)measurements
(Figure 3b). In the high-frequency region, the HDES electrolytes
exhibit lower values of Rs (solution resistance) and Rct (charge
transfer resistance) compared to DES, indicating reduced resis-
tance to ion movement and faster charge transfer kinetics. War-
burg diffusion behavior was observed in the low-frequency re-
gion. Calculating the Warburg coefficient (𝜎) from the EIS data
shows that the HDES electrolyte has a lower value of 21.79, com-
pared to 80.37 for DES (Figure S13, Supporting Information).[28]

This lower Warburg coefficient reflects faster ion diffusion and
reduced ion diffusion resistance.
To investigate charge storage behavior, galvanostatic charge–

discharge (GCD) cycling tests were conducted using a three-
electrode configuration. In both DES and HDES electrolytes, the
respective GCD curves exhibited a Faradaic plateau at the cath-
ode, corresponding to the bromide redox reaction (Figure 3c,d).
At the anode, a linear potential profile was observed, indicative
of capacitive charging. A notable difference in ohmic potential
drop (IR drop) was observed between DES and HDES, which is
further examined in the rate capability test section.
Self-discharge rates of each electrolyte were assessed through

open-circuit self-discharge tests, where voltage retention and ca-
pacity retentionweremonitored over time after fully charging the
cells. While the DES electrolyte experienced significant capacity
loss during the initial stage of the self-discharge test, HDES-50
electrolyte exhibited superior performance, maintaining 50.5%
voltage retention and 52.9% capacity retention after 8 h, outper-
forming both DES (17% voltage retention, 28.5% capacity reten-
tion) and HDES-30 (27% voltage retention, 41% capacity reten-
tion) (Figure 3e,f). Interestingly, HDES-30, which falls within the
water-in-DES range proved ineffective at preventing the cross-
diffusion of polybromide species.
To further elucidate the effectiveness of Br3

− cross-diffusion
inhibition in HDES-50, we conducted H-type cell experiments
using a transparent setup (Figure 3g), allowing for real-time visu-
alization of polybromides diffusion. In the HDES-50 electrolyte
system, the yellow-colored Br3

− species did not diffuse freely
within the electrolyte but instead interacted with TBA+, forming
a solid complex that deposits onto the activated carbon electrode,
effectively mitigating cross-diffusion of Br3

− (Figure S14, Sup-
porting Information).
To assess Br3

− retention over an extended period, the solution
from the anode chamber was analyzed seven days post-charging
using a potassium iodide (KI) paper test andUV–vis spectroscopy
(Figure 3h,i). KI paper is highly sensitive to Br2, undergoing a
color change at concentrations as low as 0.005 mm, serving as
a reliable indicator of bromine diffusion.[7d,29] In the HDES-50
electrolyte, even after 7 days, the KI paper remained unaltered,
demonstrating that Br3

− cross-diffusion to the opposing elec-
trode was effectively suppressed (Figure 3i).

For quantitative validation, an electrolyte sample was extracted
from the anode chamber and analyzed using UV–vis spec-
troscopy. Notably, in HDES-50, no polybromide-related absorp-
tion peaks were detected, further corroborating the suppression
of Br3

− cross-diffusion (Figure 3h). The results from both KI pa-
per analysis and UV–vis measurements consistently confirm the
efficient inhibition of Br3

− cross-diffusion in HDES-50. These
findings establish a direct correlation between the bromine com-
plexing ability observed in Figure 2a and the electrolyte’s capacity
to suppress self-discharge (Figure 3f).
To further evaluate the electrochemical performance ofHDES-

50, rate capability tests were conducted using a two-electrode cell
configuration, with GCD measurements performed over a cur-
rent density range of 0.25 to 10 A g−1 (Figure 3j,k). DES exhib-
ited an IR drop of 235, 432, 660, 765, 998, and 1000 mV at test-
ing current densities from 0.25 to 10 A g−1, respectively (Figure
S15, Supporting Information). In contrast, HDES-50 showed a
significantly lower IR drop across all current rates (Figure S16,
Supporting Information). To further quantify this effect, equiva-
lent series resistance (ESR) was calculated from the IR drop at the
initial stage of the discharging curve from the GCD test, reveal-
ing that HDES-50 has an ESR of 83.3 Ω, whereas DES exhibits
a substantially higher ESR of 141.7 Ω when cycled at 10 A g−1

(Figure S17, Supporting Information). This reduction in IR drop
and ESR in HDES-50, resulting from its lower resistance and en-
hanced ionic conductivity, leads to better electrochemical perfor-
mance, enabling a higher energy density of 39.5 Wh kg−1 at 1 A
g−1 (Figure 3j).[30] While HDES-50 shows a more noticeable en-
ergy decrease at higher current densities, this behavior does not
negate its superior rate capability as it retains higher energy and
efficiency across all cycling conditions (Figure S18, Supporting
Information).
Additionally, the HDES-50 electrolyte maintained high

coulombic efficiency of 98.7%, 99.5%, 99.3%, and 99.1% at 1, 2,
5, and 10 A g−1, respectively, due to its ability to suppress cross-
diffusion (Figure 3k). In contrast, the DES electrolyte exhibited
notably lower coulombic efficiency across all rates, with 87.5%
at 1 A g−1. This poor performance is largely attributed to the
insufficient bromine complexation ability, consequently result-
ing in severe cross-diffusion of Br3

−, which is strongly linked to
the decreased energy efficiency observed in DES (Figure S18,
Supporting Information). The water-rich HDES-50 electrolyte
demonstrates remarkable enhancements in charge storage
capacity, ion diffusion, and self-discharge suppression, driven by
its superior ionic conductivity and bromine complexing ability.
The performance of HDES electrolytes was also compared

with aqueous electrolytes, using a 1 m TBAB aqueous solution as
a reference. To evaluate the cycle stability, a floating test was con-
ducted by applying a constant voltage of 2 V for 240 h. This test
provides valuable insights into the stability of the electrolyte and
its ability to withstand the upper voltage limit of the applied nom-
inal voltage.[31] The results of the floating test showed a capac-
ity retention of 62% for the HDES-50 electrolyte and only 26.4%
for the aqueous electrolyte (Figure 4a). The higher capacity re-
tention observed for the HDES-50 electrolyte at 2 V highlights
its superior electrochemical stability compared to the aqueous
electrolyte. A floating test was also conducted for the 1 m KBr +
0.1 m TBAB aqueous electrolyte, where TBAB served as an addi-
tive (Figure S20, Supporting Information). In this case, capacity

Adv. Funct. Mater. 2025, 35, 2424243 2424243 (6 of 11) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. Performance comparison between DES and HDES. Two-electrode asymmetric cells (panels a, e, f, j, k) were constructed with DES and HDES
electrolytes (3:1 negative-to-positive electrode mass ratio using AC carbon electrode). a) CV curves for each cell. b) Nyquist plots for each cell. GCD
potential profiles of three-electrode asymmetric cells, divided into contributions from the positive electrode (orange curves) and the negative electrode
(purple curves), are referenced to the centrally placed Ag/AgCl reference electrode (Figure S19, Supporting Information). Panels (c) and (d) correspond
to the DES electrolyte and HDES-50 electrolyte, respectively. e) Voltage retention over 8 h under open-circuit conditions after charging. f) Open-circuit
capacity retention for each cell, measured after charging and allowing the cell to rest at the open circuit for 2, 4, or 8 h, followed by complete discharge.
g) Image of the H-type cell in the pre-charge state. h) KI paper test and i) UV–vis absorbance spectra of the HDES-50 electrolyte in the anode chamber,
measured seven days after full charge. j) Discharge specific energy and k) Coulombic efficiency of each cell at various current densities ranging from
0.25 to 10 A g−1.
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Figure 4. Performance comparison between the aqueous electrolyte and HDES. Two-electrode asymmetric cells were constructed with HDES and aque-
ous electrolytes (AE) (3:1 negative-to-positive electrode mass ratio using AC carbon electrode). a) Floating voltage test at 2 V. b) Cycle stability test at
2 V and 60 °C. c) GCD voltage profiles of each cell at 1 A g−1. d) Discharge specific energy and e) Coulombic efficiency of each cell at various current
densities ranging from 0.25 to 10 A g−1.

retention dropped drastically to 20% within 100 h. These results
emphasize that the hydrophobic nature of the TBA+ in ourHDES
environment plays a critical role in inhibiting the HER and en-
hancing stability during extended voltage exposure.
To assess the thermal stability, a cycle test was conducted at

60 °C with a cutoff voltage of 2 V (Figure 4b). Elevated temper-
atures often accelerate electrolyte degradation under high oper-
ating voltages, and high volatility can lead to evaporation, con-
tributing to a gradual decrease in energy storage capacity over
cycles. The aqueous electrolyte exhibited an energy retention of
only 36.1% after 1000 cycles with considerable fluctuations dur-
ing cycling. In contrast, the HDES-50 electrolyte retained 75.7%
of its initial charging capacity. This improved performance is at-
tributed to the enhanced thermal stability of HDES-50, as shown
in Figure 2e, compared to the aqueous electrolyte. To further eval-
uate the electrolytes, a rate capability test was conducted to assess
coulombic efficiency and energy density. As shown in Figure 4c,
GCD curves for both aqueous and HDES electrolytes displayed
similar voltage profiles with no pronounced increase in IR drop
at 1 A g−1. The specific energy and coulombic efficiency of the
HDES-50 electrolyte matched those of the aqueous electrolyte
at lower current densities, except for high current densities ex-
ceeding 5 A g−1 (Figure 4d,e). These results demonstrate that
the HDES matches the rate performance of aqueous electrolytes
while offering superior thermal and electrochemical stability, ef-
fectively overcoming the limitations of aqueous electrolytes in en-
ergy storage applications.
In asymmetric cell configurations, where the capacitive

electrode is oversized to match the capacity of the redox-

enhanced electrode, the increased device mass reduces themass-
normalized specific energy. To fully realize the potential of redox-
enhanced systems, redox ECs must concurrently utilize two sep-
arate redox couples, a catholyte, and an anolyte, each active at a
different electrode and matching the redox activity of the other.
This approach, known as a dual-redox EC, ensures enhanced en-
ergy utilization and efficiency.[3a]

To implement this strategy, we introduced BV as the anolyte
due to its high solubility (>1.5 m) and reversible redox behavior to
pair with the bromide catholyte.[3a,24b,32] The CV measurements
in a beaker cell confirmed the occurrence of two-electron transfer
reduction of BV from BV2+ to BV0, with the first reduction (BV2+

+ e− → BV+•) occurring at −0.62 V versus Ag/AgCl and the sec-
ond reduction (BV+• + e− → BV0) at −0.94 V versus Ag/AgCl
(Figure S21, Supporting Information). The electrochemical be-
havior and stability of the HDES-50 electrolyte with the Br/BV
dual redox couple were evaluated using two-electrode CV mea-
surements at two cutoff voltages of 1.4 and 1.8 V (Figure 5a). The
first profile (orange curve) corresponds to the voltage rangewhere
only the one-electron transfer reduction of BV occurs, while the
second profile (blue curve) indicates the voltage range enabling
the two-electron transfer reaction of BV. The CV measurements
exhibited distinct peaks, confirming the effective redox activity of
BV along with bromide oxidation within the HDES-50 electrolyte
system in a dual-redox EC configuration.
To further investigate the individual redox reactions, a three-

electrode cell was assembled, and a GCD test was carried out. At
a cutoff voltage of 1.4 V, the redox reactions involving bromide
at the cathode and viologen at the anode were clearly observed

Adv. Funct. Mater. 2025, 35, 2424243 2424243 (8 of 11) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. Performance of symmetric cells with HDES-50 electrolytes. Two-electrode symmetric cells (panels d and e) and three-electrode symmetric
cells (panels a–c) were constructed with HDES-50 electrolytes. a) CV curves at different cutoff voltages. GCD potential profiles with the cutoff voltage of
b) 1.4 V and c) 1.8 V. d,e) Cycling performance of dual redox ECs at a cutoff voltage of d) 1.4 V and e) 1.8 V. The initial rise in specific energy observed in
Figure 5e (blue) can be attributed to the progressive wetting and stabilization (often referred to as the conditioning process) of the electrode–electrolyte
interface during early cycling. For details, see Note S2 (Supporting Information).

(Figure 5b). When the cutoff voltage was increased to 1.8 V, the
bromide redox reaction persisted at the cathode, while the violo-
gen exhibited a two-electron transfer reaction at the anode, fur-
ther confirming the dual-redox EC configuration (Figure 5c).
To evaluate the cycle performance, two-electrode symmetric

cells were constructed using HDES-50 electrolytes with 1 m
BVBr2. The rate capability test showed that the HDES-50 elec-
trolyte maintained coulombic efficiencies ranging from 96.4%
to 99.8% across all tested current densities, from 0.5 to 10 A
g−1, indicating efficient charge and discharge processes (Figure
S22, Supporting Information). Furthermore, in the long-term cy-
cling test, the HDES-50 electrolyte exhibited an energy density
of 36.3 Wh kg−1 and energy retention of over 87% after 10 000
cycles (1730 h) at a current density of 1 A g−1. (Figure 5d).
Utilizing a two-electron transfer process is an effective strat-

egy to increase energy density. However, the application of two-
electron transfer in viologen derivatives (V2+/V0) in aqueous elec-
trolytes faces challenges due to the limited operating voltage win-
dow and intrinsic stability issues of viologen, which are attributed
to several well-established degradation mechanisms, such as ir-
reversible dimerization of viologen radicals and precipitation of
long-alkyl chain viologen derivatives in their zero-charge state
(V0) species.[33] In aqueous electrolytes, while the divalent (V2+)
and monovalent (V+•) forms of viologen are soluble, the zero-
valent (V0) form tends to precipitate.[3c] This insoluble, non-
conductive zero-valent viologen can accumulate on the surface
of the activated carbon electrodes, forming solid deposits that
impede subsequent electrochemical reactions and reduce over-
all cell performance and stability. In contrast, the HDES-50 elec-

trolyte facilitates the partial dissolution of V0, preventing the for-
mation of non-conductive deposits. To indirectly assess the solu-
bility of zero-valent viologen in each electrolyte, we used a sim-
ilarly structured bi-pyridine as a model and tested it in both the
aqueous and HDES-50 electrolytes (Figure S23, Supporting In-
formation). The results showed that bipyridine did not dissolve
in the aqueous electrolyte, but it dissolved readily in theHDES-50
electrolyte, demonstrating the enhanced solubilizing capability
of theHDES-50 system (Figure S24, Supporting Information). As
shown in Figure 5e, the aqueous electrolyte retained only 24.2%
of its energy after 250 cycles when charged at 1.8 V using the cell
setup as in Figure 5d. In contrast, the HDES-50 electrolyte exhib-
ited remarkably improved stability, achieving an energy density
of 86.4Wh kg−1 and retaining 82.7% of its energy over 250 cycles.

3. Conclusion

In this work, we designed a TBAB-based HDES that synergis-
tically combines the advantages of aqueous and organic elec-
trolytes for bromine-based energy storage systems. Unlike con-
ventional HDES electrolytes, which incorporate only a small frac-
tion of water and are ineffective at retaining the benefits of aque-
ous systems, our water-rich, DES-in-water system featuring hy-
drophobic TBAB achieves a compositionally distinct and opti-
mized hydration level. A systematic evaluation of hydration levels
confirmed that HDES-50 provides an optimal balance of electro-
chemical stability, ionic conductivity, and effective suppression
of charged bromine cross-diffusion through solid complexation,
minimizing self-discharge. These properties establish HDES-50

Adv. Funct. Mater. 2025, 35, 2424243 2424243 (9 of 11) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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as a versatile electrolyte that bridges aqueous and non-aqueous
systems, harnessing their respective advantages while mitigating
inherent limitations.
The optimized HDES-50 demonstrated superior performance

metrics across multiple tests. It exhibited higher energy density
and coulombic efficiency compared to traditional DES, retaining
75.7% of its initial capacity after 1000 cycles at 60 °C, whereas
the aqueous electrolyte retained only 36.1%. In dual-redox con-
figurations with BV anolyte, the HDES-50 electrolyte achieved
an energy density of 36.3 Wh kg−1 with 87% capacity retention
over 10 000 cycles. Additionally, it reached 86.4 Wh kg−1 at 1.8 V
by utilizing the two-electron transfer of viologen. These findings
establish HDES-50 as a promising electrolyte for bromine-based
redox ECs, offering a compelling combination of stability, effi-
ciency, and long-term performance. Furthermore, by leveraging
these insights, the water-rich HDES design paves the way for
next-generation energy storage technologies.
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Supporting Information is available from the Wiley Online Library or from
the author.
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